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[1] High concentrations of ice crystals exceeding those of
background ice nuclei have often been observed in warm‐
based precipitating shallow cumulus clouds. Laboratory
experiments reveal that such ice multiplication can occur
when large ice particles collide with cloud droplets
(Hallett‐Mossop mechanism). Further studies suggested
that this mechanism is unable to account for the
exceedingly high ice concentrations in those kinds of
clouds. However, the results of our numerical simulations
show that the ice multiplication phenomena can be
explained by the Hallett‐Mossop mechanism with the
freezing of a narrow band of supercooled raindrops which
act as rimers playing a crucial role. Citation: Sun, J., P. A.
Ariya, H. G. Leighton, and M. K. Yau (2010), Mystery of ice mul-
tiplication in warm‐based precipitating shallow cumulus clouds,
Geophys. Res. Lett., 37, L10802, doi:10.1029/2010GL042440.

1. Introduction

[2] One of the important unsolved problems in cloud
microphysics is the rapid formation of exceptionally high
ice particle concentrations in warm‐based precipitating
shallow cumulus clouds (WPSCCs) [Blyth and Latham,
1993; Hobbs and Rangno, 1998]. Ice particle concentra-
tions can increase from less than 0.01 L−1 to more than
100 L−1 within 10 minutes in clouds with cloud top tem-
peratures warmer than −10°C [Hobbs and Rangno, 1990].
There are some theories explaining the production of high
concentrations of ice particles in cumulus clouds. The most
widely accepted mechanism responsible for the occurrence
of ice particle concentrations in excess of those of ice
nucleus measurements involves the production of numerous
ice splinters during riming [Hallett and Mossop, 1974].
Laboratory experiments reveal that ice multiplication occurs
when cloud droplets collide with ice [Hallett and Mossop,
1974; Mossop and Hallett, 1974]. The well‐known Hallett‐
Mossop (H‐M) mechanism requires: (1) cloud temperatures
between −3 and −8°C; (2) large cloud droplets (diameters
greater than 24 mm) in concentrations of more than a few
drops per cm3; (3) the ratio of the concentrations of droplets
with diameters less than 13 mm to those with diameters
greater than 24 mm to be greater than 0.1 [Mossop, 1985].
Although the H‐M mechanism has been known for several

decades and can explain ice multiplication processes in some
cumulus clouds, the formation of ice bursts in WPSCCs is
still a mystery [Hobbs and Rangno, 1998].
[3] The H‐M mechanism is always postulated to operate

in cumulus clouds as follows [Hobbs and Rangno, 1998].
Graupel move through the temperature zone between −3 and
−8°C and intercept both cloud droplets greater than 24 mm
and less than 13 mm diameter. During the riming process ice
splinters are ejected. The ice splinters grow through water
vapor deposition over a period of a few minutes to sizes
where they can rime and produce more ice splinters while
still in the H‐M temperature zone. This process continues
until conditions are inappropriate for ice‐splinter produc-
tion. However, simulations that have included the H‐M
process in WPSCCs and that used predefined dynamic and
thermodynamic fields have not been able to account for the
observed characteristics (timing and concentration) of sec-
ondary ice particles.
[4] The main argument against the H‐M mechanism is the

rapid formation of ice crystal bursts. Previous studies sug-
gest that to produce such significant ice particle concentra-
tions through this mechanism requires a minimum of
25 minutes [Beheng, 1987; Mason, 1996].
[5] We argue that the previous studies may not have

adequately taken into account the dynamics and thermal
structures of cumulus clouds, or the evolution of water
droplets in them. The theories to describe the ice initiation
and ice multiplication should include both ice nucleation
mechanisms and convective cloud dynamics because both of
which are related to a factor that influences ice formation,
namely the spectra of cloud droplets. The previous studies
were based on too many assumptions concerning the evo-
lution of water droplets, such as the constant vertical profile
of the updraught velocities, the constant sizes of cloud
droplets as well as the unrealistic assumption of constant
total water contents (liquid and ice) in the rain drop for-
mation and evolution processes [Beheng, 1987], or graupels
were considered as the sole rimers and the role of raindrops
in the rimer formation was ignored [Mason, 1996]. Conse-
quently, in those studies the riming process was largely
inhibited due to the lack of cloud droplets [Beheng, 1987] or
ice splinter production was underestimated due to the long
time needed for graupel formation [Mason, 1996].
[6] The salient features of observations in both maritime

and continental WPSCCs [Rangno and Hobbs, 1991; Blyth
and Latham, 1993; Rangno and Hobbs, 2005; Cantrell and
Heymsfield, 2005] may be summarized as follows: (1) The
highest ice particle concentrations generally appeared within
10 minutes and the entire cloud turret head glaciated spon-
taneously when the cloud top resided at or near its maxi-
mum level for more than a few minutes, but ice particles
were absent from newly rising cloud towers. (2) The high
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concentrations of ice particles occurred almost simulta-
neously with the appearance of frozen drizzle drops (100 to
500 mm diameter) and small raindrops (500 to 2000 mm
diameter). (3) The occurrence of high ice particle con-
centrations was strongly correlated with the breadth of the
cloud droplet spectra near the cloud top with large cloud
droplets (25 mm diameter) present in concentrations of a few
per cm3. (4) Near the cloud top, water drops with diameters
greater than 0.1 mm were observed in concentrations of
more than 100 L−1 for typical cases before the ice bursts
formed, and precipitation was present when the ice crystal
concentration in the ice bursts was exceptionally high.
(5) Cloud depth appeared to be a more important determi-
nant of ice‐crystal development than cloud‐top temperature
[Rangno and Hobbs, 1991; Blyth and Latham, 1993;
Rangno and Hobbs, 2005]. (6) Ice particle size distributions
indicate that small particles are continually being created.
(7) The observed habits of ice crystals were not always
consistent with the temperature range in which the Hallett‐
Mossop mechanism operates. These complicated conditions
for ice multiplication processes suggest that cloud dynamics
and thermodynamics as well as the evolution of water droplets
play important roles.
[7] Recent observational studies and modelling simula-

tions [Ovtchinnikov et al., 2000; Rangno and Hobbs, 2005]
showed that raindrop freezing can accelerate ice formation.
The positive feedback between raindrops and ice splinters
is responsible for the ice burst in multi‐thermal cumulus
clouds [Phillips et al., 2001]. Therefore, understanding the
temporal and spatial evolution of raindrop spectra in
WPSCCs is necessary to find out whether or not the H‐M
mechanism can account for the ice burst in WPSCCs.

2. Cloud Modelling Study

[8] Cloud modelling studies allow the ice initiation
mechanisms and the H‐M mechanism to be placed in a
dynamic and thermodynamic framework and hence provide
further insight into their roles in the ice multiplication pro-
cess. Moreover, an evaluation of the part played by rain-
drops in the ice multiplication process is needed to answer
whether or not the H‐Mmechanism can explain the ice burst
phenomenon. We used a one‐and‐half dimensional model

(J. Sun et al., Modelling study of ice formation in warm‐
based precipitating shallow cumulus clouds: I. A new per-
spective on droplet spectral broadening, submitted to Journal
of the Atmospheric Sciences, 2009a) for this study. The
finding of Sun et al. (submitted manuscript, 2009a) that
there is a continuous supply of relatively small cloud dro-
plets at the cloud top in the developing stage of cumulus
clouds challenges the hypothesis that the riming process will
be inhibited due to the decrease of the cloud droplet con-
centration after rain formation [Beheng, 1987].
[9] Laboratory experiments have documented the depen-

dence of secondary ice production rates by the H‐M
mechanism on temperature, the water drop spectrum and
riming rate [Mossop, 1976, 1978]. Based on the measured
secondary ice production rates [Mossop, 1978], we applied a
parameterization which takes account of the drop spectra,
collection efficiency for rimer‐droplet collisions, and tem-
perature variation [Harris‐Hobbs and Cooper, 1987]. We
used a profile modified from the one used by Yau [1980]
and a maritime aerosol distribution with triple the con-
centrations given by O’Dowd et al. [1997]. We start aerosol
activation and condensation growth of water droplets by a
sinusoidal perturbation of potential temperature below the
cloud base. The ice nucleus concentration at temperatures
above −10°C was assumed to be 0.27 L−1 (Sun et al., sub-
mitted manuscript, 2009a). We assumed that ice‐nucleating
bacteria acting in the immersion freezing mode are
responsible for ice crystal formation. Sensitivity tests on the
concentrations of ice nuclei, cloud condensation nuclei,
different ice nuclei and other freezing modes are given by
J. Sun et al. (Modelling study of ice formation in precipi-
tating shallow cumulus clouds: II. Bioaerosols‐triggered ice
initiation and ice multiplication, submitted to Journal of the
Atmospheric Sciences, 2009b).

3. Modelling Results

[10] Results show that the precipitation in this simulation
mainly develops through the warm rain process as may be
seen in Figure 1a. The distribution of vertical velocity implies
that there is horizontal detrainment in the upper part and
horizontal entrainment in the lower part of the cloud. The
time variation of the depth of the ice multiplication tem-

Figure 1. Spatial and temporal evolution of thermodynamic field and cloud droplet spectra. (a) Temperature (°C) (dotted
lines), vertical velocity (m s−1) (solid lines) and rain water content (diameter > 100 mm) (in g m−3 shaded area). (b) Cloud
drops with diameters > 24.0 mm (cm−3) (shaded area), drizzle drops with diameters > 100 mm (cm−3) (dotted lines), small
raindrops with diameters > 600 mm (L−1) (dashed lines) and rain drops with diameters > 2 mm (m−3) (solid lines).
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perature zone is mainly determined by the thermal processes
of dry adiabatic cooling at the cloud top, condensational
warming in the cloud, and evaporational cooling close to the
base of the cloud. The cloud exhibits rapid ice production
after about 40 minutes when the cloud top is near its max-
imum altitude (Figure 1a). The concentration of small ice
particles increases from about 0.01 L−1 to 100 L−1 in less
than 10 minutes (Figure 2a) much greater than the maximum
concentration of ice particles containing bacteria (less than
0.05 L−1) at the cloud top in the dissipating stage. This value
includes both primary ice crystals nucleated by bacteria and
secondary crystals which scavenged bacteria. Clearly, the
bacteria, although present in a relatively small concentra-
tion, trigger ice multiplication by being responsible for the
formation of large ice particles. The concentration of pri-
mary ice pellets is far less than 0.05 L−1 (Figure 2b). The
initiation time and concentration of primary ice pellets
impact secondary ice pellet formation and subsequent ice
bursts (Sun et al., submitted manuscript, 2009b). The
appearance of the very high concentration of ice particles

coincides with the occurrence of a high concentration of ice
pellets and the disappearance of supercooled raindrops
(Figure 3a). These modelling results are in agreement with
previous field observations [Rangno and Hobbs, 1991; Blyth
and Latham, 1993; Rangno and Hobbs, 2005].
[11] The mechanism responsible for the high ice crystal

concentration is the positive feedback loop between ice
splinter formation and the freezing of small raindrops.
Raindrops with high concentrations fall into the ice multi-
plication temperature zone and encounter cloud‐drops which
have spectra consistent with the requirements of the H‐M
mechanism (Figures 3a and 3b). The raindrops collide with
ice splinters, freeze, and then generate more splinters as they
rime, thereby allowing the process to continue. The effec-
tiveness of this feedback is highly dependent on the pro-
duction rate of ice splinters through the H‐M mechanism.
The maximum average rate reaches 1.5 ice splinters per
second per ice pellet in this simulation (Figure 3b). This rate
is even less than that observed by Mossop [Mossop, 1978]
who found values between 5 and 100 per second per ice

Figure 2. Spatial and temporal evolution of the ice particles. (a) Temperature (°C) (dotted lines), ice crystal concentration
(L−1) (shaded area) and ice crystals containing IN (L−1) (solid lines). (b) Temperature (°C) (dotted lines), Concentration
(L−1) of ice pellets with diameter > 600 mm that contain ice nuclei (shaded area), and concentration (L−1) of ice pellets with
diameter > 600 mm (solid lines and dashed lines).

Figure 3. Spatial and temporal evolution of large hydrometeors and ice splinter production rates. (a) Temperature (°C)
(dotted lines), concentration (L−1) of raindrops with diameter > 600 mm (shaded area), and concentration (L−1) of ice pellets
with diameter > 600 mm (solid lines). (b) Ice splinter production rate in the riming zone (s−1 ice pellet−1) (shaded area),
concentrations (cm−3) of small cloud drops (5.0 mm < diameter < 13 mm) (dotted lines) and large cloud drops (diameter
> 24 mm) (solid lines).
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pellet. The result that two high centers of production coin-
cide with those of concentrations of large cloud drops and
small clouddrops shows that ice splinter production rate is
related to both small cloud drops and large drops. Figures 4a
and 4b show the size distributions of ice particles in these
two high centers. The freezing of the raindrop band is
responsible for the ice splinter formation. The concentration
of ice splinters increases with the increase in concentration
of ice pellets when concentrations of large and small drops
are sufficient.

4. Discussion and Conclusions

[12] We observed that in addition to the presence of nuclei
capable of generating primary ice particles at warm tem-
peratures, two factors are responsible for the efficient ice
multiplication in this simulation: the presence of cloud
droplets with the necessary sizes in the temperature region
associated with the H‐M mechanism and the formation of a
precipitation band containing drizzle and small raindrops
which fall into the H‐M temperature zone. At cloud base,
new small cloud droplets (<13 mm) are formed through
nucleation before the beginning of the downdraft, while a
large proportion of small cloud drops appear at the dissi-
pating stage of cloud development when the downdraft
occurs (37 mins). The downdraft cuts off the supply of moist
air near the ground and dynamic entrainment of dry air at the
cloud base dilutes the cloud resulting in smaller cloud dro-
plets (Figure 3b). Simultaneously, evaporational cooling
decreases the height of the base of the H‐M temperature
zone and increases the thickness of this zone. In the dissi-
pating stage of this WPSCCs, the H‐M temperature zone is
favorably located for ice multiplication.
[13] The time and heights of the initiation of precipitation‐

sized drops are critically dependent on the cloud‐drop size
spectrum which is highly related to the concentration and
distribution of aerosols and the profiles of temperature
and humidity (Sun et al., submitted manuscript, 2009a).
Observations suggest that drizzle drops appear as a result of
stochastic collision coalescence processes when the con-
centration of large cloud droplets reaches a threshold value
[Rangno and Hobbs, 2005]. Our study shows that drizzle
drop concentration exceed 1 L−1 when the concentration of
drops with diameters > 24 mm is greater than 60 cm−3

(Figure 1b). A band of small raindrops with a depth of a few
hundred meters appears in a concentration greater than 1 L−1

(Figure 1b) which is above the center of raindrops (greater
than 2000 mm diameter). These features of the modelling
results are in good agreement with many observations
[Rangno and Hobbs, 1991; Blyth and Latham, 1993;
Rangno and Hobbs, 2005]. Therefore, if the height of cloud
top surpasses the H‐M temperature zone, the precipitation
band may reach this zone (Figure 3a). This implies that the
formation and trajectories of precipitation‐sized drops with
high concentrations are the key factors responsible for ice
bursts. The related issues, such as cloud depth, cloud drop
size spectrum, aerosol concentrations and distributions and
ice nuclei all influence the timing and the magnitude of ice
multiplication (Sun et al., submitted manuscript, 2009b).
[14] In conclusion, ice multiplication in WPSCCs can be

explained by the Hallett‐Mossop mechanism under consid-
eration of their cloud droplet evolution in the simple cloud
model. The concentrations and compositions of IN at tem-
peratures above −10°C can influence the total concentra-
tions of ice particles. But these changes are only significant
when concentrations of IN vary in orders of magnitude (Sun
et al., submitted manuscript, 2009b). Although, there is no
direct evidence for biogenic nuclei acting in the atmosphere
above −10°C, however, there is a body of evidence pointing
to the presence of bio‐organic particles in precipitation and
their high ice nucleating activities above −10°C [Brent et al.,
2010]. The results found here are not necessarily restricted
to cumulus clouds. Similar rapid enhancement of ice particle
concentrations may also occur in large‐scale stratiform
clouds in which supercooled raindrops form as a result of
some small scale convection within them.
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