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Abstract. This manuscript compiles both theoretical and ex- to initiate ice formation below 8C. Thus, aerosol particles
perimental information on contact freezing with the aim to are important in cloud formation (e.qg., lifetime, droplet size,
better understand this potentially important but still not well cloud phase and cloud albedo) and therefore influence the
quantified heterogeneous freezing mode. There is no comhydrological cycle Lohmann and Feichte005. Most of
plete theory that describes contact freezing and how the enthe precipitation in mid-latitudes originates via the ice phase
ergy barrier has to be overcome to nucleate an ice crystabut reaches the surface as rain (melting of ice crystaks (
by contact freezing. Experiments on contact freezing con-and Wy 2003 Lohmann and Feichte005 Lohmann and
ducted using the cold plate technique indicate that it can ini-Diehl, 2006. IN are mostly solid aerosol particles, either in-
tiate ice formation at warmer temperatures than immersiorsoluble or crystalline. IN are thought to have a similar crys-
freezing. Additionally, a qualitative difference in the freez- talline structure to ice and/or the possibility to form hydrogen
ing temperatures between contact and immersion freezingponds and to possess active sites (i.e., crevasses, imperfec-
has been found using different instrumentation and differ-tions, corners and/or steps onto the particle surface). Possible
ent ice nuclei. There is a lack of data on collision rates inphysical and chemical influences are summarizermp-
most of the reported data, which inhibits a quantitative cal-pacher and Klet{1997 andVali (1999 (e.g., water uptake,
culation of the freezing efficiencies. Thus, new or modified particle morphology, hygroscopicity and presence of ions be-
instrumentation to study contact nucleation in the laboratorytween the particle layers). Natural aerosol particles such as
and in the field are needed to identify the conditions at whichbioaerosols (e.g., bacteria, pollen and fungi), volcanic ash
contact nucleation could occur in the atmosphere. Importanand soil particles (e.g., mineral dust and clays) have been
questions concerning contact freezing and its potential roldound to be good IN. Amorphous organic aerosols, such as
for ice cloud formation and climate are also summarized. citric acid, levoglucosan and raffinoskl(rray et al, 201Q
Wagner et a.2012 Wilson et al, 2012, secondary organic
aerosolsWang et al. 2012 Ladino et al, 2013; and crys-
. talline particles, such as ammonium sulfafblatt et al,
1 Introduction 2006 or hydrated sodium chloridé/\(ise et al, 2012 may

. . - also serve as IN. Artificial particles such as silver iodide
Clouds play an important role in the global radiative bud- (Agl) have been used in the laboratory and in cloud seeding
get (I'renperth et al.2009 as they cover around 70% of studies Wieringa and Holleman2006 because they were
the Earth’s surface&(tube_nrauch et al2010. Depending (?n found to be efficient INDiehl and Mitra(1998, Gorbunov
cloud type, clouds can either cool and/or heat the Earth’s SUrgt 4. (2001 andMahler et al.(2005 found that soot parti-

face. Clouds reflect shortwave (solar) radiation cooling thecles can also act as IN, whereas other studies suggest that this

Earth, and they can absorb and re-emit longwave radlatlori1S not always the cas®€Mott et al, 1999 Dymarska et ).

emitted by the Earth’s surface back towards the surface cau 006 Friedman et a).2011). Therefore, predicting the IN

INg a warming. Aerosol particles can act as CI_OUd Conden'activity, if any, of atmospheric soot is limited by poor current
sation nuclei (CCN), and a much smaller fraction of atmo- Linderstanding

spheric aerosol particles act as heterogeneous ice nuclei (IN
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To understand ice formation in mixed-phase clouds, it iset al, 1983 DeMott, 1995 and the CoLlision Ice Nucleation
crucial to study each of the four known heterogeneous ice nuCHamber (CLINCH,Ladino et al, 2011H), a wind tunnel
cleation modes (deposition nucleation, condensation freez{Pitter and Pruppachet973 Levin and Yankofsky 1983
ing, immersion freezing and contact freezing) in detail. In Diehl and Mitrg 1998 Diehl et al, 2002 Von Blohn et al,
addition, the influence of secondary ice formation should2009, a cold plate Fukutg 1975a Rosinski and Nagamoto
also be taken into account. The preference of one freezind976 Durant and Shaw2005 Shaw et al. 2005 and an
mechanism over another depends on IN composition, temElectroDynamic Balance (EDEjvensson et al2009 Hoff-
perature and supersaturation with respect to ice and/or wamann et al. 2013a b). The collisions of the aerosol parti-
ter and the presence of liquid supercooled droplets. Depoeles with droplets have been simulated in different ways. For
sition nucleation occurs when water vapor deposits onto arexample,Shaw et al(2005; Durant and Shaw2005 and
IN. In contrast, condensation freezing occurs when water~ornea et al(2009 performed their experiments using the
vapor condenses around the particle at temperatures belowold plate technique where the aerosol particles were brought
0°Cto form a supercooled liquid droplet which subsequentlyinto contact with the drops mechanically. In contrast, in the
freezes. Immersion freezing takes place when an IN is im-wind tunnel (e.g.Pitter and Pruppachef973 Levin and
mersed within a liquid droplet at temperatures where it doesyankofsky, 1983 Diehl and Mitrg 1998 Von Blohn et al,
not freeze and subsequently the liquid droplet is cooled dowr2005, EDB (Svensson et 312009 Hoffmann et al. 2013a
and initiates ice formation. The last heterogeneous freezingdp) and cloud chamber studies (e.ganger et al.1978 De-
mode is contact freezinRau(1950; Fletcher(1969 1970; Mott et al, 1983 DeMott, 1995 Ladino et al, 2011H the
Cooper(1974 and Fukuta (19753 presented some of the aerosol particles were naturally scavenged from the air by
first ideas on the concept of contact freezing. Contact freezthe liquid drops.
ing is defined as the process in which freezing of a super- Several detailed reviews on ice nucleation have been pub-
cooled droplet results from the collision with an aerosol par-lished (e.g.Mossop 1963 Vali, 1985 Pruppacher and Klett
ticle (Vali (1985 and definitions by the International Com- 1997 Hoose and M6hle2012 Murray et al, 2012. The ice
mission on Clouds and Precipitation (ICCP) and the Internanuclei concentrations, freezing pathways, proposed mecha-
tional committee on Nucleation and Atmospheric Aerosolsnisms and hypotheses to explain the laboratory observations
(ICNAA)). Ice formation can be enhanced by contact freez-have been revised. However, there is no paper that compiles
ing within mixed-phase clouds since both aerosol particlesthe available information on contact freezing, which is sug-
and supercooled cloud droplets may be present. Inside theggested to be the pathway by which ice forms at the warmest
clouds, the interstitial aerosol particles collide with the su-temperatures for a given IN type based on the available lab-
percooled liquid droplets by different physical forces such oratory data (e.gHoose and Méhler2012. Although con-
as Brownian motion, inertial impaction, interception, elec- tact nucleation can be a result of scavenging processes, the
troscavenging, thermophoresis and diffusiophoreSigén-  reason of the high measured freezing onset temperatures is
field, 1957 Slinn and Halesl971 Beard 1974 Wang et al, still unknown. While some field studies support the atmo-
1978. spheric relevance of contact freezing (eAuer Jr, 1971,

In the past, a lot of work has been done to study the conHobbs and Atkinson1976 Hobbs and Rangnd 985 Ans-
ditions relevant for the different heterogeneous modes of icenann et al. 2005 Seifert et al. 2011), some field studies
formation. Here we only discuss studies of contact and im-(e.g., Twohy et al, 2010 and modeling studies (e.gGui
mersion freezing with which contact freezing will be com- et al, 2006 Phillips et al, 2007) found the opposite. Contact
pared. These two freezing modes are frequently comparedreezing has been observed to take place at the cloud top and
however, this comparison is not trivial and requires moreat cloud edges where dry ambient air is mixed with cloudy
attention. Several experiments on immersion freezing usair due to entrainment. This causes droplet evaporation and
ing different instrumentation (e.g., the cold plate techniquehence an increase in the collision rates due to thermophore-
(Koop et al, 1998 Shaw et al.2005 Vali, 2008 Rigg et al, sis. For exampleHobbs and Rangn{1985 proposed that
2013, the Differential Scanning Calorimeter (DSi@arcolli contact freezing was responsible for the glaciation of the in-
et al, 2007, the wind tunnel Ritter and Pruppachet973 vestigated cumulus clouds and the enhancement of ice for-
Diehl et al, 2002 Von Blohn et al, 2005, the Immersion  mation took place at the top of the cloud due to entrainment.
Mode Cooling Chamber (IMCAL.(6nd et al, 2010 and the ~ With the help of an aerosol Raman Lid&msmann et al.

Leipzig Aerosol Cloud Interaction Simulator (LACIS8lie- (2005 observed ice formation in an altocumulus during the
dermeier et a).2010) and different aerosol particles have downdraft induced by a gravity wave. The observed freez-
been reported. ing events were attributed to contact freezing and they took

Since 1973 several research groups have studied cormplace at the edge of the cloud and in the downdraft region,
tact freezing using different instrumentation such as cloudsimilar to Hobbs and Rangn@1985. Seifert et al.(2011)
chambers (e.g., the NCAR ice nucleation countaanger  showed the effectiveness of ash particles to nucleate ice in
et al, 1978, the thermal diffusion chambeS¢haller and  natural clouds. They reported that contact freezing may be
Fukutg 1979, the isothermal cloud chamber (ICDeMott responsible for the freezing events that took place at warm
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temperatures (i.ex264K) in low and mid-level cloud lay- suggest possible modifications in future experiments in or-
ers. In contrasffwohy et al.(2010 found that the measured der to increase their usefulness for the scientific community.
orographic clouds at the Rocky Mountains were probablyThe limitations of the currently available instrumentation are
formed by immersion or condensation freezing in the regionsprovided with the aim to build new and better instruments to
containing water. No evidence for contact freezing was re-study contact freezing in the future.
ported. Although contact freezing is favorable in evaporat-
ing clouds it may not be important in the convective clouds
as shown by the modelling studies conducteddwy et al. 2 Theory behind contact freezing
(2006 andPhillips et al.(2007), where immersion freezing
was found to be the dominant pathway. The difficulty with experimentally studying contact freez-
The above discrepancies stem from our incomplete undering as well as describing it theoretically stems from the fact
standing of this specific nucleation mode. Some of the identi-that contact freezing is a combination of two steps: the first
fied parameters important for contact freezing from the fieldstep is the requirement that a collision between a supercooled
studies are the cloud type, saturation conditions, droplet sizgiroplet and aerosol particles takes place and the second step
and concentration, aerosol particle size and concentratioris the initiation of ice formation. The challenge is to decon-
and the downdraft/updraft environment. The proper condi-volve these two steps and describe them independently.
tions under which contact freezing is favorable are ambigu-
ous and complex. Since we know so little about the atmo-2.1 Collision efficiency
spheric relevance of contact nucleation, the ice nucleation
community needs to spend more time and effort working onCollision efficiency CE) describes the fraction of aerosol
it. particles in the sweep-out volume that effectively comes into
In addition to the previously mentioned field studies, therecontact with a droplet, falling by its terminal velocity. Fig-
are also few attempts to measure contact freezing nucleiire1 shows a schematic of how aerosol particles can collide
concentrations in the atmosphei@egShler and Vali1992 with sedimenting water droplets due to different forces. Note
Meyers et al. 1992. Deshler and Vali(1992 found that that these scavenging processes are not restricted to contact
the contact freezing IN concentration at Laramie (Wyoming) freezing since they also influence immersion freezing.
varied from 1.7 L1 (at 258K) to 3.1 -1 (at 255K). Am- The aerosol particles within the sweep-out volume can
bient aerosol particles with sizes close to 10 nm were al-be moved towards or away from the cloud droplets by the
lowed to collide, by diffusion and phoretic forces, with super- air molecules due to their random movements. This effect,
cooled liquid drops with a diameter of 2600 um. The dropletstermed Brownian motion, is most important for small aerosol
were suspended on thermocouples in order to determine theparticles (aerosol particles (a) smaller theaf.1 um in ra-
freezing temperatures. These field measurements are uniquius). The smaller the particles, the larger the Brownian mo-
so far, therefore more efforts in this direction are neededtion effect. When the aerosol particle radii are larger than
Field measurements are necessary to infer the atmospheri0.5 um, their inertia are large enough to deviate from the
relevance of the laboratory observations before implementedrajectories of the surrounding air and impact onto the cloud
in climate models. An increase in the numbers of contactdroplets. Interception occurs when particles are of sizes that
freezing nuclei by anthropogenic activities may impact theenable them to follow the parcel trajectories around the
indirect effect of the aerosol particles, causing more precip-droplet but end up in the droplet boundary layer, very close
itation and less reflection of solar radiation back to spaceto its surface where they are “intercepted” by the droplet.
(Lohmann 2002. Interception is important in the same patrticle size range as
Hoose et al(2010 developed a parameterization to cal- inertial impaction. If electrical charges are present both on
culate the contact freezing nucleation rates with the aim tathe aerosol particles and droplets, the aerosol particles can be
investigate the importance of this freezing mode in globalattracted by the charges on the droplet. The phoretic forces
climate models and hence on climate. The obtained rates fofthermophoresis and diffusiophoresis) take place when cloud
soot particles are comparable to that of soot in the immer-droplets are evaporating or growing by condensation. Dur-
sion freezing mode. However, the rates for dust particles aréng evaporation or growth by condensation a temperature
lower than the corresponding values in the deposition nuclegradient between the droplet and its surrounding is cre-
ation and immersion freezing modes because of the large sizated. Air molecules at the warmer side have a higher ki-
of dust particles that renders collisions less likely than in thenetic energy and thus exert a net force on the particles to-
case of soot. wards the colder temperature (thermophoresis). At the same
In this manuscript we summarize the available theoriestime, a water vapor gradient (diffusiophoresis) is generated
instrumentation and laboratory studies on contact freezingn the opposite direction, which moves the aerosol particles
with a special focus on the experimental laboratory resultsin the opposite direction as thermophoresis. Electroscaveng-
and instrumentation but we leave out the field experimentsing and the phoretic forces are relatively more important in
We highlight uncertainties of previous laboratory studies andthe “Greenfield gap”, i.e., at the transition regime between
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andAndronache et al2006 assumed different forces to act
independently. Therefore, they added the single forces to de-
termine the total CE.

2.2 Freezing efficiency

The freezing efficiency is the freezing probability per
droplet-particle collision. It is a function of temperature,
RHy, particle size, droplet size and sums up the particle
properties influencing the freezing process in that mode.

Knowing the collision efficiencies with the particle’s ter-
minal velocity @) (or particle diffusivity) and the aerosol
number concentrationMz), the number of particlesNgon),
which effectively collide with the droplet, can be calculated
as follows:

Neoil(r) = /ﬂ -(r(1) +a)?- CE - v(t) - Nadt. (1)

For a given residence timé) (of a droplet () in an environ-
ment with a constant temperature and aerosol concentration,

molecul \ an experimental frozen fractioRF) can be measured. Equa-
A\ \ : tion (1) relates to one droplet. To derive a frozen fraction it
stream F is necessary to average over many observations of individual
'Tp, £ droplets.
|
Particle‘E Diffusophoresi FF(1) = ]\]]\f,r:o)f;na (2
Phoresis

where Niozen is the number of frozen droplets aMyiq is

Fig. 1. Diagram of the different collision pathways between aerosol the total number of studied droplets (liquid + ice). Hence, the
particles and cloud droplets relevant to contact freezlragiho, freezing efficiencyFE, can be defined as follows:
2011). ’ '
_ FF() _ Nrozen 1

FE = = 5 .
Neolty  Niotal [ 70+ (r(t) +a)?- CE - vi(t) - Nadt

®)

Brownian motion and inertial impaction (aerosol particles
from ~0.1 um to~1.0 um in radius).

Several experimental (e.@eard 1974 Lai et al, 1978
Leong et al. 1982 Deshler 1985 Pranesha and Kamra
1996 \Vohl et al, 2001 Ladino et al, 20113 and theoret-
ical (e.g., Greenfield 1957 Slinn and Hales1971; Isaac

2.3 Theories about contact freezing

Pruppacher and Kle{l997) summarized the theories which
were available in the 1970s. They focused on active sites
(e.g.,Fletcher 1969 as the main difference between con-
tact freezing and the other heterogeneous freezing modes.
and Douglas1972 Wang et al, 1978 Herbert and Beheng | 4ter on Tabazadeh et a{2002), Djikaev et al.(2002, Sear
1986 Tinsley et al, 2003, Park et al. 2005 Andronache (5007 and Djikaev and Ruckenstei200§ explained the

et al, 200§ Croft et al, 2009 studies have been conducted iferences between different heterogeneous modes based

to quantify the efficiency at which cloud drops and aerosol thermodynamical models. The most plausible theo-
particles collide as a function of particle size and Conce”'ries/hypothesis are briefly summarized below.

tration, droplet size, relative humidity (RHl and electric
fields. Most of the parameterizations and/or models to deter2 3.1
mine the collision rates were developed for conditions below
cloud with the exception of thisaac and Douglad.972), the Fletcher(1970 andGuenadie{1970 suggested that the sol-
Young (19744 and theWang et al(1978 models. ubility of the IN could explain the difference between im-
Figure 2 shows the collision efficiency as a function of mersion and contact freezing. The classical nucleation the-
particle size and RK using a combination ofVang et al.  ory (CNT) suggests that the ice germ forms on an active
(1978, Park et al.(2009’s and Andronache et al(2009's site of the IN. Therefore, if the active site characteristics are
models as an illustration. AlthougWang et al.(1978 as-  changed or partially modified it could have consequences for
sumed the simultaneous action of the dynamical forces, wittthe IN abilities. They suggest that most IN begin as dry and
only the net force acting on the particleark et al.(2005 insoluble particles. If a partial soluble IN is immersed in a

IN solubility

Atmos. Chem. Phys., 13, 9748769 2013 www.atmos-chem-phys.net/13/9745/2013/
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Fig. 2. Theoretical collision efficiency as a function of aerosol radius for a cloud droplet with a radius of 12.8 um and the contribution
of each single forceEgjt, Eint, Eimp, ETh andEps are the collision efficiency due to Brownian motion, interception, inertial impaction,
thermophoresis and diffusiophoresis respectiv€l.is the total collision efficiencyErh, Epy and henceCE have been calculated for a
relative humidity (RHy) of 90 % (solid lines) and for Rid=70 % (dashed lines). The used air temperature was 297.0K, whereas the used
droplet surface temperatures were 295.7 K and 292.8 K at,a &390 % and 70 %, respectively.

liquid droplet its surface can be eroded by the surrounding a) Deposition b) Contact freezing
water molecules. As the active sites are located on the IN

surface, they can be partially destroyed and/or their size re-

duced. This causes an IN deactivation or a decrease in the IN

ability compared to an IN that collides with a cloud droplet

from the outside and initiates freezing immediately. Note that

particle erosion may also create new active sites on the par-

ticle surface (IN activation), the importance of which is un- Vapor

known. This needs to be validated by laboratory studies.

Water i )
(c) Immersion Freezing

2.3.2 Ice embryo formation and its size

Cooper(1974 was the first to explain contact freezing theo-
retically based on the CNT. He proposed a possible mech-

anism for this ice formation pathway. Figu® shows a  Fig. 3. lllustration of nucleation mechanisms, and the critical em-
schematic fromCooper (1974 where an ice germ forms bryo sizes (shaded areas) required for nucleat@woper 1974).

on an IN due to deposition nucleation, immersion freezing
and contact freezing. He proposed that a sub-critical (de-
position nucleation) germ forms on the IN from the vapor o
phase. Upon contact with a supercooled droplet, freezing isq gep= ﬂ,
triggered because the same ice embryo is supercritical when kT -In(e/esi)
surrounded by water (immersion freezing). He assumes tha,t = 20w Tifw ’ (5)
the contact angle in both deposition nucleation and contact” kT -In(awesw/esi)

freezing is similar because the ice germ forms from the va-
por phase. However, the critical ice embryo is larger for de-
position nucleation than for contact nucleation which leads
to a clear difference in the freezing (i.e., temperature) thresh-
old between these modes. This is illustrated in Bigy the
size of the shaded areddoose et al(2010 defined the ice
embryo radius for deposition nucleatiory fep Eq.4) and
immersion freezingrgimm, EQ.5) based orCooper(1974
andChen et al(2008.

(4)

whereuy, is the volume of a water molecule in icgj, the
surface tension between ice and vapgty surface tension
between ice and watek,the Boltzmann constant, the tem-
peratureg the water vapor pressuresi the saturation vapor
pressure over iceyy the water activity, ands,, the saturation
vapor pressure over water.

The critical ice embryo size for contact freezing o)
must be formed in the vapor phase and it should be equal to or
larger tharrg imm in order to nucleate ice upon collision with
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Fukuta(1975h questioned a few points of Cooper’s mech-
anism. He said that Cooper’s mechanism does not include the
high superiority or efficiency of contact freezing compared
to immersion freezing. Additionally, he felt that the change

e of the ice embryo shape upon collision was not consid-
ered properly and that the number of deposition ice embryos
(formed in the vapor-IN inter-phase) is not necessary larger
uid than the number of immersion freezing ice embryos (formed
(phase o) in the liquid-IN inter-phase). HoweveZooper(1975 argued
that his original ideas were correct based on the assumptions
made regarding the proposed mechanism.

Crystal
(phase y)

Foreign
particle
(phase 3)

2.3.3 Mechanical disturbances
Liquid
(phase <) Fukuta (19753 tried to explain the difference in freezing
Fig. 4.Mechanism of contact freezing based on the different phased€MPeratures between immersion and contact freezing as a
interactions Djikaev and Ruckenstej2008. consequence of the water—air interface movement on the IN.
Water molecules adsorb on the dry IN surface while ap-
proaching the supercooled drop forming a layer of a variable
a supercooled droplet. 4 con < rg,imm, the IN might diffuse  thickness. The formed water clusters do not reach the criti-
into the droplet instead. However, it depends on the particlecal size to form an ice embryo if the IN is brought in contact
size and composition. Besides the critical ice embryo sizeswith a supercooled droplet until a transient high free energy
Cooper(1974 also developed a mathematical expression tojs formed. This transient energy appears once the air-nucleus
calculate the number of contact ice germs per aerosol particleurface gets locally immersed into the supercooled droplet as
(Ng,contad)- Cooper’s idea is reflected in Equatiénwhich is  a result of the collision between the IN and the droplet. If the
a modification from his original workH{oose et al.2010. previously mentioned conditions are given, the total free en-
ergy barrier is lowered enabling ice nucleation. The free en-
ergy of the embryo formatiorG*) and hence thd,,,qcr
can be determined using Eqg) é@nd @), respectively.

AglepT f A8 homraimm)
€ dep g,hom\’ g.Imm
N, =42~ xexp|— s 6
g.contact st Zam kT p|: «T ( )

wherery is the radius of the nucleusg the frequency of

vibration of water vapor molecules adsorbed on the solidAG* = Au -V + Acs(ycs— ycL) + AsL - ysL, (7)
substratem,, the mass of a water moleculﬁx,gfjep the ac- —AGH
tivation energy for deposition nucleatiohthe form factor,  Jcontact= K - exp[ T ] (8)

and Aga’homthe homogeneous energy for germ formation in
the vapor phase. Based on CNAggnhom’ is the energy  whereA . in the free energy difference between ice and wa-
of critical embryo formation for heterogeneous nucleationter, \ the volume of the ice germdcs the area between
(Pruppacher and Kletf 997 Chen et al.2008. In this case  the IN and ice embryo boundarycs surface-free energy
Agg hom 1S @ function ofrg imm Since nucleation upon contact petween the IN and ice embryo interfagg;;. surface-free
will only happen ifrg,con> rg,imm as mentioned above. energy between the IN and liquid interfacks, the area be-
Cooper(1974's mechanism does not strictly require satu- tween the liquid and the ice embryo boundary, surface-
ration with respect to water. He demonstrated that if thg,RH free energy between the ||qu|d and the ice embryo interface,
is at or above 80 %, the IN should have a population of em-gndK the kinetic constant.
bryos on its surface to nucleate ice upon collision with a su- - This mechanism would also work if an aerosol particle,
percooled droplet. which was initially on the inside of a supercooled droplet,
The threshold difference was validated experimentally dgiffuses to the surface. This would only be possible if a
(e.g., Pitter and Pruppached973 DeMott 1995 Diehl  change in the environment occurs and if a transient high free
et al, 2001); however, discrepancies using Agl (similar nu- energy is formed under this scenario. The structure of wa-
cleation thresholds for deposition nucleation and contacter interacting with the substrate (i.e. particle) would change
freezing Pruppacher and Kle{997), page 339) could not s the particle emerged from the bulk (W. Cantrell, personal
support this theory. Moreover, the particle size and rela-communication, 2013).
tive humidity dependence on contact nucleation proposed by There are several similarities between Cooper's and
Cooper(1974 was not supported by the experiments con- Fykuta’s mechanisms. Both mechanisms are framed in terms
ducted between the 1950s and 1970s. However, recent stugf water adsorbed to the surface of the potential contact IN.
ies (e.g.Svensson et a(2009 andHoffmann et al(20133)  Additionally, both depend on RiHand aerosol particle size
found a dependence on both parameters (see Sect. 3.3).  (w. Cantrell, personal communication, 2013). As discussed
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in Sect. 3 the newest laboratory results on contact freezin@ Experimental results and discussion

discuss the influence of RiHand IN size.
Contact freezing became an important topic in the 1960s in

2.3.4 Three-phase contact the context of weather modification. Different instruments
were developed, which will be briefly described in the fol-
Sear(2007) used a two-dimensional three-state Potts modeljowing subsections. Tablesummarizes previous studies on
to compare the nucleation rates of contact freezing with thoseontact freezing using different instrumentation, IN type,
of immersion freezingSear(2007) found that the nucleation  particle and droplet sizes, relative humidities, aerosol parti-
rate at the three phase contact line (i.e., contact freezing) igle and droplet concentrations. The first experimental studies
orders of magnitude higher compared with a particle that isfocused on the IN properties of different organic materials
fully immersed in liquid water. Although this is a very gen- and Agl; however, nowadays the scientific community is pri-
eral model based on thermodynamics, the author suggestdarily focusing on bioaerosols, mineral dust and volcanic
that it can be extrapolated to more complex systems. ash particles. Note that most of the studies were conducted
Another thermodynamical model was developed bywith rain drops instead of cloud droplets, not all of them
Djikaev and Ruckenstei(200 to investigate the same phe- ysed monodisperse aerosol particles and often the number
nomena. In this model four different phases are taken into acof collisions is unknown. It is therefore difficult to make a
count as shown in Figl. The different phases are the liquid direct comparison between the different studies due to the
and vapor phase, the ice crystal and the foreign particle whicharge variability in the experimental conditions. Below, the

are symbolized withx, 8, y ands, respectively. The needed most relevant results from each instrument are shown and
reversible work to nucleate an ice crystal at the double interiscussed.

phasex-§ (immersion freezing) was calculated and com-
pared with the corresponding values at the triple inter-phas&.1 Cold plate technique
a-B-8 (contact freezing)Djikaev and Ruckenstei2008
found that the required reversible work is smaller if the ice The cold plate technique is the oldest reported instrument to
germ forms at the triple inter-phase i.e., when the IN is lo- Study contact freezingQokhale and Goold Ji1968. The
cated at the droplet surface. Therefore, the energy barrier fogold plate consists of a metallic surface that is coated with a
contact freezing is smaller than for immersion freezing.  thinlayer of hydrophobic material (e.g., paraffin) to repel wa-
However, the energy barrier alone does not make a nucleter. There are two different ways to perform a contact freez-
ation rate, which complicates the comparison between coning experiment using this technique. In the most common
tact and immersion freezing. Since the two approaches ar#ay, the liquid droplet is placed on the plate and the IN is
geometrica”y different, one may happen on any point on alocated at the side of the drop but in touch with it (static cold
line and the other on any point on a surface. Therefore, if weplate). Thereafter, temperature is decreased until ice forma-
were to formulate nucleation rates out of the two theoreticaltion is observed. It typically uses one drop. Another possibil-
descriptions, we would get two formulas with different units: ity is to place the drop on the cold plate and then direct an
per unit length and per unit surface. Thus, to decide if in prac-ir stream with aerosol particles towards the drop while tem-
tice, contact freezing is preferred over immersion freezing isPerature is reduced until the droplet freezes (dynamic cold
not straightforward. It may turn out, that contact freezing is plate). In this case it is possible to use more than one drop at
slower even if it has the lower energy barrier. the same time. The freezing of the drop(s) can be monitored
Recently, Gurganus et al(2011) and Gurganus et al. using a high speed camera or other techniques. The relative
(2013 reported experimental results which contradict the humidity and hence evaporation can also be controlled. Fig-
previously mentioned mechanisms. Using an improved and/re 5 shows the apparatus used Bhaw et al.(2003 and
modified version of a cold stag8(zuki et al,2007 to avoid ~ Durant and Shay2003 with its main components.
the point-like contact (i.e., the contact between the drop and The use of a single drop in a static cold plate results
the IN) and to minimize the temperature variation on the wa-in lower statistics compared to other techniques. However,
ter drop surface, the preferred location to nucleate an icdhis is not the case if a dynamic cold plate is used where
crystal was investigated on silicon wafeurganus et al. the statistics are comparable or even better than other tech-
(2011 tested 189 drops and found that there is no prefer-niques due to the high sensitivity to the first freezing events.
ence to form the ice germ at the 3-phase boundary (surfacelhe use of single drops and single particles on a static cold
droplet-air) or 3-phase contact line over the 2-phase contadglate avoids the collision efficiency calculations and allows
area.Gurganus et a2013 confirmed their previous obser- more precise freezing efficiency calculations. The cold plate
vations with an improved version of their experimental setuptechnique provides useful information regarding the physical

(i.e. a side view of the tested droplets was possible with aprocesses such as evaporation freezing, volume vs. surface
second high-speed camera). nucleation and particle penetration after the collision takes

place.
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Table 1.Literature review of experimental studies on contact freezing using different instrumentation and aerosol pARicteeans aerosol particle concentratiB@ phloroglucinol,

DN 1-5dihydroxynaphthalene andA metaldehyde.

Authors Instrument IN composition Drop radii aerosol radii Polydisperse  Monodisperse  [AP] RH
(um) (um) AP AP control control

Gokhale and Goold J1968 cold plate Agl, clay, CusS, volcanic ash 1350 0.025-200 X

Gokhale and Lewintef1971) cold plate Agl 1000 >1 X

Gokhale and Speng|¢t972 wind tunnel Agl, clay, NaCl, sand 2000-3000 14,16 X

Fletcher(1972 cold plate 100 different organic compounds 1500-2500 unknown

Sax and Goldsmit(1972) drop-freezing apparatus Agl, Cul, and A9 20-80 0.01 X

Pitter and Pruppach¢t973 wind tunnel kaolinite, montmorillonite 325 0.05-15 X

Fukuta(19753 cold plate DN, MA and PG 500 unknown

Rosinski and Nagamotd 976 cold plate/cold chamber two soil samples 1000 0.5-25 X

Langer et al(1978 NCAR ice nucleus counter Agl and DN 3(median size) 0.01-0.06 X X

Schaller and Fukutél979 thermal diffusion chamber Agl, DN, MA and PG unknow <0.3 X

Levin and Yankofsky1983 wind tunnel Bacteria 220-360 <0.23 X

DeMott et al.(1983 isothermal cloud chamber Agl, Agl-Cl 1-8 0.005-0.14 X

Deshler and Val{(1992 sampling apparatus Agl and natural aerosols 1300 0.005-0.1 X

DeMott (1995 isothermal cloud chamber Agl-AgCl 1-8 0.015, 0.026, 0.035 X

Diehl and Mitra(1998 wind tunnel kerosene 170-410 0.04-0.1 X

Diehl et al.(2002 wind tunnel pollen 360 12.5-35 X

Shaw et al(2009 cold plate volcanic ash ~1900 50-150 X X

Durant and Shay2005 cold plate volcanic ash, soda glass ~1500-2000 200-325, 115 X X

Von Blohn et al(2005 wind tunnel pollen 315-380 13-14 X X

Fornea et al(2009 cold plate volcanic ash ~782 125-150 X

Svensson et a{2009 EDB kaolinite 25 0.15-2.5 X X X

Ladino et al(2011H CLINCH kaolinite 12.5 0.2,0.4 X X X (100 %RHi)

Bunker et al(2012 cold plate kaolinite and ATD ~1060 0.063-1.0 X X

Hoffmann et al(2013h EDB kaolinite and hematite 40-50 0.15-0.49 X X X

Hoffmann et al(20133 EDB illite ~50 0.08-0.38 X X X
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Table 2. Summary of the freezing temperatures for contact and immersion freezing conducted on a conipIﬁte.average onset freezing
temperature (temperature at which the tested drops freeze) for contact freezing (CF), immersion freezing (IF) and homogeneous freezing
(HF), respectively.

Authors Cold plate type IN composition TforCF(K) T forlF(K) T for HF (K)
Gokhale and Goold J1968 Dynamic Agl,Clay, CusS, volcanic ash 267 [ 265
Gokhale and Lewintef1971) Dynamic Adgl 267 [-] [-]
Fukuta(19753 Dynamic 1-5dihydroxynaphthalene 266 [ [
Fukuta(19753 Dynamic metaldehyde 270 [-] [-]
Fukuta(19753 Dynamic phloroglucinol 267 -] -]
Rosinski and Nagamotd 976 Dynamic two soil samples 268 [-] [-]
Shaw et al(2009 Static volcanic ash 254-255 251 246-247
Durant and Shay2005 Static glass-rich volcanic ash 256 252 [
Durant and Shay2005 Static soda glass 255 252 =]
Fornea et al(2009 Static Mount St. Helens Ash 262 255 [
Fornea et al(2009 Static IHSS Pahokee Peat Soil Il 263 [ [
Fornea et al(2009 Static Carbon (Lampblack) 248 [-] [-]
Bunker et al(2012 Dynamic kaolinite 258 [ [
Bunker et al(2012 Dynamic Arizona test dust 256 [-] [-]

a Water drop
l Drop coverage

Coverslip

Isothermal

Thermoelectric
cooler/heater c

Water drop

PRT

Fig. 5. (a) Schematic with the cold plate experimental setup (I€lt),of the IN for an immersion freezing (top right) aiic) for a contact
freezing experiment (bottom rightshaw et al.2005.

The first cold plate studies were conducted with polydis-Bunker et al.(2012 found that kaolinite nucleates ice by
perse submicron aerosol particles, whereas the recent studiesntact freezing at-18°C, and ATD at—15°C. The very
used large monodisperse aerosol particles such as volcaniow calculatedFE (x210~°) suggests that at high tempera-
ash. Table summarizes the available studies conducted withtures, many collisions are required to nucleate ice.
the cold plate technique. The average onset freezing tem- Gokhale and Goold J1968 and Gokhale and Lewinter
perature (i.e., temperature at which the tested drop freezeg11971) showed that the Agl particles remain at the droplet
strongly depends on the chemical composition of the IN.surface after the collision, i.e., there is no particle penetration
Relatively pure Agl and metaldehyde were found to be veryinto the droplet. They also demonstrated that once a collision
good materials to nucleate ice via contact freezing; howevetakes place, the freezing of the droplets needs 16—47 mil-
their atmospheric relevance is low. liseconds to occur. Unfortunately, this behavior has not been

In Gokhale and Goold J1968 20 drops were put on the further investigated with other instrumentation. The time de-
cold plate at the same time and the aerosol particles wer@endence is important in order to evaluate the stochastic or
dropped on the drops without any mechanical help. The audeterministic behavior of contact freezing. This is crucial in
thors claimed that between 500 to 1000 particles reachearder to apply relatively simple calculations of ice formation
each drop. A similar strategy was used Bunker et al. by contact freezing on the basis of determined freezing effi-
(2012, however they only used one drop instead of 20.ciencies (also termed ice nucleation activity).
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Fig. 6. Schematic of the wind tunnel experimental setup and its major comporizetd €t al, 2011, Szakall et al.2010.

The results fronBhaw et al(2005 andDurant and Shaw minal velocity changes. Figuré@ shows a schematic of the
(2009 reveal very similar freezing temperatures for volcanic wind tunnel with its relevant partffehl et al, 2011 Sza-
ash, glass-rich volcanic ash and soda glass particles. Thelall et al, 2010.
provide evidence that it does not matter if the contact be- Figure 7 shows contact freezing results from experiments
tween the IN and the droplet surface is from the inside or theconducted in a wind tunnel using five different particle types
outside Durant and Shay20035 speculate about evaporation (bacteria, kaolinite, montmorillonite, soot and birch spores)
and its importance in the atmosphere, given that evaporatioms IN (Pitter and Pruppachel973 Levin and Yankofsky
causes immersed IN to come into contact with the dropletl983 Diehl and Mitrg 1998 Diehl et al, 2002. They used
surface which could trigger freezingrornea et al(2009 almost the same droplet size (220-370 um in diameter), how-
found that the Mount St. Helens ash particles are more effiever, because of the nature of the aerosol particles the IN
cient (by 7 K) than the tested particles Bjpaw et al(20095 sizes differed. Soot particles (radii) ranged from 0.05 to
andDurant and Shay2005. These differences could be at- 0.1 um, kaolinite and montmorillonite from 0.05 to 15 um,
tributed to differences on the chemical composition of thebirch spores are-12.5 um and bacteria are0.23 um (the
investigated aerosol particles. All three studies also found arbacteria cells were passed through a grid of 0.45um). As-
important difference of the onset freezing temperatures besuming that the particle size influence is small, it is possi-

tween contact and immersion freezing (see Sect. 3.6). ble to compare these four different data sets as they used
similar conditions and were conducted with the same instru-
3.2 Wind tunnel ment. The authors found that the five tested particles nucle-

ated ice at temperatures higher than necessary for homoge-
The first wind tunnel to study collision efficiencies was built neous freezing. Bacteria initiated ice formation at the highest
in 1968 Pruppacher and Neiburger968 Beard and Prup-  temperatures (269.7 K). Interestingly, bacteria show a steep
pacher 1969. Pruppacher developed an improved versionincrease in the frozen fraction over a very narrow tempera-
of the wind tunnel at the University of Mainz that enabled ture range, which is not the case for the other tested materials.
contact freezing studies. In these studies a supercooled drophis steep increase is typically observed on homogeneous
is suspended in a vertical air stream. The air mass is prefreezing experiments. The slopes of the frozen fractions with
humidified to reduce evaporation. Particles are injected uptemperature strongly depend on the used IN.
stream and eventually hit the levitated supercooled drop. A large uncertainty in the results presented in Fig. 7 is the
Freezing of the droplets after collisions is detected by aaerosol particle concentration and hence the number of colli-
change in its appearance (i.e., opaque). Moreover, the flovgions between particles and droplets, since in some of those
balance also changes once the droplet freezes because its ter-
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Fig. 7. Comparison of different contact freezing experiments conducted in a wind tunnel. Blue represents the experiments done with soot
particles, green with kaolinite, brown with montmorillonite, red with pollen and black with bactitter(and Pruppachgt973 Levin and
Yankofsky, 1983 Diehl and Mitrg 1998 Diehl et al, 2002.

studies it was neither measured nor controlled. This parameeharged, which is a requirement to control them by the elec-
ter is important in order to determine the collision rates andtric fields in the EDB. Two CCD (charge coupled device)
freezing efficiencies. Only frozen fractions can be reported.cameras are used to measure the droplet size via the inten-
They strongly depend on experiment conditions and theresity of light scattered by a laser beam. Fluctuations of the
fore do not represent the freezing probabilities of the testedscattered light are used to detect the phase transition from
particles. The study bfiehl and Mitra(1998 is the only  liquid to solid (or solid to liquid) Duft and Leisner2004a
exception where the aerosol concentration was betwe®n 10 b; Svensson et g12009. Figure8 shows a schematic of the
10° cm~2, which is several orders of magnitude higher than EDB with the alignment of the CCDs and the light source.
IN concentrations found within a cloudéshler and ValJi  Charged particles can be injected to collide with the levitat-

1992 Rogers 1993 DeMott et al, 2003 2010. If the colli- ing droplet (mainly due to electroscavenging). The air tem-
sion rates for the used drops, particles and concentrations afgerature, relative humidity and the total pressure within the
given, the freezing efficiencies could be determined. EDB can be measured and adjusted.

Figure9 shows the available contact freezing experiments
3.3 Electrodynamic balance (EDB) conducted with an EDBSvensson et 312009 Hoffmann

et al, 2013ab). All three studies reported the freezing prob-

The electrodynamic balance is a versatile instrument to studf/ib'“ty or FE of different mineral dust particles to nucleate ice

different physical properties and processes with single Ievi_crystals.Svensson et a[2009 found that the FE increases

tated liquid droplets (e.g., index of refraction, homogeneousw'th decreasing temperature and increasing relative humid-

ice nucleation, hygroscopicity and evaporation rdbesis :;y ’;{'mléﬂ: ttget ﬁgl“nfgolggggnzy Rcﬁcgesrs“ejz rYl'éh (;Pgtr;as
and Ravindran1982 Stockel et al. 2005 Soonsin et a. 9 P ' b

2010. Recently the EDB has been used for contact freezin fact nl_JcIeanon mo_hcates t_h_at the freezing efficiency upon col
. ision is secondarily sensitive to RH
experiments as wellSvensson et 312009 Hoffmann et al. . L . .

. . . Since the used kaolinite particles are polydisperse (from
2013ab). The EDB consists of a double-ring electrode with 3um to 2.5um in diameter) it could be that the largest
two end cap electrodes. These concentric rings are SuIOpIiea;':1rtiilcles We.reures onsible for the observed freezin e?/ents
with AC and DC voltages. The DC field is used to keep theP P . g ev

: : o . - in Svensson et al2009. If this is the case, the phoretic
droplet in a balance (i.e., levitating between the rings) as thi : ) N
. . o .. forces are of minor importance. The uncertainties in the re-
field acts against the effect of gravitation. Droplets of dif-

ferent sizes can be generated using an electrically charge%orted freezing efficiencies iBvensson et a[2009 can be

syringe-needle system or with a piezoelectric droplet gener_reduced if experimental collision efficiencies are determined.

ator. Both systems ensure that the droplets are electricallf‘ dditionally, if monodisperse aerosol particles are used and
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Fig. 8. Schematic with the electrodynamic balance experimental sBiufd £nd Leisner2004a Zardini et al, 2006.

droplet evaporation is controlled and measured, it will beisothermal cloud chamber, the thermal diffusion chamber

possible to quantitatively confirm the dependence of contacand the collision ice nucleation chamber (CLINCH) are de-

nucleation on RK. scribed with their corresponding results. Advantages of flow
Hoffmann et al(2013h reported the FE of kaolinite and chambers are continuous flows and known residence times.

hematite, wherealloffmann et al.(20133 investigated the Itis possible to divide those instruments in two different cat-

FE of illite. They were able to measure the experimental col-egories, mixing cloud chambers and continuous flow cloud

lection efficiency which allowed them to quantitatively de- chambers.

termine the FE for each material and particle size. The kaoli-

nite FE values found bidoffmann et al(20130) differ from  3.4.1 Mixing cloud chambers

those ofSvensson et a{2009. Svensson et a{2009 found

that kaolinite is able to nucleate ice at temperatures as higl he NCAR ice nucleus counter is a mixing chamber which

as 267 K (at humid conditions) which is 27 K higher than the Was originally built at the National Center for Atmospheric

observations made Byoffmann et al(20131. However, this ~ Research (NCARL,anger et al.1967); however, new cham-

difference is substantially reduced (to 7K) when compar-Pers of the same type were built afterwards (elgnger

ing the “dry conditions” data oSvensson et a[2009 with 1973 Super et al.2010. The NCAR ice nucleus counter

Hoffmann et al(2013h)’s data. The above-mentioned differ- IS typically operated as follows. Haze particles, aerosol par-

ence could be attributed to the polydisperse aerosol particleficles and/or CCN are combined with a humid air mass

used bySvensson et al2009 which are in contrast with (RHw ~80 %) at room temperature. The air stream with the

the 550 nm particles (in diameter) usedHioffmann et al. ~ Particles is placed at the top of the chamber where its tem-
(2013B’s study. perature is gradually reduced while the introduced particles

Hoffmann et al.(2013) and Hoffmann et al.(20133 are activated as the flow descends downward through the
found a temperature and particle size dependence when usirflamber Langer 1973. Langer et al(1978 modified the
hematite and illite. Figur® clearly shows how FE increases Standard NCAR counter to investigate immersion and con-
with increasing the IN size. Additionally, the illite data nicely tact freezing. This modification allows the injection of new
shows that ice nucleation due to contact freezing takes placgarticles which can be tested as IN. The particles are intro-
at warmer temperatures when the particle size is increasedluced in the bottom section of the chamber to interact with
These observations support the contact freezing mechanisnige activated cloud droplets at the desired temperature. The

proposed byCooper(1974 andFukuta(19753. chamber wall temperatures are controlled by a cooling sys-
tem. An acoustic sensor was used to detect ice at the exit of
3.4 Cloud chambers the counter. The currently available NCAR counters do not

have the modification conducted bgnger et al(1978.
There are different types of cloud chambers which are able The NCAR ice nucleus counter studies basically focused
to study the heterogeneous freezing modes independentlgn submicron £150 nm) Agl particles. In these studies,
and/or more than one mode at the same time. In this secBrownian motion was the dominant dynamical force respon-
tion the NCAR counter, the Colorado State University (CSU) sible for moving the aerosol particles towards the water
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Fig. 9. Experimental freezing efficiencies (FE) of several materials obtained with an EDB. The red, green and blue diamonds represent the
kaolinite experiments (polydisperse aerosol particles) fBwensson et a{2009 at high, intermediate and low relative humidity with respect

to water. The purple triangles and the colored circles represent the kaolinite and hematite resuttsffroamn et al(2013h, respectively.

The black, brown, dark yellow and orange stars represent the illite FE for 375, 275, 161 and 75 nm, respEdifrabnf et al.20133.

drops.Langer et al(1978 determined the freezing proba- 3.4.2 Continuous flow cloud chambers
bilities of Agl particles using the mathematical expression

from Sax and Goldsmiti{1972. They found that the freéz-  Anqther cloud chamber type is the thermal diffusion cham-
ing probabilities increased with decreasing temperature fronye, These chambers have been widely used to investigate the
259K to 253K. In addition, an aerosol particle size effect ce yclej abilities of aerosol particles in different heteroge-
was clearly observed. Particles smaller than 0.02 um were ngio o5 freezing modes and homogeneous freeSchdler
active, whereas for particles larger than 0.02 um the freezing, 4 Fukuta1979 Hussain and Saunder984 Tomlinson
probability increased with increasing particle size. and Fukuta1985 Rogers 1988 Stetzer et a).2008 Kaniji
A static isothermal chamber with much longer residence,,q Abbatt 2009. All of these devices, some with contin-
times than the NCAR counter is the CSU isothermal cloud,,, ;s flow and some not, use temperature gradients between
chamber _(ICC). In the ICC, the_cloud droplets were gen-j-a_coated walls to expose aerosols to ice and water super-
erated using an ultrasonic nebulizer and then transferred Qa rationsSchaller and Fukutél979 built the first thermal
a stand tube (10cm in diameter) to get into thermal equi-yifrsion chamber that was able to study contact freezing.
librium with the filtered cooled air before the cloud is dis- The instrument has a wedge-shaped design and consists of
charged into the chamber (960 Lg(ant and Steelel968. 14 flat plates covered with ice in order to produce saturation
Non-hygroscopic aerosol injected into the chamber with dry\ith respect to ice. The temperature of both chamber walls
air an(_j mixed q_U|ckIy through the _chamber vqlume will col- 51 pe varied, with the top wall being warmer than the bottom
lide with drops if no other nucleation mechanism occurs. Inyyq|| |t s also possible to have a concentric cylindrical con-
the ICC, ice formation is monitored in time and particle Co- fig,ration with a vertical orientation of the chamb&ogers
agulation is prevented by a dilution procedubeiMott et al, 1988. For contact freezing, haze particles were formed at
1983 DeMott, 1995. . subsaturated conditions with respect to water. Once the haze
_D_eMott et al.(1983_observed that the co_ntaCt free_:zmg particles were formed, the IN were injected into the chamber
efficiency was very high for the Agl-type ice nuclei ex- 4 5j10w them to collide with the haze particles.
amlned at temperatures of 257K and higher in agreement g.halier and Fukuttl979 observed a very low rate of nu-
with Langer et al(197§. They also found a clear pseudo- jeation for Agl particles, which means that they are less effi-
first-order dependence of ice nucleation by Agl aerosols Orjent nycleating ice at high temperatures (between 267 K and
_droplet concentrations and aerosol size. W!th the help of the,gg K). However, these results may be specific to the type of
isothermal chamber and the CSU expansion chanider, ,seq Agl particles. Metaldehyde was found to be a very good
Mott (1999 was able to determine that the freezing rates for |\ 4t these temperatures, forming three orders of magnitude
contact freezing were higher than for the other three hetero, 5re ice crystals as compared to the used Agl. It could be
geneous freezing modes. that the high efficiency was due to the electric-dipolar nature
of metaldehyde, which increases the number of collisions
due to electroscavenging. Unfortunately, metaldehyde was
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Fig. 10. Schematic with the CLINCH experimental setup; (left) side view and (right) front view of the instrutreting, 2011).

not used in the subsequent contact freezing studies to corable to perform experiments on contact freezing varying the
firm these observations. Note that collisions were with smalldroplet size, particle size, IN type, aerosol particle concentra-
haze droplets that are not diluted cloud droplets. Therefore, ition, residence time and temperature at ice saturation relative
is possible that the IN abilities of the tested aerosol particleshumidity.
were influenced by the solute. Ladino et al.(2011h studied the effect of the IN size and
The latest cloud chamber built is CLINCHddino et al, the aerosol particle concentration on the frozen fraction using
20118. It is a continuous flow chamber which consists of kaolinite particles and cloud droplets of 12.7 um in radius.
two vertical parallel plates with lengths that can be varied The left panel in Figll shows that the onset freezing tem-
between 20 and 80 cm as shown in Fi§. CLINCH uses a  perature (defined when 3 % of the droplets freeze) slightly
droplet generator to inject a series of droplets (with a variableincreases with increasing the IN size. Although the authors
frequency) at the top of the chamber. The aerosol particle®bserved a small difference in the onset freezing values, there
enter the chamber at the head from both sides with an aiis not a significant difference between the two tested IN sizes.
flow. Aerosol particles can interact with the liquid droplets This is in contrast with the observations made llanger
at a constant temperature and humidity in the volume be-etal.(1978 andDeMott (1995 who found a particle size in-
tween these plates. Both plates have the same temperatufieence when using Agl and Agl-AgCl particles and will be
which is controlled with a cryostat. An Ice Optical DEtector investigated further. Based on the CNT an increase in the sur-
(IODE) is used to distinguish between liquid droplets and iceface area increases the probability to have more active sites
crystals by depolarizatioriNjcolet et al, 2010. CLINCH is
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Fig. 11. Experimental frozen fraction on contact freezing as a function of temperature conducted in CLINCH. The cloud droplets have a
residence time of 5s. The left panel shows the comparison of two different particle sizes and the right panel the comparison of two different
aerosol particle concentrations. The black stars represent the homogeneous freezdmrdiges to the aerosol particle diameter A8

to the aerosol particle concentration.

at which the ice germ can form, which results in higher onsetalso be calculated based on the instrument and available in-
freezing temperature®(uppacher and Kletl997). formation. However, the reported freezing efficiencies are
The right panel in Figll shows the frozen fraction for experiment-dependent. Because kaolinite has been exten-
two different aerosol particle concentrations. Keeping the CEsively studied with different instrumentation, it was chosen
constant for a drop-particle size pair, the number of parti-to inter-compare the freezing efficiencies obtained with the
cles within the droplet’s sweep-out volume and the num-wind tunnel, the cold plate technique, EDB and CLINCH.
ber of collected particles by the droplets will increase if However, the chemical composition of the used kaolinite
the aerosol particle concentration is increased. It results irparticles may be different since kaolinites from different
a larger number of potential IN and active sites interactingsources have different mineralogical compositions as shown
with the droplets, causing a larger number of nucleated iceby Atkinson et al.(2013. The experiment-dependent kaoli-
crystals. Nevertheless, differences in freezing fractions whemite freezing efficiencies are summarized in Hig.
using 300 cm® or 1000 cnm? kaolinite particles were sur- Although Pitter and Pruppachefl973 did not calcu-
prisingly small and will be further investigated. late/report the freezing efficiency of their wind tunnel exper-
In CLINCH the droplet size is measured accurately at theiments, we used the provided data to calculate their corre-
top section, however its size along the chamber and at theponding freezing efficiencies based on some assumptions
bottom section is uncertain since the droplets shrink due tdn order to investigate the role of the aerosol particle con-
evaporation. The droplet size is a key parameter when detecentration on the freezing efficiencies. The thiég; sce-
mining the collision efficiency, which in turn is important to narios from the wind tunnel data demonstrate the high vari-
determine the freezing efficiency of contact freezing. This isability and sensitivity of these calculations. The dependence
the reason for the high and uncertain freezing efficiencies reef freezing efficiency on R reported inSvensson et al.
ported from CLINCH [adino et al, 20118. More research (2009, particle size reported iBunker et al.(2012); Hoff-

in this direction is needed. mann et al(2013h a) and the two droplet size inadino et al.
(20118 is obvious.
3.5 Freezing efficiency results inter-comparison Figure 12 also shows theoretical calculations (solid color

lines) of Ng contactusing Eq. ) following the procedure de-
In the above sections it was shown that the frozen frac-scribed inHoose et al(2010. These calculations were con-
tion can be experimentally determined by the different in- ducted for particles with a diameter of 500 nm, a contact
strumentation. In some cases the freezing efficiencies can
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Fig. 12. Comparison of the available kaolinite freezing efficiencies due to contact nucleation as a function of temperature from different
instrumentation. In those studies that reported frozen fractions we have calculated the freezing efficiency, assuming different values for
Ncoll- The stars represent the wind tunnel data with different assumptions for the unknown parsigggt@titter and Pruppachet973,

whereas the diamonds, circles and squares depict the data from theSEBxBs§on et gl2009 Hoffmann et al.2013, CLINCH (Ladino

et al, 2011h and the cold plate dat®8(nker et al.2012), respectively.

angle of 12.7 and aAG of —0.621x 10-20J. Note that have substantial differences in their chemical composition.
Ny, contactiS equivalent toFE. The theoretical calculations The experimental differences and the high uncertainty in the
show that ice forms at higher temperatures with increasingcollision rates are reflected in the calculated kaolinite freez-
RH,,. This is in agreement with the observations made bying efficiency. These values differ by several orders of mag-
Svensson et a(2009. Note that the relative humidities for nitude in the same temperature range, even when similar par-
the dry, intermediate and humid conditions of the experi-ticle and droplet sizes are used. Although the comparison of
ments conducted byvensson et a{2009 were notreported.  the theoretical and experimental results is qualitative, it con-
At high RHy’s, the theoretical increase &E with temper-  firms how sensitive the determination IBE is. That is why
ature is very steep and it requires less than 5K to movebetter designed experiments or inter-laboratory campaigns
from 1.0x 10° to 1.0. This is in agreement with the hu- (i.e., experiments of contact freezing using different tech-
mid air data fromSvensson et al2009 but is in contrast  niques with the same IN samples and aerosol particle con-
with the experimentally deriveBE'’s from Pitter and Prup-  centration, Rk, and droplet and particle sizes) are needed to
pacher(1973 data. At RHy of 80 % around 10K are needed validate the freezing efficiency of contact freezing that could
to obtainFE =1 from the theoretical calculations. This tem- be used in process and climate models.
perature trend is closer to the trend reportedPilyer and
Pruppachef1973; Ladino et al.(2011H; Hoffmann et al.
(2013a b) and the dry data frorBvensson et a{2009. The
discrepancies can be attributed to the different experimental
conditions and to the assumptions made for the theoreticaRoberts and Halletf1968 and Niemand et al(2012 in-
calculations. The large FE values reporteduagino et al.  vestigated the fraction of active ice nuclei in the immersion
(20111 are the result of an overestimation of the droplet sizefreezing mode as a function of temperatiReberts and Hal-
in the CE calculations and due to the use of a laser with dett (1968 used five clays and minerals, wherédiemand
circular profile in the IODE detector. et al. (2012 used five natural mineral dust samples. Both
Even though the particle type (kaolinite) is the same instudies found that the fraction of active IN in this heteroge-
all four studies, the experimental conditions differ substan-neous freezing mode is temperature dependoiberts and
tially. The IN efficiency of the kaolinite used lBunker etal.  Hallett (1968 found that~ 50 % of the tested particles were
(2012 was lower as compared to the other studies. The kaoli-active at temperatures between 258K and 248lkemand
nite source, the differences in droplet size, and sensitivitiest al. (2012 reported that at 254K and 246K, 0.01% and
on determining the first freezing event could explain thesel % of the tested aerosol particles were active in the immer-
discrepancies. It is possible that the used kaolinite samplesion freezing mode, respectively. In theddyemand et al.
(2012's data could be compared with the contact freezing

3.6 Contact freezing versus immersion freezing
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Fig. 13. Comparison of contact freezing (CF) and immersion freezing (IF) results as a function of temperature using different IN. All the

experiments were conducted in a wind tunnel. The contact freezing and the immersion freezing experiments are represented by the solic
(circles) and dotted (squares) lines respectively. The blue color represent the experiments done with soot particles, green with kaolinite, red

with pollen and black with bacterid(tter and Pruppachet973 Levin and Yankofsky1983 Diehl and Mitrg 1998 Diehl et al, 2002.
Note that the collision rates are not accounted for in any of the presented results.

data from Fig.12; however, this is not possible due to the inthe onset freezing temperature of around 10 K whereas the
limitations mentioned in the above section. other tested particles only show a difference of less than 4 K.
A direct qualitative and quantitative comparison between Another qualitative comparison between these two modes
contact freezing and immersion freezing from experimentalwas done bylLadino et al.(20110. The contact freezing
results has been done Bytter and Pruppach€t973; Levin experiments were conducted in CLINCH, whereas the im-
and Yankofsky(1983; Diehl and Mitra(1998; Diehl et al. mersion freezing experiments used the immersion freezing
(2002; Ladino et al(2011h; Shaw et al(2005; Durantand  chamber IMCA Lu6nd et al, 2010. This comparison is lim-
Shaw(2005 and Fornea et al(2009 using a wind tunnel, ited by having used different chambers and different droplet
the CLINCH/IMCA, or the cold plate technique. The same sizes, but used the same kaolinite particles of the same size,
particles were either immersed within a droplet (before orparticle generator, size selection technique and detector. Fig-
during the experiment) or put in contact with the droplet sur-ure 14 shows the results using two different particle sizes.
face (mechanically or due to a flow)anger et al(1978, Note that the number of ice crystals in CLINCH is limited
Schaller and Fukut§l1979, DeMott et al.(1983, andDe- by the number of collisions to a frozen fraction of 0.4. For
Mott (1995 conducted experiments of the other heteroge-both particle sizes 400 nm (left) and 800 nm (right) there is
neous freezing modes in addition to contact freezing in theira small difference in the onset freezing temperature and in
cloud chambers. However, due to the large complexity in asthe frozen fraction being more pronounced for the 400 nm
signing an ice nucleation event to a specific mechanism theyarticles. This means that CLINCH/IMCA also qualitatively
are not discussed here. shows that contact freezing is initiated at higher temperature
Figure 13 shows a qualitative comparison of contact vs. than immersion freezing. This comparison has a similar lim-
immersion freezing experiments conducted in a wind tun-itation as the one from the wind tunnel studies because the
nel. Contact freezing occurs at higher temperatures than imaumber of particles that collides with the droplet on average
mersion freezing when bacteria, pollen or kaolinite particlesis below one, hence it is smaller than the single particle im-
were used. In these experiments, the numbers of ice crystalmersed within each droplet in the IMCA experiments. Fur-
formed was typically higher than for immersion freezing at thermore the influence of the droplet size in CLINCH is not
a given temperature. Only soot particles show the oppositelear since it is shrinking, which changes its collision effi-
behavior where immersion freezing was found to be moreciency. This will be investigated further in the future.
efficient than contact freezing. The difference between the Table2 summarizes the quantitative comparisons between
two freezing modes for soot is however, much smaller thanimmersion and contact freezing from the experiments con-
for kaolinite particles. Kaolinite particles show a difference ducted with the cold plate technique. Two volcanic ash par-
ticles and two organic particles that behave like glasses were
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Fig. 14. Comparison of contact freezing and immersion freezing results for kaolinite particles. Red circles represent the contact freezing
experiments for cloud droplets of 26 um (in diameter) with a residence time of 5 s, whereas the blue squares represent the immersion freezinc
data with a droplet diameter of 6 pup refers to the aerosol particle diameter.

investigated. The differences in the onset freezing tempera- As shown above, immersion freezing and contact freezing
ture vary between 3K and 7 K. The differences are consis-data are often compared to each other. However, a compar-
tent even if different cold plates and IN are used. All cold ison between both modes is difficult because a number of
plate experiments were conducted using different particleparameters should be controlled or constrained. We suggest
and droplet sizes, which complicate the comparison of re-here a possible approach for the comparisoNgéontactand
sults from different authors. These experiments did not reportVy immersion(see Figl15).
the frozen fraction as they used a single droplet and a single The freezing efficiencies or the frozen fractions for both
aerosol particle. modes can only be directly compared, when droplets of one
The comparison between these two modes is more presize are exposed to the same number of particles of the same
cise in the cold plate technique experiments as it uses oneize for the same time. The implications not only for exper-
IN per drop in both contact and immersion freezing. How- iments on both modes but also for natural clouds, in which
ever, this comparison can be improved if the IN surface areaontact freezing is possible, are as follows. Under pure im-
which enters in contact with the droplet (or the line length mersion freezing conditions (all particles are immersed in
of the three-phase boundary according to the three-phasalroplets and each droplet contains only one particle) the
model in Sect. 2.3.4) is estimated and used instead of theroplet freezes after some time since the IN surface area in
number of particles. The aerosol particle surface area for imcontact with the supercooled liquid is constant over time. In
mersion freezing experiments is constant over time, howeverthis setting the In of the frozen fraction scales linearly with
the surface area in the contact freezing experiments in théime and surface area of the IN at a given temperatvig{
wind tunnel, EDB and CLINCH studies increases with time ray et al, 2011, Hoffmann et al. 2013k Knopf and Alpert
with the exception of cold plate technique studies where only2013:
one aerosol particle per drop was used. For the wind tun- Nirozerd?)
nel experiments it is unknown if the IN/drop ratio in contact In (—
and immersion freezing mode is comparable. The compari- total
son with CLINCH is also not adequate, as their contact freezwhere Jimm is the nucleation rate due to immersion freezing
ing experiments are not normalized to the number of colli-as a function of temperaturd’), and S(t) the total area of
sions, whereas in IMCA the particle-droplet ratio is always immersed particles as a function of tintg (
one. However, if the shrinking droplet size from CLINCH  Under pure contact freezing conditions, once an IN col-
is estimated accurately, a better calculationNgf can be lides with a supercooled droplet it can cause freezing of
obtained and hence a normalization will be possible. Thughe droplet due to contact freezing. If this does not hap-
simultaneous comparable measurements of contact and inpen, we assume that the IN gets immersed into the droplet
mersion freezing are urgently needed. and can then act as an immersion freezing nucleus. If im-
mersion freezing does not cause the droplet to freeze under

) = Jimm(T) - S(1) - 1, 9)
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Fig. 15.Schematic of a typical contact and immersion freezing experiment. For details refer to the main text.

the prevailing conditions, another IN can collide with the 3.7 Parameterizations
droplet. Again, either contact freezing can take place, or im-
mersion freezing can occur after the particle is immersed in

the droolet. Thi | nin ntil the droplet freezes b In order to consider contact freezing in numerical models,
€ droplet. This cycle continues u € dropiet Ireezes byq g ora) parameterizations were derived for the IN concen-
one of the two processes. Hence, contact freezing is constal

over time (as is the collision rate) assuming a constant par[_ﬂlanons «ogng, 1974b Meyers et a|. 1992 Phillips et al,
ticle flux and similar aerosol particle size since the collision 2008'Morrlson et al, 200§ Hoose et §1.201Q.'Because
efficiency varies as a function of both parameters, while thethe Wmd tunnel and the CLINCH experiments yield a frozen
number (and thus the surface area) of immersed ’particles i}‘]ractlon bgt not the number of IN, we compare the exper-

. . o . . imental wind tunnel and CLINCH data with the parameter-
a droplet increases linearly with time, causing the immer-

sion freezing process to be a function of time squared. Tolzed frozen fractions fror@iehl et al.(2006 in Fig. 16. Good

unambiguously determine which freezing process causes thagreement between the wind tunnel data and mineral dust,
9 y 9p $acteria and pollen is achieved because these data were used

ShrgFfjlzteszitr?gfrpegzcisr;%uflfrr:]eZnsrgu(Sty;T% éqzélme-dependence %% obtqin _the parameterization. However, soot in the wind
i ' tunnel initiated freezing at much colder temperatures than the
parameterization suggests. This is because the soot parame-
terization is based on the data Borbunov et al.(2001).
) = [Jimm(T) - S(t) - t] +[FE(T) - nc- 1], (10) It is however questionable if the freezing of soot in Ger-
bunov et al(2007) study is really due to contact nucleation or
= [Jimm(T) -Sp-ne- tz] +[FE(T) - njexic -], (11) rather due to deposition nucleation. The much colder freez-
ing temperatures of the soot measuredbghl and Mitra
(1998 are thought to be caused by an organic coating of the
whereSy, is the aerosol particle surface area, agthe colli- particles emitted as a byproduct of the used kerosene burner
sion rate (Vcon/t). Based on the evaluation Blioffmann etal.  (Diehl, personal communication). The kerosene soot burner
(20131’s experiments according to Eq. (11), they found that data show a freezing onset and increase of frozen fraction
they indeed observed contact freezing in their experiments. with decreasing temperature that is comparable to what is

N t
In < frozen(?)

Niotal
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1 ‘ ‘ = B ——8-B H—— collision efficiency and therefore its efficiency in the atmo-
o.ol sphere is not known. A difference of around 1-10K in the
— Mont. onset freezing temperatures and in the number of formed ice
0.8r —Kso. crystals at a given temperature between contact and immer-
07k — 00t , sion freezing was found when using the wind tunnel and the

bacteria CLINCH/IMCA flow chambers with different IN. However,
pollen | these comparisons are not conclusive due to several limita-
tions in both systems. Experiments conducted in the mix-
ing chamber also showed a clear difference between contact

o
)
:

Frozen fraction
o
[$]

o4 freezing, condensation/immersion freezing, and deposition
0.3r nucleation. A difference of around 3-7 K was found in the
0.2 onset freezing temperatures when using a static cold plate
o1 4 with different volcanic ash particles. Based on the labora-
' a \ tory results from the static cold plate which are quantitative,
O 35 30 5 & 5 <10 5 o contact freezing is clearly distinguished from the other het-

Temperature [C] erogeneous freezing modes and it is so far the most efficient
pathway to nucleate ice crystals.
Fig. 16. Comparison of contact freezing frozen fractions obtained  The atmospheric IN concentrations are much smaller than
from wind tunnel studies (thick squares) using kaolinite (blue) andthe values used in the laboratory experiments. Addition-
montmorillonite (red) Pitter and Pruppachei973, soot (black) ally, the laboratory experiments could be biased by the use
(Diehl and Mitra 1998, pollen (light biue) Diehl et al, 2003 and of I,?HW below 100 %, which favors the collisions between

bacteria (green)Levin and Yankofsky1983 and CLINCH (thin | ticl d cloud droplets due to th h .
squares with error bars) using kaolinitea¢lino et al, 2011h as aerosol particles and cloud droplets due 1o thermophoresis.

compared with the parameterized contact freezing frozen fractiond Nerefore, the atmospheric relevance of contact freezing is

by Diehl et al.(2006 (solid lines). not yet clear. A quantitative calculation of the frozen fraction
is needed to determine the maximum freezing efficiencies.
Disagreements with theoretical collection rates remain and

found for two different sizes of kaolinite using CLINCH. need to be investigated in future. Most of the experimental
Kaolinite in CLINCH freezes at much colder temperatures Studies did not report the collision rates and therefore give
than in the wind tunnel. This range in freezing onset and in-only experiment-specific frozen fractions but no experiment-
crease of frozen fraction with decreasing temperature show#dependent freezing efficiencies (with the exception of the
the uncertainty in the data and will translate in an equallydata reported bidoffmann et al.2013bandHoffmann et al.

large uncertainty in the parameterization of the frozen frac-20133. Once collision rates are known, the uncertainty in the
tion. freezing efficiency calculation will be substantially reduced.

It will allow an intercomparison between data sets from dif-

ferent experiments and an extrapolation of the laboratory re-
4 Conclusions sults to atmospheric conditions is possible. This especially

includes more experiments with cloud droplets and monodis-
There is experimental evidence for contact freezing to aciperse submicron aerosol particles, taking into account the
as proposed byCooper (1974, Durant and Shaw(2005 aerosol particle concentration and Rldre needed.
andDjikaev and Ruckenstei(R008, however it is still un- The static cold plate studies suggest that the difference in
clear why the available laboratory results indicate that con-the temperature at which an ice germ forms in the contact
tact freezing is the most efficient ice nucleation mode. Moreand immersion freezing mode could be caused by the inter-
and better controlled experiments are needed to validate thaction between the different phases but does not involve a
proposed hypotheses IBooper(1974 and Fukuta(19753 collision energy. However, wind tunnel and flow chamber ex-
which so far are the most promising ideas. Both theoriesperiments where collisions take place also show a difference
are based on the CNT and include key parameters partiallypetween these two heterogeneous freezing modes. It is thus
proven by laboratory experiments such as water adsorpdifficult to conclude if the ice germs form at higher temper-
tion on the particle surface, RHand IN size. Additionally,  atures during contact freezing than immersion freezing due
the evaporation freezing pathway introducedliyyrant and  to the collision (IN-droplet) or due to the phase interactions
Shaw(2005 could take place within mixed-phase clouds un- or if it is a combination of both factors. There are some in-
der subsaturated conditions. dications for both theories but they are not proven as the ex-

Laboratory experiments designed to specifically quantify perimental data have some limitations. In the static cold plate

contact freezing indicate that contact freezing initiates iceexperiments large particles were used, thus the surface area
formation at warmer temperatures than other heterogeneousf the particles which comes in contact with the droplets is
freezing modes. However, contact freezing is limited by themuch larger than the submicron particles which were used in
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wind tunnel studies and in CLINCH. In cases where colli- that the ratio particle/droplet is the same, the comparison is
sions are present, the surface area that comes in contact wittill not completely valid because in the immersion mode the
the droplet is not known. entire IN surface is immersed, therefore the whole IN plays

In a real cloud, more than one freezing mechanism cara role in that case. In contrast, in contact freezing only a part
take place at the same time. It will be interesting to per-of the IN surface is in contact with the droplet, therefore only
form experiments where a single IN is immersed in a liquid a small part of the IN is responsible for freezing. In order to
droplet and thereafter more IN are injected that collide with directly compare and validate the available instrumentation,
the droplet/IN system to simulate the real competition be-it would be interesting to perform a contact nucleation in-
tween immersion and contact freezing within a mixed-phasetercomparison where all experiments use the same chemical
cloud. In addition to it, the inclusion and control of grow- composition and particle size at a defined temperature range.
ing and shrinking of droplets to alter the collision frequency Answering the following key questions will help us to un-
will increase the atmospheric relevance of these experimentslerstand the impact of contact freezing on cloud glaciation
This type of experiment will tell us if contact freezing mat- and hence on the hydrological cycle and on the radiative
ters in this scenario. Mixing chambers like the NCAR ice properties of clouds. Some of these points were already high-
nucleus counter or the CSU-CIC can be perfectly adjusted tdighted byVali (1985 andMeyers et al(1992 but they re-
do that. main open and/or uncertain:

New instrumentation is needed where the atmospheric
conditions can be reproduced as closely as possible in or-
der to increase the usefulness of the produced data. New
instrumentation should measure and control the important

— Which is the most appropriate or representative theory
to explain ice formation due to contact freezing from a
microscopic perspective?

parameters for contact freezing (R'—hy r, Na) Addition- - !S the COIIiSiO'n energy crucial to initiate freezing oris
ally, field measurements on contact freezing are urgently it purely an air-water inter-phase effect?

needed since these studies are very scarce (agis and — Is contact freezing time dependent and thus a stochas-
Auer, 1972. The conditions at which contact freezing takes tic process?

place in a natural environment are needed to estimate its
atmospheric relevance. To assess whether and where con-
tact nucleation is a possible process, a field study similar

— Does the particle stick on the droplet surface as found
by Gokhale and Goold J{1968 or does the particle

to the NASA African Monsoon Multidisciplinary Analyses get partially or completely immersed into the droplet?
(NAMMA) experiment is needed. One limitation to perform If the latter, what are the particle penetration rates?
field measurements is to overcome the low collection rates. — How many collisions are needed to trigger the freezing
The collection rates could be enhanced if the aerosol con- of cloud droplets due to contact freezing? What are the
centration and the residence time are increased. The aerosol  freezing efficiencies of different INs in contact freez-
concentration can be increased with the help of an aerosol ing mode?

particle concentrator and/or a counter flow virtual impactor
(it is commonly used to separate cloud droplets or ice crys-
tals from interstitial aerosols but it is also possible to use it
as an aerosol concentrat@towik et al, 2017). Field mea-
surements will allow us to validate the laboratory experi-  — Why is contact freezing more efficient at nucleating
ments and their data will be very valuable for validation of ice than the other freezing modes?
numerical models (cloud resolving, regional and global cli-
mate models). Field measurements are also important be-
cause they include dynamical effects such as organized up-
draft and downdraft motions, wind shear, turbulence and en-
tra'n_ment' Wh'Ch.a_'re commonly negIQCted in the Ia'borato"yAcknowledgementsThe authors would like to thank Zamin Kaniji,
studies. The addition of those dynamical effects on the congejix iond, Cedric Chou, Andre Welti, and Vivek Sant for
tact freezing laboratory experiments will allow us to better their valuable contribution during the interesting discussions. We
mimic this heterogeneous freezing mode. thank Corinna Hoose for the gNontact Calculations and Alexei
Almost all previous comparisons between immersionKiselev for sharing his ideas, which are indicated in Fi§.and
freezing and contact freezing were done with the aim to studythe corresponding formulas. We also enormously thank Daniel
the IN ability in both modes and to infer which mode is more Knopf and the reviewers for helping us to considerably improve
efficient. However, an accurate direct comparison is not posth® manuscript. This work was supported by the Swiss National

sible (or has not yet been done) because even when using ﬂllié)undation (SNF) with the following projects: 200021-107663/1

same IN and the same particle size the experimental condi‘”Zlnd 200021-127275.

tions are different. Th_e number of par_tlclgs within or in CON- Ejited by: D. Knopf
tact with the droplet in both modes is different. Assuming

— Do parameters other than particle type, aerosol size,
temperature, aerosol particle concentration and time
influence contact freezing? Does droplet size matter?

— Is contact freezing an especially effective mechanism
also in real atmospheric cloud situations?
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