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Abstract. Immersion freezing is an important ice nucleation pathwaplived in the formation of
cirrus and mixed-phase clouds. Laboratory immersion freegxperiments are necessary to deter-
mine the range in temperatur€)(and relative humidity (RH) at which ice nucleation occunsl &0
quantify the associated nucleation kinetics. Typicaligthermal (applying a constant temperature)
and cooling rate dependent immersion freezing experimaatsonducted. In these experiments itis
usually assumed that the droplets containing ice nuclgidlNhave the same IN surface area (ISA),
however the validity of this assumption or the impact it mayédion analysis and interpretation of
the experimental data is rarely questioned. A stochastimérsion freezing model based on first
principles of statistics is presented, which accounts &iable ISA per droplet and uses physically
observable parameters including the total number of dtslé,;) and the heterogeneous ice nu-
cleation rate coefficient/ne((7). This model is applied to address if (i) a time and ISA depende
stochastic immersion freezing process can explain labgrammersion freezing data for differ-
ent experimental methods and (ii) the assumption that alpldts contain identical ISA is a valid
conjecture with subsequent consequences for analysisirgretation of immersion freezing.

The simple stochastic model can reproduce the observedaimdesurface area dependence in
immersion freezing experiments for a variety of method$isag droplets on a cold-stage exposed
to air or surrounded by an oil matrix, wind and acousticadlyitated droplets, droplets in a con-
tinuous flow diffusion chamber (CFDC), the Leipzig aerodold interaction simulator (LACIS),
and the aerosol interaction and dynamics in the atmospA¢B&\j cloud chamber. Observed time
dependent isothermal frozen fractions exhibiting noneaegmtial behavior with time can be readily
explained by this model considering varying ISA. An appacaoling rate dependence @ is ex-
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plained by assuming identical ISA in each droplet. When acting for ISA variability, the cooling
rate dependence of ice nucleation kinetics vanishes as®@dfom classical nucleation theory. The
model simulations allow for a quantitative experimentatemainty analysis for parametezoy, 7',
RH, and the ISA variability. In an idealized cloud parcel rabapplying variability in ISAs for each
droplet, the model predicts enhanced immersion freezimpézatures and greater ice crystal pro-
duction compared to a case when ISAs are uniform in eachelropthe implications of our results
for experimental analysis and interpretation of the imiceréreezing process are discussed.

1 Introduction

Ice crystals in tropospheric clouds form at altitudes wtteraperatures fall below the ice melting
point, also known as supercooled temperatures, and foitgmmglin which water partial pressure ex-

ceeds the saturation vapor pressure with respect tb icpgRcher and Klétk, 19b /; Hegg and Bglker,

). Cirrus or mixed-phase clouds consist entirely otigstals or of ice crystals coexisting with

supercooled aqueous droplets, respectively. These ctardsignificantly impact the global radia-

tive budget and the hydrological cycle ( BaMeL_]JEJQT, RggngthﬁAr _19_44 Chen et all., 2&)00;
Liu et all| 2007t Lohmann and Hoose, 2009; Tao et al., 2018eRfeld et all, 2014), however, their

formation is not well understood or constrained in cloud elimdate modeISJ_LB_o_u_Qh_e_r_eJJMB).
Ice nucleation precedes the formation of ice crystals. Hygneous ice nucleation occurs from su-

percooled agueous aerosol particles or cloud dropletdorogation can also occur at temperatures
higher than the homogeneous freezing limit initiated byiakle particles acting as ice nuclei (IN).
Heterogeneous ice nucleation can occur when IN are immenssdpercooled aqueous droplets,
termed immersion freezing, when IN make physical contath aiipercooled droplets, termed con-
tact freezing, or when ice nucleates on IN directly from thpessaturated vapor phase, termed
deposition ice nucleation. It is impossible to observe to &e nucleation in the atmosphere and
very difficult to infer the ice nucleation pathwél)LLHa.ag_EltlaD_QH_Hﬁgg_aﬂd_B_adMOQ). Despite
the established importance of the impact of heterogeneeuslcleation on cirrus and mixed-phase
cloud formation, it is not included in global radiative farg estimateJ (Myhre et H 2d13).
Laboratory studies are necessary to investigate at whatmthdynamic conditions, i.e. temper-

ature, T, and relative humidity, RH, and by which mode ice nucleationurs for predictive use in
cloud and climate models. This study presents a newly dpeelmodel simulation applied for anal-
yses of previously published laboratory immersion fregziata obtained by different experimental
methodologies. It allows prediction of atmospheric icetipbe production under relevant scales of
time and IN surface area (ISA).

Classical Nucleation Theory (CNT) is currently the onlyitalgle physical theory to describe ice
nucleation. Simply stated, CNT quantifies a maximum Gibbg &nergy barrier corresponding to
the minimum number of water molecules in a cluster that hhe tvercome to initiate ice nucleation
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(Pruppacher and KIJ}MQ?). Cluster formation and thagsnucleation, occurs stochastically and is

dependent on time, and in the case of homogeneous ice nucleation, the supeddanid volume,

V. m 0) parameterized the theoretical homomenéce nucleation rate coefficient,
Jhoms @S a function ofl" and water activitya,, (a,, = 1.0 for pure water and., < 1.0 for aqueous
solution). This approach yield#,om, to be independent of the nature of the solute and avoids the

weakness of the capillary approximation in CPLLLBLUMMIE_I](M).

Immersion freezing can be described by CNT by reducing e énergy barrier due to the pres-

ence of a solid surface. Ice nucleation remains a stochastoess, but is dependent on the available

ice nucleating surface are4, instead ofl/ ({Emppa&lmnd_&]_iemsilmm_e} EL._EIOO?). The

heterogeneous ice nucleation rate coefficidny, is a physically and experimentally defined param-

eter which gives the rate of nucleation events for givenasigrfarea and unit ti ert
1: parameterized,e; as a function ofl” anda,, following Koop et al. (2080) using direct mea-

|iurements 0flhet and Jhet derived from previous studier (Archuleta elt[a.L._i&)_O_i_ﬂlm_a.d J.ZQl.’I.Ia,

; ; ' LLa.nngne_eLHLLZdil_Emﬂ_el al.,
|2Q1H_Rjgg_e_t_éll._2£113). Known as the based immersion freezing model (ABIFI\MLHL

),Jhet can be derived for different types of IN such as mineral dustgnic, surfactant and bio-
genic, applicable fo,, < 1.0, and independent of the nature of the solute. The ABIMF islstio

and computationally efficient physical description of tharersion freezing process for prediction
of ice nucleation for atmospherically relevant conditiamsl applicable for a variety of experimen-
tal methods, including the droplet-on-substrate apprdJZobrist et all;O_d?l Knopf and Ferg$ter

2011 Apertetall. 20115] mmml Broadley et AL 2012

M) oil-encased droplells (Murray e la.L,_ZHll Broaélmrl| LZQlIZlJALugm_an_d_Be_tde

differential scanning calorlmetrL/ (Marcolli et|u&mm_e_t_aj I_O;IZ) and continuous flow dlffu—
S|0n M |L‘j(£Q5; Hartmamlmlll Kulkarni et AIL_O_& Wex etlal.,

). These previous studies represent a subset of a moatidrrselection of experimental meth-

ods and designs.

The major difficulty with a variety of experimental techné&gis how accuracy and uncertainty of
T, RH, t, and A are assessed and how these uncertainties affect extiapaétaboratory derived
ice nucleation parameterizations to atmosphericallyegleconditions. Previous investigations have
developed state of the art instrumentation and methodsristicin uncertaintiel (Connally et al.,

MMM&M@M@MEMM rmeier L_dll
WMM&J@MWMWH

). However, interpreting ice nucleation using nongitsi (or empirical) parameterizations or

models that are fitted to measured frozen fractions and iggtatrconcentrations are inherently

constrained to the investigated rangelofRH, ¢, and A and concentration of INP al.,
|2Q1;L;|_Kngpj_a.nd_Alp_é tl__zg(ﬂs). These include the multi-comgnt model

the time-dependent freezing rate parcel deﬂ.(MaLLandérLEQllS), parameterizations of IN per
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liter of air JDQMQH et a| I_OjO) the-PDF model|(Marcolli gtAIL_O_(I)L Liond et .’:L_blo the
active site model| (Marcaolli et LIL_ZdOIL_Lu_Qnd_el Jz.L._lem)e singular descrlptlo ‘L:é
and the soccer ball model (Niedermeier gH_a_.._JZOll). For@ﬂ@l .@3) showed that the
single contact angle model; PDF model, active site model and singular description oadescribe
the freezing point depression (elg_ZubﬂLétlaL_JZ(fQthmﬁljjl.Lzo_(H;Kmp_anﬂ_ZQbhst,
) and nucleation kinetics (in analogy of homogeneoesiccleation) observed in immersion
freezing experiments where the IN are immersed in aquedusico droplets I3;
thmjs). surface. According to the singligpothesis, the number of active sites,

ns(T), is dependent off’ only and neglects ice nucleation kineti IJ_a.L__dZQM)imeterized
firz data accounting for the freezing point depression usingrgpéeature offset approach follow-

ing/Koop and Zobri er_(;Oj)Q)and using a singular descripti@n derivingn (7', ay, ). However, the
approach the authors used is solute type deperldﬂnL—LKom ) and thus, may be cum-

bersome for atmospheric application where INPs can be @ssdavith a wide variety of solutes.

These limitations clearly support further analytical effdo improve our understanding on the gov-
erning parameters of immersion freezing.

The immersed ISA per droplet is important for experimentivétion of Jye; and for deriving
empirical quantities such as (7") or other fitting functions and their parameters. In previexiser-
imental studies, droplets for ice nucleation experimergsendispensed from a bulk solution con-

taining IN (Br ILLO_U@ Rigg et Mmm&uﬂls[lo_ﬂ Herbert gll ELL,_2b14'
bentetal

). In other investigations, solid paeg&ivere size selected by their electrical mobil-

ity and then injected into, or continuously flown throughj@nucleation chamber where water con-

densation precedes ice nucleatil)n (Archuleta|e|1_aL Zlﬂ_@(:mel_er_ei_zlll ZQHJ; Kulkarni etlal.,
2Q1j2; Welti et al., ZQH; Wex et lall., 2614). In these studiebsthose that used polydisperse aerosol

(e.g.LNi_ema.nd_e_t_eLlLZQhZ), surface area calculationsvaagthat particles with the same mobility
diameter are spherical with identical surface area. Despis assumption, advancement in account-

ing for particle size variability considering multiple ayad particles in ice nucleation experiments

has been made (LG £L._2b ; in- i ). However, extensive theoretical

and experimental literature exists on aerosol sizing imséntation and morphology characteriza-

tion, which consider particle density, void fraction, seamd electrical charge effects implying their
non-sphericit L2 ({4, Slowik e} udw L_O_&)é Schmid el: i
m E(QS) In general, neglecting these effectdyliilnfluences surface area estimates. Also,
distributions of immersed ISA per droplet are typically asgd to be monodispersed, or in other
words, each droplet is assumed to contain identical ISAthieamore, the number of droplets ap-
plied in an ice nucleation experiment may also affect thaifitance of the freezing data and thus
interpretation of the experiment. It is necessary to qoastfia potential variability in ISA and/or
the assumption of monodisperse ISA and a limited number séted freezing events become im-
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portant for interpretation of immersion freezing expenmsewith subsequent ramifications for the
analytical ice nucleation description.

We introduce a newly developed model simulation in whichrnigeleation is treated explicitly as
a stochastic process applicable for isothermal and cooditegexperiments. Previous experimental
results using different experimental methods are simdlatel compared for a wide range of atmo-
spherically relevant conditions. Sensitivity studiesimzén fraction data and experimentally derived
Jhet @re performed as a function of ISA assumptions, the numberapilets employed in the exper-
iment, 7", and RH. The validity of typical assumptions of ISA variétyiland uncertainty are tested.
Then, a detailed analysis of the ability of the model simafato reproduce experimental results
with strict uncertainty estimation is presented for 7 ineleglent immersion freezing studies utilizing
8 different instrumentation: (i) droplets on a cold-stagpased to air, (ii) droplets on a cold-stage
covered in oil, (iii) oil-droplet emulsions, (iv) dropletaustic levitation, (v) droplet wind tunnel
levitation, (vi) the Leipzig aerosol cloud interaction silator (LACIS), (vii) a continuous-flow dif-
fusion chamber (CFDC) and (viii) the aerosol interactiod dgnamics in the atmosphere (AIDA)
cloud chamber. A rigorous uncertainty analysis of the iceleation kinetics for typical ranges in
experimental conditions is presented. The atmospheritidatfpns by application of a simple cloud
model are discussed.

2 Immersion freezing model based on classical nucleation ¢ory
2.1 Simulation of isothermal freezing experiments

Stochastic immersion freezing simulations (IFSs) arequeréd to evaluate the effect of variable
ISA on droplet immersion freezing experiments conducteth@laboratory. As discussed above,
different droplets in a laboratory experiment will posséifferent ISA. To account for this fact, ISA
in each simulated droplet is sampled from a lognormal distidn to mimic this variability with the
most probable ISA beingly or a mean distribution parameter=In(Aq). The distribution width
parameter igr = In(og), whereoy represents the factor by which ISA can vary. Knowledge of ISA
for each droplet can be directly used as an alternative witaaeed for random sampling. Droplet
freezing for isothermal experiments can then be descrilged b

5Nufz = _JhetAtot§t7 (1)

whered Ny, represents the change in the number of unfrozen dropletsaaftertain interval of time,
0t, and Jhet is the heterogeneous ice nucleation rate coefficient. Ttad dvailable 1SA isA =
>~ A;, whereA; is the ISA in thejth droplet. An assumption typically made is that all droplet
contain the same ISA, oty = AqNu, , Where Ay is the ISA for all droplets (e.(L, . Marcolli et L’d.,

[2007;| Liiond et 1., 2010; Niedermeier et al.. 2010; Murraglet2011] Rigg et dll, 2013). Using




165

170

175

180

185

190

195

Muray etal.

this assumption and assuming a continuous differentiabin(f) leads to,

dn, ufz
N, ufz

= —JhetAgdt7 (2)
Integrating Eq[(R) further results in the commonly usedeggion for the fraction of frozen droplets,

Nz — JhetAgt
_ — 1 _ het/1g 3
firz = Niot = € s €))

The form of the expression given in Eql (3) is used in manyistuidithough modified slightly
when considering multiple components or contact angleibigtons (e.g. Niedermeier et a{l., 2§|D10;
I 251,]]' Broadley et |aJI Zd) 2; Ri t QH8) when particle or droplet sizes are

discretized or binned (e.b._MaLc_QLLLeﬂzJ.L_Zb t|mn|>). The major weakness of this

exponential form to describf, lies entirely in the assumption it is based on, i.e. it is ordlid if

the ISA is exactly the same for all droplets considered. Whkimg into account individual droplet
ISA for all droplets, this formulation is not valid. Thus,@jeation of this formula to interpret ice
nucleation studies, or use in mathematical frameworkigtistispeaking, is also invalid when ISA
on a droplet per droplet basis is different.

The ISA in a single droplet is a measurable quantity with aesponding measurement uncer-
tainty. It is unlikely that every droplet prepared in an inmien freezing experiment has identical
ISA. For the same particle type, there will exist a systemi&A uncertainty with respect to a par-
ticular droplet preparation technique. This systematiceutainty isoy and can be determined by
directly measuring ISA in a population of independentlygaueed droplets. Since the ISA variability
is not resolved in previous experiments, a droplet freegimmlation must be employed to model ice
nucleation for interpretation purposes. To accomplish, fi€ezing of each single droplet is assumed
to be stochastic, or in other words, there exists a prolpbilithe jth droplet to freezeP; ., within
dt. The probability for a single droplet not to freez&, s, is realized as an exponential decay law

EL._;LIQQ?) and theeefor

Pjsz=1—Pjug =1— e res®, (4)

We apply a time and surface area dependent immersion figgeratess which follows CNT and
therefore, all simulations emplaghe: having units ofem=2s~!. However,Jher does not explicitly
depend on time and ISA, but dhanda,,. A droplet can either remain in an unfrozen state or freeze
and therefore, is described exactly by a binomial distityB (k;n, P; #r,), with parameters; s,
given by Eq.[(#) and. = 1 meaning that only one trial is given for an individual dragtefreeze in

ot. A randomly sampled numbeét,= 0 or 1, is obtained from the distribution

B(k;n = 1’Pj7fr2) :P}ffrz(lfpj,frz)lilC (5)

for each droplet with a normalization prefactet/(k!(n — k)!) = 1. Whenk = 1, freezing occurs

for the jth droplet and ift = 0, the droplet does not freeze and anothé sampled in the next time
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interval. For a collection of multiple droplets, the numloéfreezing events that occur in a given
time interval isng, and the cumulative sum as a function of timéNig, (¢). For a single IFS starting
with Nig liquid droplets, the fraction of unfrozen dropletsfig,(t) = 1 — Nz (t) /Niot.

Arecord ofng; and corresponding droplet ISA, i.4,, is kept for a single IFS. This record can be
thought of as a simulated experimental immersion freezatg det, i.e. it gives a record of droplet
freezing time while trackingl;. Due to the stochastic nature of nucleation, repetitiorsofliermal
IFSs will not result in identical values gf;, overt. Likewise, repetition of a laboratory experiment
will not result in exactly the samgy,(¢) curve. Therefore it is necessary to repeat the simulations i
order to reveal a range d¢fy,(t) values of which the mean unfrozen fractigfy, (¢), can be derived
from all simulations. We choose an ensemblel6f IFSs to accurately determingy,(¢). This
procedure is a basic form of a Monte Carlo method and yielggeuand lower percentile boundsiat
and95 % serving as a stochastic uncertainty of the immersion frepgiocess. We define stochastic
uncertainty as the scatter in the data due to the occurrdmaadom (i.e. stochastic) freezing events
upon repeat experiments as a result of a set number of oloseezing events.

An ensemble of IFSs, referred to as a model simulation, reguine selection of parameteygy,

Ag, 0g, andJher. FOr demonstration purposes, the parameter choice isambitHowever, when re-
producing a laboratory derived data set, a parameter ggigmtocess is applied. Parameters which
can be directly accessed from previous laboratory studiegirat selected to mimic experimental
conditions. For example, if a study reports that 100 drepletre examined in an immersion freez-
ing experiment, theVio: = 100. Some previous studies report only average ISA per drogigt,
and neglect information for estimatirg. If A, is reported ag.1 x 10~5cm?, then for simplicity
we setAg = 7.1 x 10~%cm?. For all studies in which a parameter is not available orlgasilcu-
lated, it is fitted to experimentally derivefls, or fx,, and critically assessed whether or not the
parameter best reproduces experimental conditions. Pipikea to Jner and oy, the latter of which

is not typically considered in previous studies. In manythsomal immersion freezing laboratory
studies, droplet freezing continues over time when all otioaditions remain constant, i.e. at con-

stantT" (Wright and PQIIQH,AQIlE; Murray e1| &I., Zl)hl; Broadley H@LJZ;LHerbert et gLILLQIM).

Therefore, the/ye; parameter is selected to be constant for isothermal IFSs.

2.2 Simulation of cooling rate dependent immersion freezig experiments
2.2.1 Experimentally derivedJye for model input

When a cooling rate is applied in model simulations, dropkstZing is simulated in discrete temper-
ature intervals and thereforke; at every step is required for derivirfg 5. In this study, only water
droplets are considered and therefore, it is assumed:that 1.0 and J,¢t becomes a function df
only. Ideally, experimentally derivedhe(7") should be used for prediction of immersion freezing.

However, these data sets are usually limited'irange and are discrete in nat Ipert
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1: compiled experimental data which was parameterzea continuous function ovér fol-

lowing the ABIFM expressed as,
IOgm(Jhet) =mAay +c, (6)

wherem andc are slope and intercept parameters, respectivelyAandis the independent variable
following the formulation oI 0). Th&a,, at which a droplet freezes is calculated
by subtracting the,, of the droplet & 1.0 for pure water) from the water activity point that falls on

the ice melting curveyy, ice(T), at the same temperature or

Aay = aw(T) — aw ice(T), @)
where
Qw, ice(T) = pice(T)/poH2O(T)a (8)

and pice(T) andp°y,o are the vapour pressure with respect to planar ice and watgrectively
5).
Resulting calculations from Eq$l(6) {d (8) are not compaitely demanding and conveniently

derive Jnet(T') for model input. Note that for isothermal model simulatiomsontinuous function of

Jhet 1S not required and thus model derivégl; is independent from the ABIFM.
2.2.2 Simulated droplet freezing

Cooling rate dependent IFSs are performed to evaluate tibet ef stochastic freezing and variable
ISA in laboratory immersion freezing experiments. Agahe tSA for a single droplet is sampled
from a lognormal distribution, however, Eqgsl (1) abt (4) maified to

A
ONutz = _$Jhet(T)5T, o
and
A -
Pj,frz =1- Pj,ufz =1— eiT]']het(T)5T7 (10)

respectively, wheréT is a temperature interval and= 07'/6t is the cooling rateJne(T") is calcu-
lated from Eq.[(B) and used in Ef._{10). Once the probabititytie;jth droplet to freeze is calculated
for all droplets, freezing is determined by sampling frBik; n, P; #,) (Eq.[3). The number of freez-
ing events that occur in a giveq” is ns,, and the cumulative sum as a functiornfofs Ny, (T') and
used to calculate frozen fractions of dropléfs,(T') = N (T) /Niot- Similar to isothermal freezing,
a singler dependent IFS yields a droplet immersion freezing recoedogious to an experimental
data set. In this case, the record of droplet freezing anaspondingd; is a function of7". The
average frozen fraction far0® simulations, f,,(T), is calculated along with percentiles @and

95 %, the latter used as a stochastic uncertainty.
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It is important to note that application efdependent IFSs presented here do not require the AB-
IFM, as it is only used as a parameterization of previouslylished immersion freezing data sets
to calculate/he(T"). Any other publishedhe(T") will work equally as well. The ABIFM parameter-
ization is IN type dependent and suitable for saturated abdaturated conditions, i.ey, < 1, or
RH < 100%, if the droplet is in equilibrium with the water vapor pha3éerefore, the ABIFM is
a useful and convenient tool for model inplty( 7).

3 Results and discussion
3.1 Isothermal model simulations of individual droplet freezing experiments

Figurdda shows and95 % bounds off,s, from 4 model simulations for differert; applying either
uniformly equal ¢4 = 1) or lognormally distributeddy = 10) ISA per droplet as given in Tablé 1.
Two of these test cases, Isol and Iso2, have uniform ISA lestliiting inf,, (on a logarithmic scale)
linear with¢. However, the spread of thieand95 % bounds is much wider for 1Iso2 haviige; = 30
than for Isol havingVie: = 1000. It is clear that a larger spread in simulatgg is entirely due to
applied smallerNVy,;. This implies that a laboratory experiment using a smajt, is statistically
less significant compared to an experiment with gredigr A single experimentally derived,
curve under the same conditions as Iso2 will fall anywhete/een the upper and lower bounds, and
thus may even appear to deviate from a log-linear relatipnaver time. Therefore, interpretation
about the nature of the heterogeneous ice nucleation rdaes the slope of y, over time for an
experiment using smalVi,; should be conducted with care.

Model simulations Iso3 and Iso4 are shown in Fiy. 1a whege= 1000 and 30, respectively,
and the ISA per droplet is sampled from lognormal distriaitwith og = 10. In 1s03, fur, signifi-
cantly deviates from a log-linear relationship witin Iso4, the same curvature exists, however the
percentile bounds are much wider due to applied smallgr It is important to note thaf}e is the
same and constant for all simulations shown in Elg. 1a. Théeation rate of eaclith droplet can
be calculated asynet; = Jnetd; with units ofs~!. The droplets having a larger or smaller ISA will
result in larger or smallewne j, respectively. The fact thaf, is linear forog = 1, the curvature
effect in fur, seen forog = 10 must be entirely due to ISA variability. This is because titgpwith
greater values afinet ; Will tend to nucleate more rapidly than those having smallgt; values. In
other words, the curvature ¢fi,(¢) is entirely due to those droplets having larger and smafiér |
that freeze within shorter and longer time scales, resgagtiln addition, the spread in the 5 and
95 percentiles is very similar for Isol and Iso3, and for Iso@ 1so4. This is seen most clearly at
the intersection of the blue and green shaded regibnsl(3min). In isothermal freezing experi-
ments, variability in ISA will not significantly affect stbastic uncertainty estimates, but will cause
fuiz(t) to deviate from a log-linear relationship. From this we canatude that the effects of droplet
numbers and ISA variability offi,, can be decoupled and independently assessed.
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In some previous experimental isothermal immersion fregegtudies, the number of liquid droplets
and an estimate of the average ISA per droplet are providedrobe derived. However, the validity
of the assumption that all droplets possess the same |ISAely iavestigated or quantified. Simi-
larly, Jhetis not often reported. However, laboratory data do providegportunity to test our model
for robustness while using parameters similar to thosertegan the experimental studies. In fact,
our model can also provide estimates for parameters typigateported or unavailable, such.Ag;
andoyg.

Experimental data bL( Wright and Peﬂelr_s_dom) for isothéimenersion freezing by Arizona

Test Dust (ATD) is very well reproduced by model simulatiso\WR as demonstrated in Fid. 1b.

Parameters for IsOWR are given in Table 1 and chosen to minpierarental conditions in which
droplets contained 4t % ATD held at251 K. Bounds ab and95 % of simulatedf,s, are shown in
Fig.[Ib and envelop the laboratory data. A repeat experimMright and Peﬂg‘ri_(;QlB) should
result in afy, curve falling within the percentile bound$ % of the time when considering only

stochastic uncertainty.
To further evaluate the validity of the simulations, thegmaeters used are compared with ex-

perimental conditions given Jn Wright and Pgﬂtelrg (201 PWHR usesNyt = 1000 which agrees

with the reported range of 300-1500. The next parameteréstepn isog = 9.5, which can be in-

terpreted as a systematic standard error in ISA due to theriexpntal methods of generating or
dispensing droplets containing ATD acting as IN. We note thidifferent from an absolute ISA

measurement errch. Wright and Pe]térs (12013) emulsified anaixf oil and a bulk solution of wa-

ter and ATD particles to form droplets with diameters of 588-pm. The variability in ISA should

scale directly with the variability in droplet volumes (@2 orders of magnitude), the variability
in ATD particle numbers, and the variability in ATD partickze. While not directly defined by

Wright and Pettele (20h3), we are confident that the overatjygan ISA should be well over 2

orders of magnitude and thereforg, = 9.5 is a reasonable value for the lognormal distribution

width parameter employed in the simulations in Eih. 1b taasdpce the experimental data. The

third parameter in question i$; = 6.4 x 1073 cm?. Unfortunately, an average ISA was not reported
by (Wri r 3), but can be estimated usin@gliiez values of specific surface area

(SSA) applying the Brunauer, Emmett and Teller gas adsmptiethodLLB_LLl_nau_e_Le_tjalL._l%S). It
is important to note that surface area measurements arenaothiguous due to the fact that het-

erogeneous ice nucleation may involve layers of water nuddsdnteracting with surface molecules
&EHE@. The BET technique is one of many in whictiigla surface area is measured,

and can be used to represent molecular available surfaa jani IL(ZQ}B) report SSA for

ATD used iA Wright and Penys_(;dlS) @5+ 10m? g~ !. The ISA per drop can then be estimated

from the drop volumeVyrop, and the density of watep,,, using the equatiomgrop- pw - Wt % - SSA.

Considering only the variability ifvg-op, average ISA per drop should range betwaénx 10~* and
7.0x 1072 cm?. The A4 parameter in model simulation ISOWR falls within this rangimally, Jhet
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for ATD in water droplets was investigated @tho reanalyzed ATD immersion
freezing data bLLM_am_QU.I_e_t_g 7) but did not repdyd; values. However, estimates can be made

following [Kn_Qp_f_a.nd_Alp_e_ll [(2QJ.|3) accounting fgk, = 0.01 and a nucleation time assumed to be

1s, which yields.Jhe ranging froms x 10° to 1 x 102cm =2 s~ ! betweenl” = 247.4 and252.8K, in

reasonable agreement wifRe; = 2.6 x 103cm~2?s~! used in IsoWR a251K.

The new model simulation presented here based entirely oh €N describe freezing experi-

ments bMMMlS) accounting for long nticdledime scales and a large number

of droplets considering variability in ISA. In addition] atucial parameters applied are experimen-
tally supported, in particulayne: Which is in agreement with independent studles (Marcoé l?t

J_Emll_e_t_{zJILZQZI.Z). Therefore, the isothermal imrioerfeezing data set L_UALLighl_and_Ee_tters

) can be entirely explained by a time and ISA dependenhastic freezing process, in which
each droplet contains variable ISA. Droplet to dropletaditity in ice nucleation efficiency is typ-
ically parameterized with a variable efficiency of sites teleate ice or different contact angles
(e.g._Nie_dﬂmgiﬁLel_LlL_ZdJlL_B_LQa_dleLeJt[alJ012). aoj droplet variability parameterized in
these ways and employing identical ISA can result in a d@naif f,, from a log-linear relation-

sh|p similar to what is seen if Figl 1. However, using a kno&A variability *ﬂo_&d_e;w_é | Qiz

SL_ZQI13) we reveal that the observed dewiitbm a log-linear relationship can
be accounted for entirely by the ISA distribution. This imeglthat the droplet to droplet variability
in ice nucleation efficiency parameterized by a contactenghctive site distribution is potentially
unimportant.

Figure2 shows results of isothermal freezing experime}'JBLb_a.dJe;Lel_all.L(ZQiZ) for illite com-

pared to model simulation IsoBr and experimental resulJEI.Q;b_e_n_el_él.L(ZQh) for the IN types
kaolinite and feldspar compared to model simulations IsbldBd IsoHE2, respectively (see Ta-

ble[d). The experimental data afig, for all model simulations are in agreement and fall withia th
percentile bounds. Notice that the scatter in the isotheimmaersion freezing data points is much
larger than fobALnghl_a.nd_EelLlerl_s_(ZbIB) shown in Elg. 1b. Aevipusly discussed, this is entirely
due to a smaller number of droplets used in the laboratorgréxents b)lﬂo_adie;@_t_ti. 2012)
(Niot = 63) an(J_H_e.Lb_e.Lt_el_Elill_(ZQ 4ot = 40) and thus, can be entirely attributed to the stochastic

nature of immersion freezing as expected by CNT. The modallsitions capture this effect by pro-

ducing a wide range itfi;s,. Only one experiment was performed for each of the laboyatata sets
presented in Fid.]2 and if these experiments were repeffedalues would very likely not be the
same and may even exhibit a more linear or curved behavidr timite. Repetition of experiments
should provide better estimates ff;, and og, but for any single experimenf,, would still fall
within the given percentile bounds. In other words, addaioexperiments would better define the
mean offy; and the uncertainty in the mean ff,, but will not decrease the uncertainty bounds.

Only by using more droplets, e. i tle_Ls_(bomylcNa single experiment be more
statistically significant.
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Parametersdy and Nyt used in IsoBR are directly provided and usEd (Broadley el\‘ZﬂJZ).

Droplet volumes in the experiment IcJ;LB.LQ&dJ&.)LAt[aLdOHQ.@a) varied by an order of magni-
tude. Considering the additional variability in partickemnbers and size, total ISA variability should

be larger than 1 order of magnitude. For IsoBRR= 8.3, in agreement with experimental condi-

tions. Jhet derived atl” = 243.3K by ABIFM is 1.25 x 103cm~2s~! and is in excellent agreement

with model derivedJ,et at the same experimentally investigatéd Similar tol Wri rs
), the deviation of, from a log-linear relationship can be completely accourfitedy the
experimentally constrained ISA distribution. Thus, ladory derived isothermal immersion freez-
ing of illite is entirely explained by CNT accounting for teeochastic nature of immersion freezing
and variability in ISA.

The model simulation IsoHel shown in Fig. 2b uses the paemgt=1.2cm?, in good agree-
ment with experimentally derivedy = 2.4 cm?, for kaolinite using SSA=11.8m? g~! .,

), 1.0wt % concentration and/grop = 1 L. MI.I}E@ did not report sufficient in-

formation to estimate an overall variability in ISA, theved, comparison ofy to experimental
conditions is difficult. As previously discussed, a repegiegiment may result irf,;, exhibiting
more linear or non-linear behavior withwithin the calculated percentile bounds, i.e. within the
stochastic uncertainty. Figl 1A shows that a more lineamorlimear relationship ofs, with ¢ im-

plies a smaller or larger value of,. [I:LQLb_QLt_e_t_éI.L(ZQh) assumed that each droplet possdssed t
same ISA, however, this assumption is not supported dueettatiye stochastic uncertainty from

the small number of applied droplets. In order to better sssg more experiments or employ-
ing a larger number of droplets are needed to obtain moreratecf),, values. The ABIFM yields
Jhet=1.75x10"2ecm 25! atT = 255.15K anda,, = 1.0 which is within an order of magnitude
of Jhetused in ISOHEL. The agreement between simulated and exgrahparameters implies that
CNT can explain observed immersion freezing of kaolinitewkariable ISA and stochastic uncer-
tainty is considered.

Immersion freezing data l)j_lj_e_tb_e_n_e_{ £L_(2b14) for felddpaeproduced by the model simula-
tion IsoHE2. The parameters for ISOHE2 are given in Tableverdge ISA for the data in Figl 2
is 1.85 x 1072 ¢cm?, similar to Ag = 2.0 x 10~ cm? used in IsoHE1. Droplets usedlﬁ

tal.

) were dispensed with a digital micropipet with higbwacy, thus it can be expected that the
contribution of droplet volume variability to the, parameter is low. However, large uncertainty in
futz limits a reliable experimental estimate @f for comparison with model derived. To better
constrainog, more stochastic certainty is required by application ofendroplets or conducting
multiple experiments. Values o for feldspar independent froL]J_H_e_Lb_e_Lt_ek ls.L_dOl4) in theesa
temperature range to our knowledge do not exist making casgradifficult.

Model simulations IsoDI1-3 of isothermal immersion freegexperiments by Diehl et . 14)

for illite acting as IN in wind tunnel levitation experimenare shown in Fid.]3. Simulation param-

eters are given in Tabld 1. Only one droplet was observeddh egperiment, and approximately
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45 experiments were conducted for each of the 3 data setsnsimoig.[3. This is equivalent to
1 experiment withVio; = 45 droplets, since droplet freezing is independent of thezfrepof other
droplets. Excellent agreement is observed between sietlidatd experimentd],. At T = —18 and
—21°C, the ABIFM yieldsJhet= 1.8 x 1072 and2.6 x 10~ 'ecm~2s~!, respectively, and is in ex-
cellent agreement with derived values in IsoDI1-3. It caekgected that is the same for all three
simulations, due to the fact th MOM) likebed identical bulk water-illite solution
stock. However, the large uncertainties do not allow for@eaate constraint efy. Nevertheless, a
time dependent and stochastic immersion freezing pro@esgeconcile observations when variable
ISA is considered.

Depending on ISA variability, trajectories of model dedvé, over time are significantly al-
tered and thus assuming identical ISA is not valid. It is walbwn that immersion freezing depends
on surface area, i.e. an increase in ISA translates to ardserin nucleation rate. However, we
note that variability in botlt and ISA equally affect calculations of droplet freezing lpabilities
(Eq.[2) used in model simulations, and therefore negledting dependence will cause erroneous
interpretation of immersion freezing data to the same degsdf the surface area dependence is ne-
glected. This simple stochastic immersion freezing modebanting for ISA variability can explain
the isothermal ice nucleation data of various experimeritisowrt invoking empirical parameteri-
zations, assumptions of particle surface composition/arather modifications in parameters and
interpretations.

3.2 Cooling rate model simulations of individual droplet freezing experiments

Cooling rate IFSs were performed to investigate the effett@riable ISA andVy,; on experimen-
tally derivedJyet and f5, as a function off". For a single cooling rate IFS, variable ISA per droplet
is applied and used to calculai? 5, from Eq. [10), and then Eq](5) simulates freezing. Discrete
0T steps are used in cooling IFSs and thus, this process isteepiea all droplets which remained
unfrozen at each consecutiv@’. The IFS stops after soni€ or when all droplets freeze, and the
simulated freezing record is kept detailing which dropfetge or remained liquid at each and
their corresponding ISA. This is analogous to running an @rgion freezing experiment in a labo-
ratory setting and recording the observed number of frozeplelts or ice crystals as a function of
T.

The simulated freezing record is treated as a freezing éaftacsn which the assumption of iden-
tical ISA can be tested. This is accomplished by re-calndat¢; from the simulated data. These
(re-)calculations uses, the length of the time intervadt = §7'/r, and either of two different ap-
proaches in determining.q. For the first approachy is assumed to be identical for all droplets,
i.e. without the knowledge that immersion freezing was $atad for droplets with variable ISA
in the first place. This is equal to assuming a monodisperspdpllation in laboratory immer-
sion freezing experiments resulting in an “apparent” legeneous ice nucleation rate coefficient,
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JEPPENt T | calculated by

T)
japparentmy Nfrz ( 7 11
het E ) nufz(T) Ag §TT ( )

wherenyg,(T') is the number of unfrozen dropletsAtand Ay = nuizAg. The second approach ac-
counts for the variable ISA present in droplets resultintha“actual” heterogeneous ice nucleation
rate coefficient,J2SV3{(T'), calculated by

Jecway = (). (12)

S A0
and Ay = ) A; is the total surface area contribution from droplets thatai liquid. Comparing
results from Eqs[(11) anf{112) allows evaluation of the agztion that all droplets have the same
apparen

ISA, when they actually do not. In this way a null hypothesisonsidered, that is if;/ {T) and
JauaT) are the same, then the assumption of identical ISA is valid.

Poisson statistics are used to derive upper and lower fidiroigs of J22P**"T) and J2SU(T)
atx = 0.999 confidence forny, following . 7). The upper fiducial limit of thetero-
geneous ice nucleation rate coefficieﬂt;’, accounts for additional freezing events occurring with
a probability ofz, than observeds,. Likewise, a lower fiducial limit of the heterogeneous ice nu
cleation rate coefficient/}%¥, accounts for less than the observegd occurring with a probability

liccnper bl 1
The fiducial limits of JooP**"and J2Sa! for a single simulation can be calculated using EGsl (11)

of z. We refer to the upper and lower limits of,, asng> andnlo", respectively

and [I2), but replacingy,, with ng> or nj%", respectively. Each simulation results in differgf***™
and J2S"avalues and different fiducial limits at the saffiedue to random sampling, therefore, av-
erages are reported.

Figure[d shows the results of two model simulations, Crl arji@avingr = 0.5 and5.0 K min~—?,
respectively. For all0° IFSs, Jher aremandjﬁgual are shown in FigJ4a and b as dashed lines, respec-
tively, along with correspondingfi, curves displayed in Figl4c and d. The parameterization of
Jnet(T') for illite dust hﬁngpj_a.nd_Alp_e_l’tLZQi?;) withn = 54.5 andc = —10.7 used in Eq.[{T0) for

each simulation is shown as the red line in [Eig. 4a and b aretreaf to as the model inpulkec.

Simulation parameters for Crl and Cr2 are given in Table 2.
According to CNT, two immersion freezing cooling rate expemnts conducted at differemt

should result in identicale values due to the fact thdhe; is independent of. CNT is violated if

significantly different/ye; values are derived at different Figure[4a shows that values @ th arent

arent.

are not the same for model simulations Crl and Cr2. Mﬁs is overestimated at higher freez-

ing temperatures and underestimated at lower freezingdetyes compared with model input
Jnet(T'). These significant differences do not support the null Hypsis and imply that when exper-
imentally derivingJhe, the assumption that ISA per droplet is identical is invafidyure[4b shows

that accounting for variable ISAjﬁZiual for Crl and Cr2 is consistent and in very good agreement

with model inputJhe; (red curve) within the upper and lower fiducial limits. In &étwh, jﬁgi”a' for
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the two simulations Crl and Cr2 are identical at the s@dm@/e conclude that when accounting for
variable ISA, immersion freezing results applying differe and ISA are consistent as predicted by
CNT.

Towards warme(T > 248 K) and colder temperatur¢¥’ < 238K), the difference in upper and
lower fiducial limits derived in Crl and Cr2 are much greater for the mid temperature range
(238 < T < 248K). In fact the smallest difference occursfat, ~ 0.5. This is because calculations
are statistically more significant at the median freezingrehy, is largest. Fewer droplets freeze
at the beginning and end of a cooling process resulting inde iiducial limit range reaching up
to 4 orders of magnitude (Fif]l 4a and b) in spite of a high nunoberopets usedNit = 1000).
The corresponding percentile boundsfgf shown in Figl#c and d do not reflect a considerable
uncertainty compared to the upper and lower fiducial linfig([da and b). It is important to note
that fi, are identical in FiglJ4c and d, because surface area is ndttasgerive fi,. This analysis
suggest that values and uncertaintiegigfare not suited to derivé, and any corresponding error.

Previous immersion freezing experimentsLbLH_e_Lb_e_LtJe{mlj) are modeled in CrHE1 and
CrHE2 wherer = 0.2 and2.0K min—*, respectively, for the case of feldspar acting

as IN. The pa-

rametersrq and Ay from the ISoHE2 simulation are used in CrHE1 and CrHE2. Skies

apparent

) assumed identical ISA, experimentally derivigel can be directly compared with 5/

from cooling rate model simulations.

Figure[B shows experimentally deriveg, and J2oP**™from [Herbert et AI.L(;O_h) compared to
results of model simulations CrHE1 and CrHE2. Parametets 122.83 andc = —12.98 are used
in Eg. [8) to reproduce frozen fraction data (Fify. 5a) withiand95 % bounds. The laboratory data

falls within percentiles and fiducial limits gf,, and.JZ5P**" respectively. The model simulations are
robust since the sam&; andog are used in both cooling rate and isothermal experimergsir &b
displays the good agreement betwe@fP**"; and experimental data. However, it also demonstrates
that assuming uniform ISA causes an erroneous dependereypefimentally derived/jg; on 7.
Figure[Bc showgﬁgualwith upper and lower fiducial limits derived from CrHE1 andHE2. When

accounting for variable ISA7ﬁZiual are in excellent agreement with the ABIFM parameterization

derived in this study for feldspar IN. Furthermoﬁf‘&uaI calculated for different are identical as
predicted by CNT, a similar finding as in the model simulagi@r1 and Cr2 (Fid.l4b). Therefore,
Jhet(T') used here can be considered a ngw(Aa,,) parameterization for feldspar valid f61078 <

Aay < 0.120.

The differences betweefo aremandjﬁgualshown in Figs[#a, b arld 5b, c are further discussed.
After simulated freezing of droplets with variable ISA isnaplete, J22P*"*"is calculated using the

simulated droplet freezing record but, with the assumptian ISA is identical for all droplets equal
to Ag. As previously discussed, this is analogous to observinpldt freezing in the laboratory and
calculating.Jnet ONCe the experiment is finished assuming identical ISA. Td)meofjﬁgf s less

— | . .. .
steep than for]ﬁgiua as a function off". We note that surface area is inversely proportionalitq
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In the temperature range in which freezing is simulatedpléts with ISA less thamg will likely
freeze at colde¥’ compared to droplets with ISA greater thag, which will likely freeze at warmer
T. However, assuming identical ISA equal 4 for all droplets either overestimates or underesti-
mates the actual ISA present in droplets that freeze at caltitwarmer temperatures, respectively.
Due to the inverse relationship betwedy and Jhe, calculations ofjﬁgtp M from Eq. [12) will

be underestimated and overestimated at colder and warmeetatures, respectively. As a conse-
guence, the slope 7h2{) s less steep compared to model ingig; (red curve) as demonstrated
in Figs.[4a anf[5b. Therefore, assuming identical ISA in efroplet not only results in erroneous
Jnet Values (for various applied), but also misrepresentation of the slopg; vs.T". Furthermore,
simulated and experimentally derivefEP*"*"for » = 0.2 and2.0 K min~! (Fig.[Eb) are different by
about 1 order of magnitude at the saffieln separate model simulations not shown here, applying

r different by 2 orders of magnitude yield§>"*"*"values that differ by 2 orders of magnitude. This

et
means that assuming identical ISA in each droplet impjidgitiposes a cooling rate dependence on

apparent
Jhet '

Model simulations CrDI1 and CrDI2 of immersion freezing ekments b IIEIM)

for illite acting as IN probed in acoustic levitation expeénts are shown in Fif] 6. Simulation pa-
rameters are given in Tadlg¢ 2. A non-lineawas used i I 4) and was the same for
both experiments and model simulations, but the ISA perldtapas varie I 4) re-
ported an ISA per drop df.1 x 10! and7.1 x 10~3cm? in the 2 different sets of experiments.
When using these exact values in conjunction with the othearpaters, model simulations cannot

reproduce experimentdl,. This is in spite of the excellent performance of IsoBr fguraducing

droplet freezing initiated by illite IN frorJn Broadley etHROli). In attempt to reconcile results from
_. ) with previous literature dala_(ﬂo_agmﬁﬂ., 2£21|2] Knopf and AIpérL_ZQIlS),

model derivedf, are fit to experimentafy, yielding two different parameter values df, = 2.94
and2.91 x 10~2cm? used in CrDI1 and CrDI2, respectively. We note that fittégvalues differ

only by a factor of 4 from values reported ))and therefore, are in reasonable
agreement. However, calculatgd>**"values shown in Fid]6b still use ISA 6f1 x 10~ and
7.1 x 10~3cm? as reported b 14).

Figure[®a shows that simulated and experimefitalare in agreement when accounting for ISA
variability (o4 = 5.7). Experimental values ofjer*"displayed in Figbb are in agreement with
model derivedTper - This result is robust since experimentfP"data was not used in fitting

firz- Accounting for the actual variability in ISA used to simiddreezing J2<"? shown in Fig[bc is

in perfect agreement with the ABIFM parameterization fﬁte'l({Kn_Qp_f_a.n_d_Alp_e_llt 3). Again,
the data and model supports a stochastic, time dependerdgrsiun freezing process to describe
laboratory data considering variable ISA.

A major inconsistency in experimental and simulatg§**"*™'shown in Fig[Bb is discussed for
the case when different ISA are applied. According to C)};is independent of surface area. This
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means that if two experiments are performed with differ&#t but use the same Jhe should be

the same as a function d@f. However, simulated and experimentally dermég;iparen{ T) deviate

pparent

by more than 1 order of magnitude. Clear§i"**"values violate CNT, but this is the cause of

assuming identical ISA. In fact, this freezing behaviooatentradicts all surface-based empirical

parameterization of immersion freezm% such as detengini(7"), or the number of actives sites

per particle surface arela_(MyLLa;Le} A;IQ;LJE). This result could potentially

impact immersion freezing experiments conducted as aifumof ISA that assume identical ISA,

arent

thereby implicitly imposing a surface area dependencefﬁé’ or ng(T). Accounting for the

experimental uncertainty and variability in ISA may recimexperimental data.
3.3 Continuous flow and cloud chamber immersion freezing exgriments

Model simulations IsoCFDC and IsoLACIS (see Tdlle 1) repoecexperimental results al.
(2014) who used 2 ice nucleation instrumentation, (i) aiocoious flow diffusion chamber (CFDC)

(lRQg_e.LS_el_A L_ZQ_J)J.._D_QM_O_Lt_eﬂfJ.L_ZJ)m) and (ii) the Leagpaerosol cloud interaction simulator

(LACIS) ({Hal:tma.nﬂ_e_t_alll._ZQil), respectively, to obsemeniersion freezing 0800nm mobility

diameter selected kaolinite particles as a functio'adind RH> 100%. It is important to note
that for both instruments, droplet freezing is not obserased instead, the number of ice crystals is
optically detected. Thusfs, is calculated from the ratio between observed ice crystdle@rosol
numbers per volume of air. The model simulation paraméfgy is derived from known exper-
imental parameters, including residence times 5s, flow rate,Q = 1.0Lmin~?, and kaolinite
particle concentrationsy, = 10cm 3 lM 014). By defining a single IFS over an interval
of time equal ta,, Niot = NpQt, = 833 particles per IFS. Similarly for LACISQ = 0.08 L min~?,
t, = 1.6s, andNtot_ 21 artlcles per IFS. Note that minimurfy, values for CFDC and LACIS
presented | 14) are approximately equdl/f¥;. We run 1440 and 6000 isother-
mal IFSs for ISoCFDC and IsoLACIS, respectively, equivater2 h averages as dont al.
). Simulation parameters for IsoCFDC and IsoLACISgiven in Table]L.

Figure[T shows that simulatefg, for IsoCFDC and IsoLACIS agree very well with CFDC and
LACIS data bI.@lM). However, some data pointsdatside of the 5 and 95 per-
centiles (Fig[d7a), which may imply that a greater uncetyaexists that cannot be explained by
a stochastic freezing process. This may be due, in part,dertainty in ice crystal optical detection
which is not accounted for in model simulations. The surfaea for spherica00 nm particles is
Asponm = 2.8x 1072 cm?. However, the assumption that a kaolinite particle withlasteical mobil-

ity diameter o300 nm is equal to 800 nm diameter sphere is likely not true, due to shape irregular-

ities, variable density, void fractions, multiple chargasd other geometrie 004;

Slowik et a“ 2(2(2!4|; Zelenyuk et ul., Z(L ;. Schmi [J_aj&ma_ej_é L_O_(})S) with a tendency for

greater surface area than assumed. Additionally, pastafiéarger diameter, and thus larger surface

area, may have the same electrical mobility due to the peesehmultiple charges. Therefore, a
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distribution of particle surface area can be expectedofuitig Wiedensohler and Fisgaln (1b88), the

probability for particles having multiple charges as a fiorc of particle diameterP(In Dy), at a
constant electrical mobility diameter 800nm is shown in Fig. S1. The distributioR(In Dy) is a
probability density function from which particle diameterre sampled in simulations IsoCFDC and
IsoLACIS. Individual sampled particle surface area is gllted assuming spherical particles.
Calculations of/Z2P**"and.JgSt@'assuming constant ISA equal #on, OF accounting for vari-
able ISA, respectively, in IsoCFDC and IsoLACIS are showRign[1b. We find agreement between

appareniang data by Wex et I14) when accounting for multipldigiarcharges predicted by

i aJn_(JJ?88). Furthermore, assumirigthtbaelectrical mobility diameter cor-
responds to the physical particle diameter and the pareleg spherical in geometry does not
significantly overestimate ice nucleation kinetics witttie uncertainty bounds which span 2-5 or-
ders of magnitude. The model inplie; represents a new parameterization for Fluka kaolinite esher
m = 31.32 andc = —2.07 following the ABIFM applicable fo).220 < Aay, < 0.305.

. 4) presented a detailed immersion freezimmdyais of various kaolinite particle
sizes and types of coatings, simulating all these cases/@ldethe scope of this paper. However,
we are certain that model simulations which use the s, a.,) will hold for all IN systems at
all T'and RH based solely on the fact that the same physical anstis&tprinciples apply. In other
words, prediction of immersion freezing kinetics (i.e.ngsilheg) in the simulations is independent of
experimentally applied ISA, particle size, and particlatony type (assuming the coating dissolves
when water is taken up and does not react with the IN surfate)se findings demonstrate that our
new model simulations and the ABIFM are applicable for iceleation studies using a CFDC as
previously shown bLLKﬂQpL&D.d.A[QH_L(ZdB) and additiop&lACIS.

IFSs are used to describe AIDA chamber immersion freezipgrxents applying natural dust
IN by INiemand et AI.L(&iZ) in model simulations CrNI1 and @&NAmong the different types
of natural dust investigated, we choose 2 Asian dust exgerisnat—20.1 < 7' < —28.1°C and
—14.3 <T < —22.4°C (see ACI04_19 and ACI04_ 16 in Tables 2 and JS_lﬂ_NLe_m_a.n_dHEQﬁ)

A continuous non-linear cooling rate with time due to adiabexpansion is fitted to experimental

trajectories using a" order polynomial function. In AIDA experiments water satimn is typically
reached after cooling begins. To mimic this process, icéigh@amproduction in model simulations
is allowed after 80s of cooling (see Fig. ﬂ in Niemand & D. Ice crystal concentration in an
aerosol samslinf flow df L min—!, from the chamber is observed evéryusing an optical particle

counter IEbS), thus a volumeOof2L of air is simulated. Total particle numbers in
the simulated volume are on the orderl6f which agree well with minimum reportet, of about
10~5.|Niemand et all. (2(212) reported lognormal surface-sizeiligions with parameterglg median

andogy of polydisperse aerosol population. In CrNI1 and CrN#Z, is derived by sampling parti-

cle diameters from the corresponding number-size didtdbs and assuming spherical particles.
Sampling stops wheH, equals total surface area reporteALbLNj_e_mﬁ.n_dJeJl_a.LkZAm)reviously

18



630

635

640

645

650

655

660

discussed, assuming spherical particles results in a bids.©7), i.e. the slope of2P*(T) is
always underestimated (F[d. 4a). This assumption alsoreatimates total surface area resulting in
erroneously high experimentally derivéfc“3{(T') values compared with23(7") as demonstrated
in Fig.[db. Experimentally derivedie; is not available and so the ABIFM parameteisandc are
fitted to experimentally derivedi, data. Model simulation parameters for CrNI1 and CrNI2 are
given in Tabld .

Figure[® shows simulatefl, and J2$¥@ from CrNI1 and CrNI2 and the time evolution of sim-
ulated ice crystal concentration in CrNI1 observed durlrgexperiments. Simulatefd, (Fig.[8a)

fall within the experimental uncertainty reportedLb;LNLemja}l_a‘. [(ZQ].IZ) and the scatter in the data
for all dust types. Narrow 5 arfib % bounds are attributable to largé,; on the order o1 0° droplets
per cooling simulation. Ice particle concentrations ousetin CrNI1 are shown (insert in Fig] 8a)
and are in excellent agreement with observations. It is mapdto note that ice crystal concentration
data was not used for fitting parametetsandc. Figure[8b showgﬁzttual and upper and lower fidu-
cial limits. As frozen fraction decreases the fiducial Isrfiecome broader ranging frah8 to 2.5
orders of magnitude. We conclude that our model simulattwassuitable for describing laboratory
immersion freezing in AIDA cloud chamber and further supgbe necessity of quantification of
ISA variability in the derivation of ice nucleation kinesic

Notice that in Fig[Ba, the vertical scatter in the experitabdata increases at warnmgrand for
low fz, which implies that uncertainty likely increasesfag decreases. Since aerosol numbers and
surface areain the experimentsl by Niemand k@t]ZOlZ)aﬂmely the same for all experiments,
decreasingfy, implies fewer detected ice crystals or decreasing numbeieucleation events

resulting in an increase in experimental uncertainty. Aedmatnistic (singular) approach for inter-
pretation and analysis of ice crystal production, whickeirgmtly ignores stochastic freezing, cannot
explain the increase in the data scatter for smgllervalues at warmer'. These observations can be
explained by a stochastic and time-dependent immersi@zifrg process. We note that other mea-
surement uncertainties may exist which may not be captutkdréy a deterministic approach or
by our model. However, we conclude that stochastic unceytas important to consider for future
ice nucleation studies. The fiducial limits £ shown in Fig[Bb, in fact, capture this effect of
larger scatter a%’ increases implying the uncertainty in observed ice nuideadtinetics increases.
Since the freezing efficiency of Asian dust was shown to béairfor Saharan, Canary Island, and
Israeli dust/(Niemand et LaL;dlZ), the new ABIFM paramegtion of Jhe( T, ay, ) derived here is

applicable for natural dust.

4 Simulation findings and uncertainty analysis

Our results strongly suggest that laboratory immersioeZireg studies should provide accurate es-

timates of ISA variability in droplets. We find that simplifie@ssumptions about ISA can result in
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misinterpretation and miscalculation gfe; values. This includes assuming identical surface area,
which implicitly imposes a dependence &fe; on both ISA andr. Future laboratory immersion
freezing studies should also consider the stochastic aafice nucleation following CNT and re-
665 sulting uncertainties. When only a single ice nucleatioreeixpent is performed or too few droplets
are used, stochastic uncertainty can potentially be veggland may limit data interpretation. Once
again, stochastic uncertainty refers to large or small eéguedata scatter from observing small or
large numbers of freezing events, respectively. The sedaea based deterministic approach deriv-
ing ns(7T) is an alternative to calculating.e;, but does not consider stochastic effects or effect of
670 time in analysis of immersion freezing. By design(T") should therefore, not have any dependence
onr. However, this is not supported as(7’) has been observed to be dependent éor feldspar

and kaolinite/(Herbert et lal 2dl4).

The model simulation and laboratory data sets investigagee were performed for IN immersed

in pure water droplets. However, aqueous solution droplaténga,, < 1.0 are frequently present
675 in the atmosphere at supercooled temperatures and sudisatagonditions (i.e. Rk 100 %). The
ABIFM (Eqs.[8E8) inherently and accurately accounts foséheonditions and thus, provides a com-
plete description of immersion freezing for laboratory esiments, as well as cloud models under
atmospherically relevarif and RH. We suggest that future isothermal and cooling rapermient

immersion freezing studies investigate aqueous solutiopletts in addition to water droplets (e.g.
680 Ml.gﬁmwt@ﬁmviding additional data sets to con-
strain ice nucleation kinetics and to validate and expantFMBand other parameterizations.
Uncertainty analysis is crucial for the interpretation abdratory immersion freezing results.
Here we present a quantitative uncertainty analysigygf by definingAJhet as the total uncer-
tainty derived from individual contributions of statisiamcertainty due tadViy;, temperature accu-
685 racy referred to ag\7, a,, or RH accuracy referred to asRH, ISA variability expressed asy,
and accuracy of measuring absolute surface area referraslfioly. This uncertainty analysis is
applicable to both isothermal and cooling rate dependemarsion freezing experiments. It is con-
venient to quantifyA Jnet in the form of aX error instead of a typicat error due toJhe; varying
exponentially over a linear rangen If Jhet= 100cm—2 s~ with a factor of+3 error for example,
690 thenAJner=> 3 equivalent tajher= 10073 = 100129" cm=2s71. In the following analysiSA Jpet
is quantified as’, representing a factor error.
The uncertainty due to stochastic freezing is derived byinm10°® IFSs with different values
of Nyt and calculatingA Jyet Wwhere the widths of the fiducial limits are smallest, i.ef@at~ 0.5.
Thus, AJhet derived fromNVy, yields the smallest error estimate possible or the limitrebgest ex-
695 perimental accuracy. Figure 9a illustrates that smallgrresults in largen Jher. WhenNy, = 30 for
example A Jnet =<1, and whenVi,s = 1000, A Jhet=1"3. The uncertainty contribution due 87
is calculated using the slope dfe; vs. T following a similar procedure as kn_Rj_e_Qh_e_Ls_ét Ial (5013).

Using the ABIFM at various temperature ranges and for dffiefN types[(,lﬁn_o_p_f_a.n_d_Alp_eul._ZQh3),
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Jhet varies by a factor of.5 + 5.5 per degreé. This means that i7" = +1.0K, AJper=> 7.5 0n
average, but can b&2 or *13 depending on the IN type and the rangelirand RH. For exam-
ple, AT = £0.5K translates ta\.Jhet == 3.75 as displayed in Fig.]9a. Considering the uncertainty
in RH, Eq. [®) is used to derivA Jhet = Jhet( Ady )/ Jhet( Aay, = ARH) = 10m4RH, Values ofm in

Eq. (@) are taken from this study and frth Knopf and Alpertl@0ranging from 15-123 and re-

sults in69 on average. The mean and range\of.e; due toARH are shown in Fig.]9b. For example,
if ARH=+3%, thenAJh=>x 117 on average. If ISA per droplet varies in an experiment, but is
assumed to be unifornie; is overestimated foffi, < 0.5 and underestimated fgf, > 0.5. This
effect is quantified by allowingy to vary and calculating the ratid Jhet= Jﬁﬁf aren / Jﬁzttual evalu-
ated atfy, = 0.1 and0.9. The resultingA Jnet is displayed in Fig.9c as a function e§. If o4 = 10,
for example, thenAJhetzjgo at fi; = 0.1 and0.9. Finally, AJne is directly proportional toA A4
shown in Fig[®c, e.g. ifNAg =X 5, thenAJhei =

Figure[® demonstrates that each experimental parametéibedas to the uncertainty idhet.
The total uncertainty inJiet can then be estimated by summing the error contributiondang,,
T, RH, o4, and Ay, respectively. FigurE]l9 shows dotted lines serving as el@nglues of exper-
imental uncertainties and correspondifighe. Applying Niot = 30, AT = +£0.5K, ARH = +3%,
0g =10, andA Ay =7 5, results inAJher =713} If laboratory immersion freezing studies were to
be conducted under these conditions, then the range inime@ally derived/ne; should be over 4
orders of magnitude. Notice that the uncertainty due to Ridekcan potentially dominate the total

uncertainty. We hope that Figl. 9 provides guidance in cofiidgiuture immersion freezing studies.

We test our analysis to reproduce experimentally derivegriainty. Ir{_lsn_ij_a.n_d_Alp_ér_LZOJB),
all experimentally derived; fell within 2 orders of magnitude as a function of thg criterion
(Eq.[2) and as a result, this range was adapted as a congematiertainty estimate for the ABIFM
model. The root mean square error of over 18 000 dropletifigexents for 6 different IN types was
experimentally derived independent from model simulatjas an alternative uncertainty estimate
exhibiting values as high ak1.3 orders of magnitude. Experimental parameters of studieg s

the formulation of the ABIFM for pure water and aqueous solutdroplets|(Alpert et AI| Zgllla,

IH; [Kn_QpLa.nd_EQLL&slleL_Zdlh__RJgg_eJ MW&M ) were abouly = 300,

AT =+0.3K, ARH=+1%, 0g=5, andAAy == 5. Applying the analysis displayed in Figl 9

results in an uncertainty oﬁJhet_ﬁg (spanning about 2.5 orders of magnitude) for the ABIFM

model. This estimate is in excellent agreement with inddpatly derived root mean square errors

Of Jhet ({Kn_QQf_a.n_d_ALp_e.lltl_ZQ]JS) and demonstrates the accuracy ofincertainty analysis.

Model simulations reproduced observations of immersieaZing due to the IN illite l.

d;oﬁ) an&ﬂo_ad_ele_t_la' (2 (112) These experimental data wcluded in a recent intercompari-

son study of illite IN immersion freezing by Hiranum EQLJS). Using 17 different instruments,

experimentally derivedi(7") values were observed to increase frafr? to 108cm =2 whenT
decreased from 263 236 K, equivalent to a slope of 0.5 orders of magnitude pEr The in-
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struments used are grouped by common methods and inclyde)distag e| (Broadley etla]l_.‘Ldlz;

m&a | eft. 2013: Wri 12015} O'Sullivan et al., 2014;
d._ZD_:l.S) (i) liquid ali uotm )L (iii) droplet levitation (Szakall et al.,

|_O_O_$Jgeme_[_a L_O_M Hoffmann etlal., 2013), (iv) cloudmber{(Mohler et g“_‘_le;i Niemand eL
|_O_J21Ta||r| et al L_OjS) and (v) continuous f|(JW (Bundke IH@_O;H Stetzer et Jal " QH&, Welti g:|
12009} Liiond et &l 2010: Chou ef al., 2011 Friedman €111 2Hartmann et al., 2011; Kanji et al.,
lzm;k;ﬁo_b_o_e_t_é LZQ_H}_;MAL_ZJ)M). The scatter inthes roughly 3 orders of magnitude,

but depending of’, an, range of 2 and 4 orders of magnitude can envelop the data. \Howe

the authors provided no quantitative uncertainty analysexplain this scatter. Since experimental
methods and data reproduced by presented model simulatiemscluded i||]_I:|lr_a.n_LLma_e_L€JL(2£L15)
for illite, we apply the quantitative uncertainty analypiesented in Fid.]9 to provide a potential ex-

planation of the data scatter. Although,: andn(7') are different quantities, the contribution to
their uncertainties is the same A", ARH, og, A Aj.

Experimentall’ uncertainty for all methods typically ranged froi0).2 to +1.0K, and hence
AT = +0.5 is chosen as a representative value. Considering the slops. 7', AT = +0.5 con-
tributes a factor of- 2 uncertainty taws(7'), or Ang =2 2. The ISA distribution width parameter of
simulated experiments (Tablgk 1 4id 2) is averaged to meqires(7") data, yielding a reasonable
value ofog = 7, resulting inAns =%%,. The ISA measurement error is considered ta\ot, =
thusAng =2 5. Calculation ofns(T') is not stochastic by design, and thus any uncertainty dmntri
tion due toNy,: onng(T') was previously not considereld (Hiranuma At@,_JZOlS). Aalddlly, the

intercomparison analysis ignores differences in expertaid¢ime scales im4(7") derivation. How-

ever, this study demonstrates that the stochastic unertean explain most immersion freezing
data and therefore, likely contributes to the range of dea#tar inng (7). Typically, Ny is abouts0
which serves as a reasonable representation ylekdmg__4, althoughNi,; can vary betweem0
and more thamn000 depending on the experiment. Previous immersion freezipgrénents for illite
IN have shown that when or residence time differ by 1 order of magnitude, freezingperatures

shift by abou.75K on average] (Broadley et|a{|., ZMZ; Welti elt[aLj(blZ; Knayaf AlpgrL 2(21&3).

As discussed in_Hi all_(&blS), cooling rates aniderse times in the different instru-

ments varied ovet-2 orders of magnitude, akt = 100, corresponding t\7" = +1.5K, and thus
contributing to an error of-0.75 orders of magnitude ahn, = 6. Accounting for all uncertainties
X (24345+8+6) : 24

“ (2112151446 Tor atotal uncertainty of\n, =755, oran

uncertainty range of 2.8 orders of magnitude. The vast ritpjoirdata ir{I:IiLa.num.a_el_ii |._(ZQ|15) fall

and making use of Fif] 9 results xn, =

within this uncertainty and implies that variability in(7") can be attributed to experimental, time-
dependent, and stochastic uncertainties. It is importanbte that the uncertainty due to neglecting
time, ISA variability and stochastic effect contributesrmto Ang, thanT and ISA measurement

error.LtﬂLanumﬁ_el_iilL(ZQhS) hypothesized that experiaigmbcedures of droplet or particle prepa-
ration, including particle generation, size selectior, écystal detection, particle loss at instrument
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sampling inlets, contamination, inhomogeneous temperasind differences in surface cation con-
centration between wet dispersed or dry dispersed partictey be the cause in measured scatter in
ns(T) data. These effects are not considered in the uncertaiatysis presented here, but may also
contribute.

5 Atmospheric implications

The model simulations presented here are used to investffacts of variable ISA on atmospheric
ice nucleation. Only immersion freezing is considered, én@v, mixed-phase and cirrus clouds can
undergo other cloud microphysical effects such as homageniee nucleation, deposition ice nu-
cleation, contact ice nucleation, ice multiplication, argstal growth, water vapour depletion due
to the Bergeron—Wegener—Findeisen process, entrainmenmaing, and ice crystal sedimenta-
tion. Aerosol populations are highly diverse, but for destoative purposes we only use a single
INP type. The purpose here is not to simulate any physicaliyistic cloud, but to investigate the
sensitivity of ice particle production osy. In 2 model simulations MPC1 and MPC2, IN particle
diameters ]y, are either uniform or sampled from a lognormal distribafi@spectively. Parameters
are given in Tablgl2. Surface area is calculated assumiragisphparticles. We apply illite particles
as IN with N, = 100cm ™2 (air). Mixed-phase cloud conditions are assumed in which article

is immersed inside of one dilute cloud droplet witf ~ 1.0.

Figure[10 presents the results of MPC1 and MPC2 applfig= 107 illite particles in100L of
air with an updraft velocityw = 100cms~!, as a function off’, ¢, and heighth, where the first ice
nucleation event occurs at= 0 andh = 0. Simulatedfs, curves are shown in Fif.1L0a, in addition
to Jhet and the ice saturation rati®;.., as a function ofl’. As T' decreases antlincreases,het
Sice @and fi; increase. Corresponding ice crystal concentrations el@tising MPC1 and MPC2 are
displayed in Fig_TI0b as the number of ice crystals formedpleime of air. Although homogeneous
ice nucleation of droplets is not considered in the modeliémperature range in which this process
becomes important is shaded in gray.

Values of fi, derived in MPC2 are larger than for MPC1 and extend over amwaege ofT” as
shown in Fig[IDa. As a result, the onset of ice nucleatiori¢hvbccurs atfy, = 10~7 (or 102 ice
crystalsL. 1), is abouts K warmer for MPC2 compared to MPC1 (Figl]10a). Figliré 10b showa/s
crystal concentrations 01 and10 L~ (air) at251 and258 K, respectively, produced by the sim-
ulations. Note that when employing a distribution widthvbegnoy = 1 and5, ice crystal numbers
and f, values should fall between the red and blue curves, respctOur calculations indicate
that onset ice nucleation in mixed-phase clouds may bef&igntly influenced by a polydispersed
atmospheric aerosol population. It can be expected thaisgtheric ice crystals are produced across

a broad range of temperatures, everf'at —15°C. Furthermore, this result underscores the im-
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portance of determining coarse mode aerosol particle ntsrdoad total particle surface areas to
improve our predictive understanding of atmospheric icenetion kISnQp_f_e_t_a|I.|._2Qi4).

6 Summary and conclusions

Immersion freezing simulations based on a droplet resatechastic ice nucleation process appli-
cable for various types of IN and experiments are presergeglfor both isothermal conditions and
applying a cooling rate;. The parameters in the IFSs are all physically defined andsunable,
including heterogeneous ice nucleation rate coefficiehts, the number of droplets at the start of
an experimentNy, the ISA, Ag, and the variability of ISAgy, which is assumed to be lognormally
distributed due to employed IN particle preparation andlliogeneration. Alternatively, individ-
ually measured ISA per droplets can be used. For IFSs in wéicboling ratey, is applied,Jhet
as a function ofl"’ and aqueous solution water activity,, can be calculated following the water
activity based immersion freezing model (ABIFM) applicalior both pure wateraf, = 1.0) and
aqueous solutionu(, < 1.0) droplets. These IFSs generate frozen and unfrozen difopidion data,
futz and ff, respectively, and using a Monte Carlo method in whigh IFSs are performed under
the same condition$,and95 % bounds are derived as uncertainty estimates.

The sensitivity offu, onog and Nyr Was tested using sets of isothermal IFSs, where a single set i
referred to as a model simulation. Uniform ISA (ieg.= 1) resulted infy, (on a logarithmic scale)
being linear witht. When ISA varied lognormally with parameters=In(Agy) and o = In(oy),
whereog > 1, In( furz) vS.t exhibit non-linear behavior. When larger or smallg; was usedfs,
had a smaller and larger uncertainty, respectively, duegstatistical significance of observing more
freezing events. Effects ofy and Ny 0n fi, are independent and thus, can be quantified apart from
each other. These results demonstrate that in laborataneision freezing experiments, variable
ISA imposes changes in trajectories faf, and fi, over time, and that the number of investigated
droplets significantly impacts experimental uncertainty.

Cooling rate model simulations were used to test the vgliditassuming uniform ISA. This
was accomplished by recalculatitige; after simulation of immersion freezing in two ways, either
(i) assuming uniform ISA referred to as the “apparent” iceleation rate coefficient/2>P*"*" or

(if) accounting for variable ISA referred to as the “actua® nucleation rate coefficienf2sual

pparent

When differentr were applied in simulations, values gf;

were significantly different from
each other. When comparing experiments with different IStidenticalr, Joo"**"{T') was again

significantly different. Forfy, < 0.5 and fi, > 0.5, J22P**™was over and underestimated, respec-

pparen

PPAENET). These results demonstrate that

tively, compared to/2<@ yielding an erroneous slope
the assumption of identical ISA implicitly imposes a coglirate and surface area dependence on

experimentally derivedie(T"). However, derivation of]ﬁg{”a' from model simulations accounting
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for variable ISA were consistent for differenand ISA, supporting a stochastic immersion freezing
description as predicted by CNT.
Model simulations in which variable ISA was considered ogloiced laboratory experiments us-

ing Arizona test dust (ATD)| (Wright and P eLs_,_ZlOlS),élI{tBroadlev et ell., ZQH; Diehl etlal.,

845 ), kaolinite [(Wex et iill 20|1 . Herbert e Jal., ﬁ014)d§par |(Herbert et ilill 20h4), and natu-
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ral dusts from Asia, Israel, the Sahara desert and Canagdsl(Ni L_2d12) acting as
IN. Despite whether isothermal or linear and nonlinear iogptates were applied, modeled and
experimentalfs; and f were in agreement within the stochastic uncertainty. Mamedrtantly, ex-
perimentally derived/ne(T") and simulated/Z2"**™were in agreement, indicating an imposed bias
solely due to the assumption of uniform ISA and not to phygicacesses governing ice nucleation.
Despite this fact, model simulations can correct for thisdduced bias yielding “actual” values, or
Jaswal which resulted in consistent agreement between diffeseries and additionally news,
based parameterizations &f.( Aa,, ) for feldspar and natural dusts.

A quantitative uncertainty analysis of; was presented applicable for experimental studies in
which the contribution due to (Vo (i) temperature accuracy referred to Ag", (iii) a,, or RH
accuracy referred to aSRH, (iv) o4, and (v) the accuracy ol referred to as\ A4, were individ-
ually quantified. The following points summarize these esaurces and give recommendations for
future experimental studies:

— Applying too few Nyt or performing only a single ice nucleation experiment inolaory
studies results in highly uncertain freezing results. &f@e, repetition of immersion freezing
experiments or a statistically significant number of drigplaust be applied. We recommend
using at least 100 droplets and three independent freeygitlgscin order to better quantify
data scatter and averadg., fiz, andfus, values. This contributes to a range of 0.75 orders of
magnitude in the uncertainty of experimentally derivig.

— For different IN types, the slope af.t vs. T is not the same and thus, the uncertainty due
to AT is IN type dependent, but can be as high as 1 order of magngeidek. We recom-
mended thal\T remain< +0.5K to achieve an acceptable uncertainty contribution, i.E. ha
an order of magnitude.

— The greatest source of error stems from RHAGRH. Immersion freezing experiments for
RH < 100% should aim forARH to be as small as possible. Current and future immersion
freezing experiments should be designed to carefully obRiH and quantify its uncertainty.

— Droplets in laboratory immersion freezing experimentd wit have identical ISA, but will
vary from droplet to dropletdy) around some ISA value4(). Variability in ISA and corre-
sponding uncertainty should be quantified and accounted/fien analyzing ice nucleation

experiments.
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— Surface area and nucleation time scales clearly affect nsiorefreezing data. Common as-
sumptions of ISA and neglecting the impact of variable expental time scales will lead to
an incomplete experimental accuracy and uncertainty. ideretion of these effects is recom-
mended to narrow the uncertainty in predicting ice crysiaiiation.

The influence of variable ISA on ice crystal production in dadlized cloud model was inves-
tigated using two IFSs havingg = 1 and5 (i.e. monodisperse and polydisperse IN populations,
respectively). Ice nucleation occurred over a broadereanfgtime and temperature resulting in
greater ice particle production fery = 5. Ice crystal concentrationsyice, in the range of 0.01-
100L~! (air) consistently occurred at temperatures atdtwarmer when applying polydispersed
IN populations compared to IFSs of monodispersed IN. Likewat a constarit, Nic. were con-
sistently greater by two orders of magnitude. We suggesfitld measurements should determine
and consider the entire aerosol size distribution as a samfridN for implementation of a stochastic,
time-dependent ice nucleation process characterizefddgyvhich is easily parameterized following
the ABIFM.

Our findings concerning laboratory immersion freezing expents emphasize the importance
of setting constraints on the minimum number of droplets exgerimental trials that need to be
employed for improved characterization of ISA per droplEte results presented here resolves
commonly used assumptions that contribute to additione¢rainty in predicting immersion freez-
ing data for model implementation. The simulations use ABJIBhown to be valid for various INP
types. We demonstrate that the ABIFM can reproduce immefséezing by mineral dust for many
vastly different experimental designs and measuremerfiodst Laboratory derived,; values can
aid in testing existing ABIFM parameterizations and foratilg new ones. Their application to
a very simple stochastic freezing model based on a binongailmltion in accordance with classi-
cal nucleation theory, can reconcile immersion freezirtg éiar various IN types and measurement
techniques when the applied IN surface areas are treatezingaistically. These findings hopefully
stimulate further discussion on the analytical proceduackiaterpretation of immersion freezing and

its implementation in atmospheric cloud and climate madels
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simulations in(a) and(b) are given in TablEl1.
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Figure 2. Simulated and experimentallhwgl. idlz; Herbert @B@erived unfrozen droplet

fractions, fur;, as a function timet. Model simulations and IN types used af&) IsoBR and illite,(b) IsoHE1
and kaolinite, andc) IsoHE2 and feldspar, respectively. Orange lines and shadingsesyirg,, and corre-

spondings and95 % bounds, respectively. Parameter values for model simulations\ae igi Tabld1L.
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Table 1. Summary of parameters used in isothermal model simulations.

Name Nt 0y Ag /cm? T /K Jhet IN Type  Figure Color
cm g7t
Isol 1000 1 1.0x107°% - 1.0x10*° - [a dark green
Is02 30 1 1.0x107° - 1.0x10° - [da light green
Iso3 1000 10 1.0x107° - 1.0x10° - [a dark blue
Iso4 30 10 1.0x107°% - 1.0x10° - [a light blue
ISOWR 1000 9.5 6.4x1073 251.15 6.0x10~* ATD?® @b orange
IsoBR 63 8.3 2.6x1077 243.3 1.3x10%  illite Ph orange
IsoHE1 40 2.2 1.2x10°  255.15 4.1x107% kaolinite [2b orange
IsoHE2 40 8.5 2.0x107%  262.15 2.0x 1072 feldspar [2c orange
IsoDI1 45 4.2 51x107!  255.15 1.3x 1072 illite Bl green
IsoDI2 45 9.1 51x1072  252.15 9.5x 107" illite Bl orange
IsoDI3 45 1.5 51x107"  252.15 8.3x 107" illite Bl blue
ISoOCFDC 833 MCD" MCD 238.65— ABIFM* kaolinite [1 blue, green
247.65°
IsoLACIS 21 MCD MCD 235.65— ABIFM kaolinite [4 orange, black

238.65°

# Arizona Test Dust.

> A multiple charge distribution (MCD) was used to define the surface areibdiin. See text and Fig. S1 for further details.

¢ Isothermal simulations were performeddal 5 K increments within the stated temperature range.

4 values of Jhet are calculated from the water activity,, , based immersion freezing model (ABIF mms).

Table 2. Summary of parameters used in cooling rate model simulations.

Name Nt o Ag /cm? m c r /Kmin™* INType Figure Color
Crl 1000 10 1.0x107° 54.48 —10.67 0.5 illite %] orange
Cr2 1000 10 1.0x107° 5448  —10.67 5.0 illite 7] blue
CrHE1 40 8.5 21x1072 122.83 —1298 0.2 feldspar [b orange
CrHE2 40 85 21x1072 12283 —12.98 2.0 feldspar [b blue
CrDI1 45 5.7  29x10° 5448  —10.67 non-lineat illite orange
CrDI2 45 5.7 29x1072  54.48 —10.67 non-lineat illite blue
Aot / cm?® Dpg /pm
CrNI1  6.5x107%  1.72 0.42 2291  —1.27 non-lineaP  ND° i) blue
CrNI2  54x107* 1.69 0.40 22.91 —1.27 non-lineaf ND® B orange
Ntot
MPC1 107 1 0.3 54.48  —10.67 0.36 illite Ia red
MPC2 107 5 0.3 54.48  —10.67 0.36 illite 10 blue

# A continuous non-linear cooling rate with time is giveMt@Ol

P A continuous non-linear cooling rate with time due to adiabatic exparisifitted to experimental trajectoriM@OlZ) using a 4th
order polynomial.

© Natural dusts frorm‘mn): Asian, Saharan, Israeli and Canary Island dust.
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Figure 3. Simulated and experimental 14) derived unfrozepldt fractions fu,, as a func-

tion time, ¢, using illite. Model simulated and 95% bounds off,;, are shown as green, orange and blue
shading for IsoDI1, IsoDI2 and IsoDI3, respectively. Tempamand average surface area per droplet reported

by. ) are given in the legend. Parameter values fdehsimulations are given in Tadlé 1.
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Figure 4. Sensitivity calculations of heterogeneous ice nucleation rate coefficidrtsand frozen droplet
fractions, fiz, on cooling rater, derived from model simulations Crl (orange) and Cr2 (blue) whete).5

and5.0K min~?, respectively.Jhet as a function of temperaturé,, are shown in@) assuming uniform ice
nuclei surface area (ISA) per droplet yieldiog2P*"

The dashed lines ifa) and (b) are Jro ™ and Trer

and (B) accounting for different ISA yielding2s?
het and J|

het

heﬁ ', respectively. Shadings i) and (b) correspond to
upper and lower fiducial limits with: = 0.999 confidence and the solid red line is calculated from EL. (6) for

illite (kngpf and Alpe:|t,|;0j3). Frozen droplet fraction;, are shown ir(c) and(d) where dashed lines and

shadings represenft,, and 5 and5 % bounds, respectively. Parameter values for Crl and Cr2 are given
Table[2.
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Figure 5. Frozen droplet fractionsfs,, and heterogeneous ice nucleation rate coefficiefats,from immer-
sion freezing cooling rate;, dependent model simulations CrHE1 and CrHE2 where0.2 (orange) and

2.0Kmin~! (blue), respectively, and experimental data of feldspar acting as risionelN I.,

). Dashed lines and shadings(@) are f,, and 5 and5% bounds, respectivelyle: as a function of

temperature]’, are shown ir(b) assuming uniform ice nuclei surface area (ISA) per droplet yieldjfi§**™

and (c) accounting for variable ISA yielding2“® The dashed lines itb) and (c) are Jrx"and Jng -,
respectively. Shadings ifio) and(c) correspond to upper and lower fiducial limits with= 0.999 confidence.
Experimentally derivedt, andJnet are shown as circles i) and(b), respectively 14). The
red line in(b) and(c) is calculated from EqE[GL(Kn_QpLa.n_d_AJplel:L_Zil)ls) using new patarsederived for

feldspar. Parameter values for CrHE1 and CrHEZ2 are given in [&ble 2
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Figure 6. Frozen droplet fractionsfi,, and heterogeneous ice nucleation rate coefficiefits,from immer-
sion freezing model simulations CrDI1 (orange) and CrDI2 (blueg experimental data of illite acting as
immersion IN are show 14). Dashed lines and shadir{g) are f,, and 5 and)5 % bounds,
respectively.Jhet as a function of temperaturd,, are shown in(b) assuming uniform ice nucleating parti-
cle surface area (ISA) per droplet yielding2"*"and (c) accounting for variable ISA yieldingZ$"®. The
dashed lines iffb) and (c) are JeP**™and 79" respectively. Shadings ifb) and (c) correspond to upper
and lower fiducial limits withz = 0.999 confidence. Experimentally derivefd, and Jnet are shown as circles

in (a) and(b), respectivelyl4). The red line(ln) and(c) is calculated from Eq[{6) for illite

Knopf and Al tl 2Ql|3). Parameter values for CrDI1 and CrD&given in Tabl€P.
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Figure 7. Frozen droplet fractiongi., and heterogeneous ice nucleation rate coefficighis from isothermal
model simulations IsoCFDC (orange and black) and IsoLACIS (blukgren), and experimental data of
immersion freezing due to kaolinite 014) are shown. @hghes and shadings (@) are f;,
and 5 and)5 % bounds, respectivelylhe: as a function of temperaturé), are shown ir(b) assuming uniform
ice nucleating particle surface area (ISA) per droplet yieldiffj**"; and accounting for variable ISA yielding
J&val The dashed lines itb) are oo "and Jre - as indicated in the legend. Shadings(f) correspond

to upper and lower fiducial limits with: = 0.999 confidence and the red line is calculated from E¢. (6) for

kaolinite hSD_QQLa.D_d_ALp_eH._ZQiS). Parameter values for IsoCFDClsodACIS are given in Tablel 1.
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Figure 8. Frozen droplet fractionsfs,, and heterogeneous ice nucleation rate coefficiefts,derived from
adiabatic cooling immersion freezing model simulations CrNI1 (blue) adiZ(orange). Simulated and ex-
perimentally observed ice crystal concentrations are shown in the ofseainel(a). Dashed lines and shad-
ings in (a) are f,, and 5 and95% bounds, respectively. Experimentally derivég and uncertainties by
I.2) are shown as symbols and error bagsas a function of temperaturé,, is shown
in (b) and accounting for variable ISA yielding?$“®, where dashed lines and shading Ef‘étt“a' and fidu-
cial limits with = = 0.999 confidence, respectively. The red line(in) is calculated from Eq[{6) using new

parameters derived for natural dust. Parameter values for Cridl CaNI2 are given in Tablel 2.
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Figure 9. Uncertainty analysis derived from immersion freezing model simulatidhe relative error in the
experimentally derived heterogeneous ice nucleation rate coeffidigptis referred to as\ Jhet. They axis
indicatesA Jnhet as a factor error, e.g\ Jhet = 10 indicates an error ithe by a factor of 10 in the positive and
negative direction. stochastic error due to the applied number of droplgtsis shown in(a) where red and
blue represent the upper and lower fiducial limits/ad;, respectively. The error due to temperature accuracy,
AT, for a variety of IN types is shown i(a) in orange color where the solid line is averalyghe: as a function

of AT and the shading is for a range of IN types. The error due to the absalogstainty in water activity

or equivalently relative humidityARH, is shown in(b) where the blue line is averag®Jhe;, and the shading
represents the range of values for a variety of IN types. The uncerdue to variability in IN surface area,
oy, is shown in(c) as black and green lines evaluatedfat= 0.1 and0.9, respectively. The uncertainty in
measuring absolute surface ar@ad,, is shown in(c) as the red line. Further details and example uncertainty
values given as dotted lines are described in the text.
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Figure 10.Results of two ice nucleation models for mixed-phase cloud conditions (M@ MPC2) consid-
ering uniform g4 = 1) or lognormally ¢4 = 5) distributed IN diameters),, respectively. Media®, for both
is 300nm. Parameter values for MPC1 and MPC2 are given in Table 2. Immefi®ering is simulated for
107 particles in100L of air with an updraft velocityw = 100cm s~ and a lapse ratd, = 6 K km™". Frozen
droplet fraction fr, is shown in(a) as a function of temperatur€, time, ¢, and heighth, for MPC1 and MPC2
as red and blue lines, respectively. The green line is the heterogeicecusleation rate coefficientye, cal-
culated using Eq[{6) for iIIitel_LKn_ij_a.n_d_ALQH'_L_Zd13) and the orange iirthe ice saturation rati®jce. (b)

Ice crystals per liter of air derived from MPC1 and MPC2 are given kyréld and blue lines, respectively.
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