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Abstract. Immersion freezing of water and aqueous IN a single contact angle for the entire population (single-
(NH4)2SOy droplets containing leonardite (LEO) and Pa- model) is not suited to represent the frozen fractions. Ap-
hokee peat (PP) serving as surrogates for humic-like subplication of«¢-PDF, active sites, and deterministic model ap-
stances (HULIS) has been investigated. Organic aerosol corproaches to measured frozen fractions yield similar good rep-
taining HULIS are ubiquitous in the atmosphere; however,resentations. Furthermore, when using a single parameteriza-
their potential for ice cloud formation is uncertain. Immer- tion of «-PDF or active sites distribution to fit all individual
sion freezing has been studied for temperatures as low ag,y immersion freezing data simultaneously, frozen fraction
215K and solution water activitygy, from 0.85 to 1.0.  curves are not reproduced. This implies that these fitting for-
The freezing temperatures of water and aqueous solutiomulations cannot be applied to immersion freezing of aque-
droplets containing LEO and PP are 5-15K warmer thanous solutions, and suggests that derived fit parameters do not
homogeneous ice nucleation temperatures. Heterogeneouspresent independent particle properties. Thus, from fitting
freezing temperatures can be represented by a horizontdiozen fractions only, the underlying ice nucleation mecha-
shift of the ice melting curve as a function of solutiop nism and nature of the ice nucleating sites cannot be inferred.
by Aay = 0.2703 and 0.2466, respectively. Correspond-In contrast to using fitted functions obtained to represent ex-
ing hetrogeneous ice nucleation rate coefficiedts; are  perimental conditions only, we suggest to use experimentally
(9.642.5)x10% and (5.4 1.4)x10*cm2s 1 for LEOand  derived.Jhet as a function of temperature ang that can be
PP containing droplets, respectively, and remain constanapplied to conditions outside of those probed in laboratory.
along freezing curves characterized By,,. Consequently  This is becauséne(T) is independent of time and IN surface
predictions of freezing temperatures and kinetics can beareas in contrast to the fit parameters obtained by representa-
made without knowledge of the solute type when relativetion of experimentally derived frozen fractions.
humidity and ice nuclei (IN) surface areas are known. The
acquired ice nucleation data are applied to evaluate differ-
ent approaches to fit and reproduce experimentally derived
frozen fractions. In addition, we apply a basic formulation 1 Introduction
of classical nucleation theory (7')-model) to calculate con-
tact angles and frozen fractions. Contact angles calculated foAtmospheric aerosol particles serving as ice nuclei (IN) can
each ice nucleus as a function of temperatud;)-model,  affect the global radiation budget through altering the radia-
reproduce exactly experimentally derived frozen fractionstive properties of existing clouds and formation of ice clouds
without involving free-fit parameters. However, assigning the (Baker, 1997, Forster et a|.2007 Baker and PetgR008§. Ice
particles interact with incoming solar and outgoing terrestrial
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radiation through absorption and scattering procesSher{  ing is among the sources for atmospheric HULN&ikai and
etal, 2000. Cirrus clouds can account for up to 30 % of total Ambe, 1986 Mayol-Bracero et a)2002 Lukacs et al.2007,
cloud coverageWylie et al, 2005 and their impact on the Pio et al, 2008 Lin et al,, 201Q Konovalov et al.2012. Pre-
radiative forcing is estimated to have a predominantly warm-vious studies have indicated that particulate HULIS likely
ing effect Chen et al.2000. Prediction of the atmospheric can be associated with ammonium sulfatélH4)>SOy)
ice production is challenging since ice particles can form by(Chan and Char2003 linuma et al, 2007 Schmidl et al.
homogeneous or heterogeneous nucleatRmgpacher and 2008 and that HULIS surrogates such as Suwannee River
Klett, 1997). Homogenous ice nucleation refers to ice forma- standard fulvic acid and leonardite (LEO) can act as efficient
tion from a supercooled water or aqueous solution droplet agleposition IN Kanji et al, 2008 Wang and Knopf2011).
opposed to heterogeneous ice nucleation in which ice formaPahokee peat (PP) serving also as a HULIS surrogate has
tion is initiated from a pre-existing substrate acting as an icebeen investigated as potential IN in contact with the surface
nucleus Pruppacher and KletL997). of a water drop and as immersion IRdrnea et aJ.2009.
Heterogeneous ice nucleation occurs at warmer temperHowever, immersion freezing temperatures and correspond-
atures and lower supersaturation with respect to ice tharing ice nucleation kinetics of HULIS surrogates have neither
homogeneous ice nucleatioRr(ppacher and Klet1997). been investigated as a function of solution water actiuity,
Heterogeneous ice nucleation pathways, also referred to asor applying micrometer-sized aqueous solution droplets.
modes, are as follows: deposition nucleation (the ice forms Here we address the question of how the presence of insol-
on the ice nucleus from supersaturated water vapor), immeruble and partially soluble organic material affects ice nucle-
sion freezing (the ice forms on the ice nucleus immersed imation from aqueous inorganic solution droplets with different
a supercooled aqueous droplet), condensation freezing (icay. If heterogeneous ice nucleation does not occur, ice for-
forms after water vapor condenses onto the ice nucleus at sumation can commence from concentrated aqueous solutions
percooled temperatures), and contact freezing (ice formatiowia homogeneous ice nucleation and can be describeg, by
is induced by collision of supercooled droplets with an ice andT, independent of the type of solutédop et al, 2000
nucleus) Pruppacher and Klgttl997. Ice crystal concen- Knopf and Lopez2009 Knopf and Rigg 2011). Previous
trations in cirrus clouds impacted by heterogeneous ice nustudies suggest that thgy,-based description of homoge-
cleation are ill defined and remain largely uncert&aiitrell  neous ice nucleation can also be applied to predictimmersion
and Heymsfield2005 Forster et a].2007). Field campaigns freezing temperatureZ@brist et al, 2008 Koop and Zobrist
in addition to cloud models indicate that immersion freezing 2009 Alpert et al, 2011agb; Knopf et al, 2011). Karcher
can occur under cirrus conditionsléymsfield et al.1998 and Lohmann parameterized immersion freezing by scaling
DeMott et al, 1998 Seifert et al. 2003 and that immer-  the aw-based homogeneous ice nucleation thedtir¢her
sion and condensation freezing can be important ice nucleand Lohmann2003. Only one study so far has derived
ation pathways within mixed-phase clouds in which super-freezing temperatures and heterogeneous ice nucleation rate
cooled water droplets and ice particles coexiaders eta).  coefficients applying they-based descriptionkhopf and
2001, DeMott et al, 2003 Verlinde et al, 2007 Prenni et al. Forrester 2011), thus linking thermodynamic data with ki-
2009. Cirrus ice crystal residue analysis and cloud systemnetic information similar to the-based description of ho-
resolving model studies also indicate that cirrus clouds carmogeneous ice nucleatioKdop et al, 2000. In this study
either form or are influenced by heterogeneous ice nucleatiomve investigate immersion freezing with respect to tempera-
(Chen et al.1998 Lohmann et a.200% DeMott et al, 2003 ture and nucleation kinetics from micrometer-sized water and
Karcher and Lohmanr2003 Cziczo et al. 2004 Lohmann  aqueous(NH4)>SO4 droplets, representing slightly larger
et al, 2004 Prenni et al.2009. droplets than observed in the atmosph&assen and Dogld
Field measurements have confirmed the presence of ort988 Heymsfield et a].1998 Ansmann et a).2008, con-
ganic particulate matter at altitudes in which temperaturegaining PP and LEO particles acting as IN fqy of 0.85-1.0
favor ice formation furphy et al, 1998 2007 Jost et al. and temperatures from 273 to 215K.
2004 Froyd et al,2010. Biomass burning plumes are alarge  Previous literature has offered multiple ways of parameter-
source of both inorganic and organic particles that can reacleing and reproducing experimental immersion freezing data
the upper troposphere/lower stratosphefeo(nm et al. (Vali, 1972, Pruppacher and Klgtt 997 Zobrist et al, 2007,
2010 Hudson et al.2004 Murphy et al, 2007). Anthro- Marcolli et al, 2007 Ludnd et al, 201Q Alpert etal, 20118.
pogenically emitted organic-containing particles have beerThe reason for this stems from a lack of consensus as to
shown to possess the potential to act as efficient IN at mixedwhether ice nucleation is time dependent, for example, or if
phase and cirrus cloud formation conditiodnépf et al, individual particles in an IN population possess the same ice
2010 Wang and Knopf2011 Wang et al. 2012agh; Baus-  nucleation efficiency. These parameterizations mainly rely
tian et al, 2012. Humic-like substances (HULIS) represent on a statistical representation, i.e., using a fit, of the exper-
multiple organic compounds frequently encountered in atmo-imentally derived frozen fractions of droplets. Our freezing
spheric aerosol that can consist of both water soluble andlata are analyzed following the various approaches for the
insoluble species3raber and Rudigl2006. Biomass burn-  purpose of intercomparison and establishing their usefulness
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in assessing the underlying processes that govern ice nucl&able 1. Composition of Pahokee peat (PP) and leonardite (LEO)
ation. We first introduce a formulation for heterogeneous icecontaining aqueous ammonium sulfate droplets employed in ice nu-
nucleation founded in classical nucleation theory, but that iscleation experiments.

independent of the frozen fraction. We assign each ice nu-
cleus active at one specific ice nucleating temperature one ~ Component  PRNH4)2SOy/  LEO/(NH4)2SCy/

contact angley («(T)-model) Pruppacher and Kletl 997 H2O/wt % HaO/wt %
Zobrist et al, 2007 Wang and Knopf2011; Alpert et al, Pahokee peat  0.02 —
2011ab; Knopf and Forrester2011). Second, a single con- Leonardite - 0.02
tact angleq over similar IN (singlee model,Marcolli et al, H,0 93.95 93.95

2007 Ludnd et al, 2010, is applied. Third, a distribution
of « over similar IN ¢-PDF model,Marcolli et al, 2007,
LUond et al, 2010 is assumed. Fourth, it is assumed that ice
nucleation is initiated by active sites of different qualities (ac-

tive sites modelMarcolli et al, 2007). Lastly, it is assumed humidity (RH), as outlined in detail in our previous stud-
that ice nucleation is only dependent on temperature (deter,g (Knopf and Lopez2009 Knopf and Rigg 2011 Alpert
ministic model Vali, 1977). For the first time, these different et al, 2011ab). In short, this is achieved by flowing humid-
heter.ogeneou.s ice nucleatior_w descri_ptions are appliet_j for imgieq N, gas with known dew point temperaturg, as de-
mersion freezing data spanning a wide range of solutian  termined by a chilled mirror hygrometer, above the droplets.
The uncertainty ofy is < + 0.15 K. FromTy and the droplet

temperaturegrop, RH= ’;HL(T") can be derived\Murphy
PHzo(Tdrop)

and Koop 2009. The uncertainty irfgropis 0.1 K. Droplet
2.1 Droplet sample preparation conditioning is conducted at droplet temperatures of 291—

294 K. The ACC is calibrated by determination of the ice
Aqueous(NH4)2S0Oy solutions containing PP and LEO were melting point and deliquescence relative humidities of var-
prepared for generation of micrometer-sized droplets. Theséus inorganic saltsKnopf and Koop 2006 Knopf, 2006
agueous suspension compositions are given in ThbRP  Knopf and Lopez 2009 Knopf and Rigg 2011). The re-
and LEO were first crushed using a mortar and pestle. Subsulting uncertainty inay is £0.01. At equilibrium, ambi-
sequently, the finely crushed and weighted material was iment RH equals solutiom,, (Koop et al, 2000, which re-
mersed in a known amount of water, sonicated for 30 min,sults in droplets with diameters ranging from 20 to 80 um of
and manually agitated roughly every 10 min. Humic acid identical compositionKnopf and Lopez2009 Knopf and
solubility is dependent on humic acid type and solution pH Rigg, 2011). After conditioning, the droplet sample is sealed
(Graber and Rudich2006. PP exhibited a brownish hue against the environment by using a second hydrophobically
within minutes of being sonicated, indicating potential par- coated glass slide serving as a cover and a tin foil spacer
tial dissolution in water and aqueo@NH,)>,S0O, solutions  coated with high-vacuum grease. Hence, droplet composition
that may include break up of particulate aggregates. LEGs fixed for the remainder of the experiments according to
particles accumulated on top of the solutions when not agithe conditioning procedure. Subsequent ice nucleation exper-
tated. The well mixed suspensions were then filtered throughments in which the aerosol sample is cooled will not signif-
a 5um filter. A significant amount of LEO particles, when icantly change droplet composition, since the amount of wa-
placed in water, aggregated to form a large mass, which reter vapor within the sealed aerosol sample that can condense
mained behind after filtering. From weighing the organic par-onto the droplets is negligible compared to the amount of
ticle residues on the filter, we determined that about 75 % ofthe condensed-phase wat&op et al, 1998 Knopf et al,
PP and LEO mass was filtered out. Lastly, a known quan-2002 Knopf and Lopez2009. All sample preparation steps
tity of (NH4)2SO4 was added to the suspension, resulting in were done on a clean bench, thereby reducing the possibility
an aqueous solution with known PP or LEO ahtH4)2SOy of contamination from airborne particlelkr{fopf and Lopez
content as given in Tabl&. Prior to application for droplet 2009 Knopf and Rigg2011).
generation, the aqueous suspensions were sonicated for anOptical microscopy applying objectives with up to 180
additional hour. magnification coupled to a CCD camera and digital imag-

A piezo-electric single-droplet dispenser was employed toing analysis software confirmed the presence of PP and LEO

create single droplets containing LEO and PP on demangbarticles within the micrometer-sized water and aqueous
(Alpert et al, 2011gb; Knopf and Rigg 2011). For each  (NH4)2SOy solution droplets. For estimation of PP and LEO
sample 30-60 droplets were placed on a hydrophobic coatedurface areas within a single droplet, water droplets contain-
glass plateKnopf and Lopez2009 Knopf and Rigg2011). ing LEO and PP were generated. Promptly after droplet gen-
The sample was introduced into an aerosol conditioning celleration, the water evaporated leaving behind PP and LEO as-
(ACC) that allows droplet exposure to controlled relative sociated with a single droplet. Scanning electron microscopy

(NH4)»SOs  6.03 6.03

2 Experimental
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Table 2. Surface area estimates applying analysis of scanningcantly with temperature for the investigateg range. For
electron microscopy (SEM) images and Brunauer—-Emmett—Telletthis reason, droplet,, and corresponding uncertainty as de-

(BET) gas adsorption technique. fined by the droplet conditioning procedure apply to the ice
nucleation experiments observed at lower temperatures. Ev-
Method Leonardite Pahokee peat ery 0.2K during the freezing and melting cycles an image
SEM per droplet  (6.8:0.89)x10~7cm?  (1.240.24)x10~5 cn? is recorded that contains experimental time and temperature.
BET (4.84£0.08)nfg~t  (9.0£0.3)nPg ! For each investigated,, at least two independently prepared
BET perdroplet  (7.6:0.1)x10~/cm? (1.4 0.05)x 106 cn? droplet samples were applied. Each droplet sample was used

twice for observation of freezing and melting events. This re-
sults in a total of at least 1600 individually analyzed freezing
(SEM) imaging analysis further corroborated the presence ofind melting events. Once the experiment is completed, the
organic particles within the generated droplets and allowedreezing and melting temperatures of each droplet in a single
for estimation of PP and LEO surface areas. Surface are@xperiment are determined.
estimates derived from 10 droplets are given in Tablén )
addition, surface areas of PP and LEO were determined us?-3 Chemicals
ing the Brunauer—Emmett—Teller (BET) gas adsorption tech-

: . N2 (99.999%) was purchased from PraxailNHg)2SOy
hique @runauer et .6‘1'.1938' Both PP. and LEO pre_paratlor_l (99.95 %) was purchased from Alfa Aesar. Humic acid ref-
for the BET analysis involved crushing the organic material

using a mortar and pestle. The resulting BET-determined surcrence Pahokee peat (IR103H) and humic acid standard

face areas are given in Taki indicating that PP exhibits leonardite (1S104H) were purchased from the International

almost double the surface area per weight compared to LEQHum'C Substances Society (IHSS). Millipore water (resistiv-

similar to the findings of a previous studifdnzik et al, fty > 182 Mg cm) was used for preparation of aqueous so-

2004. For LEO, SEM- and BET-estimated surface areas arelunons'

very similar. However, for PP, the SEM-based surface area

estimates are about a factor of 8 larger than the ones derived Results and discussion

from BET analysis. A possible reason for this difference is

that PP and LEO remain anhydrous when examined by BET3.1 Experimentally derived freezing temperatures

and thus their macromolecular size and orientation remains

mostly unchanged. However, for SEM-derived surface areas)ledian freezing temperatures with 10th and 90th percentiles
these particles are placed in water and parts of these macr®f water and aqueoudNH4)2S0Oy droplets containing LEO,
molecules may dissolve or rearrange, thereby altering theid{-=C, and PP,T"P, particles are shown in Figla and b,
size, orientation, or lead to breakup of particulate aggregate&espectively, as a function df anday defined at droplet
with subsequent effects on the visible condensed-phase supreparation conditions. Since direct measuremenis, dbr
face area. For the remainder of this work, we apply the BET-supercooled aqueoudlH4)2S0Oy droplets do not exist, we

obtained surface areas for ice nucleation analysis. assume that,, does not change significantly with decreas-
ing T (Knopf and Lopez 2009. Within the experimental
2.2 Ice nucleation apparatus uncertainty, mean melting temperatures of water and aque-

ous (NH4)2SOy droplets containing LEO and PP are in
The experimental setup is based on our previous studiegood agreement with the ice melting curd€ofp et al,
(Knopf, 2006 Knopf and Lopez 2009 Knopf and Rigg 200Q Clegg et al, 1998. Agreement of measured ice melt-
2011 Knopf and Forrester2011 Alpert et al, 2011ab) ing temperatures with expected melting poinkodp and
and only described briefly here. The ice nucleation apparatugobrist 2009 Clegg et al. 1998 indicates negligible ef-
consists of a cryo-cooling stage coupled to an optical microfects on dropleta,, and composition due to the presence
scope equipped with digital imaging analysis, which allows of LEO or PP.7;-EC and 7P and corresponding melting
controlled cooling and heating of the droplets. Ice nucleationpoints as a function afNH4)2SO4 wt % content are given in
was investigated applying a cooling rate of 10 K miruntil Fig. S1. Furthermore, we analyzed immersion freezing tem-
all droplets froze. Subsequently, corresponding ice meltingperatures as a function of aqueous droplet volume. As shown
points were determined using a heating rate of 0.5Krhin  in Figs. S2 and S3, no dependence of freezing temperatures
The temperature is calibrated by measuring known melt-on droplet volumes for LEO and PP is observed. This is sim-
ing points of ice and various organic speci&a¢pf, 2006 ilar to our previous findings bylpert et al.(20113. This
Knopf and Lopez2009 Knopf and Rigg 2011). The tem-  finding may not be surprising when considering that wa-
perature uncertainty i$0.1 K. For aqueous (NfJ2SO4 so-  ter at interfaces fluctuates on timescales of subpicoseconds
lutions it has been shown experimentally and by thermo-(McGuire and Sher2009, implying that the water clusters
dynamic models Eertram et al. 2000 Knopf and Lopez  at the IN surface are not influenced by water further away
2009 Clegg et al. 1998 that a, does not change signifi- within the droplet. Also, the homogeneous ice nucleation
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rate is negligible at these heterogeneous freezing tempera- 250 10 0:980.950.040.92 0.9 0.880.86 1.0 0980.950.940.92 0.9 0.880.86
turEis and droplet vqumeK()op et al, 2000. . 210 PO o @ mﬂm o oo
gure 1 shows the predicted homogeneous freezing %

curves that are adjusted for the average droplet diameter of *°[ T ]

our samples representidgom = 2.18x 10° cm—3s~1 (Koop «
and Zobrist 2009. 7;-E° and 7;PF are about 5 to 15K  =**
warmer than homogeneous freezing temperatures for highto #°
low ay indicating the ice nucleation efficiency of LEO and 20

250 T

PP. At determined freezing temperatures apd< 1, these 210
HULlS Surrogates may be in a SOlid (glassy) State' as inferrEd 200 l.lO 0.l980,l960.l940.l92 079 0.;%80.:36 170 0.;)80.l960.l940.l92 0?9 0.;380.;36
by a previous study employing fulvic acid particles as IN aw

(Young and Leboeyf200Q Koop and Zobrist2009 Wang ) ) ) ) ] )
etal, 20123. Furthermore, the measured freezing points fol-g'1: (I)%hl. %ngtrr']mema”%_lder“’eg median flrt?ez'tng tempterat”re_s with
low a similaray dependency as the homogeneous freezin and 90th percentiles and mean melting temperaturesiit
curve. Hence, we represeﬁ,on and T,fpp by a shifted ice of leonardite in water and aqueoiiéH,4)>SOy droplets(a), and Pa-

. . . hokee peat in water and aque@bdz)2SOy droplets(b) are shown
melting curve as suggested by previous studieméri et al, as a function otz determined at particle preparation conditions.

2002 Archuleta et al.2005 Cantrell and Robinsqr2006 Ice melting and homogeneous freezing curves are plotted as dashed
Zobrist et al, 2008 Koop and Zobrist2009 Knopf et al,  and dotted lines, respectiveligop and Zobrist2009. The ho-
2011 Knopf and Forrester2011;, Alpert et al, 20114ab). mogeneous freezing curve represefsy = 2.18x 108 cm—3s~1.
These heterogeneous ice nucleation curves are constructéthe solid lines are best fits based on the data in which the ice melt-

by fitting 7f to ing curves are shifted bjtayw = 0.2703 for leonardite irfa) and by
het, = ) Aaw = 0.2466 for Pahokee peat {(b). The derived freezing curves
al®{(Tr) = al(T) + Aawpet (1) represenvﬁ:tpz (9.642.5) x 10* and(5.4+1.4) x 10*cm—2s~1

. . . . for leonardite(a) and Pahokee peéb), respectively. It is assumed

where ay®(T) represents the thermodynamically given ice thata,, does not change with temperature.
melting curve Koop and Zobrist2009 and Aaw,het iS the
only free parameter. The best fit yields for LEO-containing
E?rtifleSPAP“vaigtI: 0'27_03’ ai_inr(]jicated by the solid line ind et al, 2007, LUond et al, 2010. Fourth, randomly sampled
LIIEgO a:ésul ti?]uci§2?§VLZZitpplg _(erc)tg?epfser\;a\/tm:;sigzr;:&?lrne t|(():e nucleating sites with the same surface area but different

' iing n a whet™ == TE - are distributed on each of the IN surfaces, termed active sites
as the solid line in Figlb. Within experimental uncertainties model Marcoll et al, 2007 Liiond et al, 2010. Lastly, it
.bOth data s_ets are well repre_sen_ted by the rockiy dased . is assumed that ice nucleation does not significantly depend
ice nucleation approach, which is thus sufficient to describe n time. and thus ice nucleation can be described as a func-
and predict immersion freezing temperatures of LEO and PP '

. . tion of temperature and IN surface areas only, termed the de-
particles in water and aqueousiH,)>SO4 droplets.Koop

and Zobrist(2009 found thatAay net does not depend on terministic _model ‘(/a|_|, .1971 Alpert et al, 2(_)11ab). Th_ese
. ' ice nucleation descriptions have been derived and discussed
solute type. Similarly, we suggest that oaly, and thus RH,

can be applied as a valid description of immersion freezingIn detail in previous I_|teratureZ(obr|st et al, 2007 Alpert

. . et al, 2011ab; Marcolli et al, 2007 LU6nd et al, 2010. The

induced by LEO and PP independent of the nature of the so- ; . . .

lute. correctqess qf the underlying mathgmatlcal anaIyS|s'a'ppI|ed
here using singles, «-PDF, active sites, and deterministic

3.2 Kinetic analysis of freezing data model described below has been validated by reproduction
of the results by 0ond et al.(2010. It should be noted that

The freezing data are analyzed applying five different de-a constant cooling rate is applied in our experiments and that

scriptions of the parameters governing ice nucleation. Firsthe frozen and unfrozen number of droplets and correspond-

it is assumed that each ice nucleation event occurring atng nucleation time and temperature are known for each in-

a specific temperature can be described by a correspondin¢gstigated temperature interval throughout the entire experi-

contact angleq, between the ice nucleus and the ice em-ment.

bryo, which we terma (T')-model Zobrist et al, 2007 Knopf

and Forrester2011 Wang and Knopf2011 Alpert et al, 3.2.1 Derivation of heterogeneous ice nucleation rate

2011ab). This implies thate varies with temperature and coefficients

does not represent a fixed parameter for similar IN. Second,

a single contact angle is attributed among similar IN, termedEach individually observed freezing event occurring at tem-

singlee model Marcolli et al, 2007, Ludnd et al, 2010. peratureT is analyzed to yield a heterogeneous ice nucle-
Third, a probability density function (PDF) to distribuie  ation rate coefficient/j (7), ande/(T). Jnet is calculated
among similar IN is applied, termedPDF model Marcolli for all experimentally acquired data according to the equation

www.atmos-chem-phys.net/13/6603/2013/ Atmos. Chem. Phys., 13, 6@B22 2013
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(Zobrist et al, 2007 Knopf and Forreste011; Alpert et al, 210 215 220 225 230 235 240
2011ab): 10’ T 10’
° (@)
exp (i) _ Mue e e °
J, (Tl) = -, 2 i 3 E ©
e for- AT S .« v
g a® 0“..‘ o T °
whereng, . is the number of freezing evenigy - A’ is the EE; g8 A e & e
product of the total observation time and surface area, andg o.' L .;?. 2L ©
T' is the mean ice nucleation temperature inittle temper- oo, oo Se . R .
ature interval. The produgg,- A’ is the sum of the contribu- 00§ Mee ‘e® 710
tion from the droplets that remain liquid and those that freeze : : : : : : :
according to
. 120 f 120
. . AT . Mhuc ) ) )
tior* A" = FA:'m + Z o (Tslt_ Trl1uc‘j) Al (3) , lof {110
j=1 -
=100 4 100
where cr is the experimental cooling rat#,, is the total
surface area remaining until the end of the temperature in- 0 1%
terval, T, is the start of the temperature interval, ahf . o b 10

and A; are the freezing temperature and corresponding ice

nucleus surface area, respectively, of jhth droplet nucle- 210 215 220 T275K 230 235 240

ating ice within thei-th interval. Derivations of// o (T")

employ AT = 0.2K. It should be noted that no further as- Fig. 2. (a) shows experimentally derived heterogeneous ice nu-
sumptions or information such as the diffusion coefficient of cleation rate Coeﬁicientslﬁgtp’ and(b) corresponding contact an-
water in supercooled aqueous solutions, interfacial surfacgles,«, of leonardite /water and aqueous leonarditétis)>SOy
tensions between ice nucleus and surrounding medium, disdroplets shown as a function of temperature apdBrown, black,
tribution of contact angles, or active sites are employed toblue, red, green, pink, orange, and purple circles represent the ini-
derive Jour(T), but only the number of freezing events are fial aw of 1.00, 0.971, 0.953, 0.931, 0.913, 0.892, 0.872, and 0.851,
counted and related to the available IN surface areas and timgSPectively. Lines indicate a third-order polynomial fit.

the droplets stay liquid. Hence, this analysis of the underly-

ing_ngcleation kine?ics is sqlely based on experimental dat%_z_2 «(T)-model

omitting any prescribed or fitted parameters. o

Figures2a and3a show experimentally derived,.;” 8 Experimentally derived values of ¥ are used to calculate
a function of7" anday, for LEO andeIzP containing droplets, 4 which represents the contact angle between the ice nucleus
respectively. For each droplet,, Jio increases exponen-  and the ice embryo in an aqueous meditZolfrist et al,
tially with decreasingl". For a givenay, a temperature de- 2007 « is derived from the compatibility factofies which
crease of about 10K resuilts in an increase|if by over 2 gescribes the reduction in Gibbs free energy of formation
orders of magnitude. It should be noted that homogeneous iC@ompared to homogeneous ice nucleatidG ac(T), due to

nucleation is unlikely to have affected derivégtsince ho-  the presence of an ice nucleus accordinguppacher and
mogeneous ice nucleation rates 1-2 K above the expected hgqett, 1997

mogeneous freezing curve shown in Figre too slow to in-
duce freezing under applied experimental timescatem fret= }(2_,_ cosa) (1 — cosx)?. (4)
etal, 2000. A summary of/ values for each, derived 4

atTx is given in Tables and4 for LEO and PP, respectively, An fie; value of 1, corresponding @ = 18C, indicates no
and indicate thato, () are almost constant, changing by reduction in Gibbs free energy equivalent to homogeneous
only about a factor of 2 along the corresponding freezingice nucleation; that is, the ice nucleus does not enhance the
curve (Fig.1) constructed by shifting the ice melting curve ice nucleating abilities of the bulk phase, and a value®f 0
by its respectiveAawnet Thus, both of the experimentally implies perfect compatibility between the ice nucleus and
determined freezing curves can be assigned a congfétﬁt the ice embryo, yielding vanishing Gibbs free energyup-
value similar to the findings of tha,-based homogeneous pacher and Kleft1997 Zobrist et al, 2007). The derivation

ice nucleation descriptiorkpop et al, 2000 Koop and Zo-  of fie follows previous studiesZpbrist et al, 2007 Knopf

brist, 2009. Determined af, Jio are(9.6+2.5) x 10 and  and Forreste2011; Alpert et al, 2011ab) and is only briefly
(5.4+1.4) x 10 cm~2s~1 for the freezing curves of LEO introduced here fhet is calculated from experimentally de-
and PP containing droplets, respectively. rived Jhet by
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Table 3. Immersion freezing from water and aqueous ammonium sulfate particles containing leonardite (LEO). The following are given as

6609

a function of solution water activity: mean melting temperatur@£5P, +15), median freezing temperaturg©, with 10th and 90th
percentiles), supersaturation with respect to Kg( at7;-=0); heterogeneous ice nucleation rate coefficigff, at7;-=C), contact angle
a at ff'-Eo, and fit parameters far(T), singleer, «-PDF, active sites, and deterministic model.

Model Parameter aw
1.0 0.971 0.953 0.931 0.913 0.892 0.872 0.851
TLEO [K] 273.06+0.2 269.8k-0.4 267.95:0.8 266.65:0.6 264.30:0.9 262.18:0.7 259.63:0.5 257.1G:0.7
~LEO 1.38 2.78 2.40 3.37 3.88 2.32 3.65 4.78
THEO K] 240007130 23519502 233.200%53) 23043330 226473553 22488537 22092390 21577378
Sice 1.38 1.40 1.40 1.40 1.43 1.41 1.42 1.44
Il [10% em 2571 1431 10.71 6.72 7.07 11.55 7.84 7.90 10.80
a[°] 92.69 104.97 102.11 98.94 100.03 93.38 91.54 91.71
ax1073[°K~3] 31.638 —5.4285 6.4544 10329  —11.381 36.629 4.0442 22.945
a(T) b[°K—2 —22.784 3.9432  —4.4029 -7.1818 7.8084  —24.759 —2.6883 -1.5378
ex 103 [°K™Y 5.4662  —0.95753 0.99705 1.6617  —1.7882 5.5762 0.59359 0.34158
dx 100 [°] —43.681 7.7814  —7.4826 -12.785 13.678  —41.834 —4.3447 0.034158
Singlea a0 [°] 91.50 104.16 99.58 128.22 99.24 92.47 90.70 115.35
a[°] 91.15 102.20 100.04 96.21 97.99 91.55 90.19 90.40
a-PDF w 0.4643 0.5223 0.5787 0.5183 0.5366 0.4686 0.4537 0.4560
o 0.0400 0.0857 0.085 0.0797 0.0754 0.0606 0.0719 0.0655
b x 107 [cm™2] 12.0 4.059 5.999 5.055 13.3 11.1 9.14 9.32
Active Sites  f1 0.125 0.184 0.188 0.183 0.498 0.187 0.193 0.113
B2 1.239 1.143 1.133 1.088 1.021 1.066 1.022 1.043
Deterministic a4 [10* cm™2K 2] 245 5.37 5.26 4.64 4.32 5.83 3.41 3.03
az [K] 242.05 239.76 237.54 235.26 231.48 229.00 226.50 221.73

Table 4. Immersion freezing from water and aqueous ammonium sulfate particles containing Pahokee peat (PP). The following are given

as a function of solution water activityy: mean melting temperaturg{F, +10), median freezing temperaturgR, with 10th and 90th
percentiles), supersaturation with respect to gs( at 7;”F); heterogeneous ice nucleation rate coefficigffi{, at7;""), contact angler
at TfPP, and fit parameters far(7T), singlee, «-PDF, active sites, and deterministic model.

Model Parameter aw
1.0 0.981 0.964 0.947 0.926 0.901 0.883 0.862
7P K] 272.94+0.1 270.9H0.3 268.83:0.3 267.38:0.3 265.49:0.4 262.49t0.5 260.96:0.6 257.82+0.5
7PP 3.0 3.37 2.63 2.77 2.74 2.72 2.57 3.12
TPPIK] 24257752 24207335 23855507 237.8557( 2343950 22051572 225487530 219.967,17
Sice 1.35 1.33 1.34 1.33 1.35 1.37 1.40 1.42
TP [10% em 2571 3.60 4.73 4.68 5.79 6.59 5.78 8.11 3.89
o [°] 84.51 86.77 89.45 83.21 84.44 85.54 86.98 90.35
ax1073[°K=3] 2.3951 1.1471 17.810 12.377 13111 —93.389 10.971 32.564
a(T) b[°K™2 —-1.6356  —0.78175 -1.2775 -8.8617  —0.92924 6.3971  —7.3661 —2.1540
ex 103 [°K™Y 0.36770 0.17371 3.0516 2.1123 0.21714 —1.4626 1.6463 0.47296
dx10°[°] —0.27053 —-12.426 —2.4266 -1.6755  —0.16642 11171 —1.2239  —0.34383
Singlew ag [°] 83.92 85.51 88.33 82.29 83.32 84.65 85.97 88.25
a[°] 83.75 85.33 87.51 81.89 82.53 84.86 85.70 88.77
a-PDF w 0.3796 0.3983 0.4235 0.3571 0.3650 0.3927 0.4026 0.4378
o 0.0678 0.0877 0.0678 0.0675 0.0626 0.0490 0.0523 0.0707
b x 108 [cm~2] 2.9827 2.9022 2.3871 3.0485 3.0864 3.0058 3.0146 3.0864
Active Sites 1 1.3601 1.0697 0.9500 0.8580 0.6810 0.7248 0.7443 0.8008
B2 0.9075 0.9507 0.9899 0.9577 1.0062 1.0143 1.0155 1.0296
Deterministic a4 [104cm2K 2] 2.59 3.43 4.25 4.00 4.75 6.07 4.38 1.78
az [K] 245.80 246.16 242.33 241.72 238.02 232.52 229.22 225.26
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215 220 225 230 235 240 245 250
107 r r r r r r r r 10

ool T a):ka exp[— AFdiﬁ(T)] . exp[— AGact(T)fhet(Ol)] (5)

kT kT

wherek andh are the Boltzmann and Planck constants, re- N"’ 10
spectivelyn is the number density of water molecules at the
ice-nucleus—water interface, amdFyis (7) is the diffusion 10° f \?‘:
activation energy of a water molecule to cross the water—ice- ¢ % -:'
embryo interface Rruppacher and Klettl997). A Fyit (T) i 10 °
and AG,c(T) are dictated by the properties of the aqueous bl
(NH4)2SO; solution such as water diffusivit;l)ﬁ,Ng“)zso“, ' ' '
and the solid—liquid interfacial tension of the ice embryo,
(NH“)ZSO“ , respectivelyZobrist et al, 2007 Knopf and For- 10 p
rester 2011 Alpert et al, 20113ab). In the case of LEO and .

PP contalnlng water dropletﬁzHZO (Smith and Kay 1999 °\

andcrsI O are applied followingZobrist et al.(2007). s %0
Tanaka(1975 experimentally determineﬂﬂ\‘g“)zso“ for 30 b
agqueous(NH4)2S0O, solutions 0.75-6.46 wt% in concen- S
tration at 298K and at temperatures 278-308K for an 70 | ) 170
aqueous(NH4)2SO, solution 0.75 wt% in concentration. 215 220 205 230 235 240 245 250
The change in diffusion coefficients with of pure water, T/K
HZO o (Smith and Kay1999 andD(NH“)zSO“ determined by
Tanaka(1975 are very similar. We assume a similar tem-
perature dependence is also true for aquéblli$;) 2SO, so-
lutions of higher concentrations typical of ourHigvestigated droplets shown as a function of temperature agdBrown, black,
aqueous(NH4)2S0y droplets. Hence, we usB’5(T) 10 pjye, red, green, pink, orange, and purple squares represent the ini-

descrlbeD(NH4)Zso4(T) As prev|ous|y d|scussed potent|a| tial aw Of 100,0981, 0964, 0947, 0.926, 0.901, 0883, and 0.862,
Hzo respectively. Lines indicate a third-order polynomial fit.

S
o
-~
©
o<

4

Q
100

Fig. 3. (a) shows experimentally derived heterogeneous ice nucle-
ation rate coefficientslﬁéf, and(b) corresponding contact angles,
«, of Pahokee peat/water and aqueous Pahokee(NeRf,SOy

uncertainties arising usm@ are expected to be negligi-

_ _ dln(DL’i‘é“)zso“(T))
ble asA Fyitt is proportional to——=——~= (Knopfand

Forrester2011 Alpert et al, 20110. Thus, uncertainties in
Dg“;g‘*)ﬁo‘* are expected to have a small effect ¢ (and

thus on the ice nucleation process. Evaluatel ai is given

in Tables3 and4 for LEO and PP, respectively. We also rep-
€ o ) . resenta(T) as a third-order polynomial fit, valid over the
thus on) since the derivative with respect to temperature IS experimentally applied temperature range shown in Fgs.

not expected to change significantly. _ and3b. Corresponding fit parameters are listed in Tallles
The derivation ofAGac(T) for aqueous(NH4)2SOy is and4.

(NH4)2SOy

dependent upory, , Which has yet to be exam-  These results are very similar to previous findings-(
ined foltI chessupercooled temperature region. For this reapyist et al, 2007 Knopf and Forrester2011; Alpert et al,
son, 0( “25%4(T) is derived for eachu, from the ay- 2011ab) corroborating the use af(7T) for describing im-

based” homogeneous ice nucleation description as previmersion freezing. The contact angle is defined by Young's
ously discussed in detailAlpert et al, 2011B. In short,  equation, which relates to the three interfacial surface en-
os(lr\'H“)ZSO“(T) is calculated from EqX5) settingfhet=1and  ergies between the ice nucleus and ice, ice nucleus and aque-
and replacing: for ny, which describes the volume number ous solution (water), and ice and aqueous soluti®rug-
density of water molecules in liquid water and correspond-pacher and Klet1997 Alpert et al, 20118. These interfa-
ing Jhom(Aawnep from theay-based homogeneous ice nu- cial surface energies are temperature dependent and will be
cleation descriptionKoop et al, 200Q Koop and Zobrist  affected by the presence of solutes. A recent studyMelti
2009. et al. (2012 also found that contact angle increases as tem-
Figures2b and3b showa as a function of7 and ay perature decreases. These authors derived, using physical pa-
for LEO and PP containing water and aquegN$is)>SOy rameterizations of the interfacial energies taken fideimy
droplets, respectively. As temperature decreases by abowt al. (2004 and Pruppacher and Kletf1997, a reason-
10K, « increases by approximately 20-urthermore, forthe  able temperature-dependent interfacial energy between the
same freezing temperaturesyaries for different, indicat- IN surface and the ice embryo and thus corroborate the ob-
ing the effect of the solute on the water hydrogen bondingserved temperature dependency of the contact angle being a
network Knopf and Rigg 2011, Alpert et al, 2011H and physical phenomenoiZobrist et al. (2007 have shown that
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keeping the contact angle constant for all temperatures an@he number of frozen droplets of temperature inteivad
varying the pre-exponential factor in Ed)(does not im-  given asN]! = Ntot—Nlﬂf. Applying this to the previous equa-
prove the representation dfet With temperature compared tion results in

to the implementation of a contact angle that varies with tem-

perature. Lastly, we have determined that when keeping theNi 1 T
contact angle constantg increases with decreasiri in 1 f(T)=1-exp| —— / Jhet THT | . 9)
contrast to expected behavid®rgppacher and Kletl 997 Not cr

Tmelt

Zobrist et al, 2007 Alpert et al, 2011k Welti et al, 2012,

further supporting a temperature-dependent contact angle et js with no surprise that application of experimentally de-
hibiting increasing contact angles with decreasing temperarjyed Jﬁ:tp(T) reproduces experimentally derivgdexactly
tures. as shown by the crosses in Figsand5 since its derivation

Jhet can be derived for a specific freezing temperature usys based on the very same data set. (Very minor differences
ing laboratory-determined(7'), and Eq. §) yielding the  are due to the application of and mean temperature of the
heterogeneous ice nucleation rate coefficient as a continuq-th temperature interval.)

ous function of7', Jiu(T). Jie(T) can then be applied to  As mentioned above, .y (7}) are almost constant along
predict ice nucleation rates or frozen fractions for IN sur- the freezing curve and thus withay, het However, this fact
face areas and nucleation (cloud activation) times that wergs not only true afi; where f = 0.5, but for every frozen frac-
not probed in the laboratory. This is corroborated by thetion value. Upon closer inspection of Figs and3a note that
i EXP o ex| . ; ; :
comparable results ide; (7), Jue(T), anda(T) between ;&P span a similar range of values for the different investi-
Zobrist et al.(2007, who used smaller IN surface areas, gateday,. Frozen fraction values at eaafj superimposed on
faster cooling rates, and observed lower freezing temperay P match exactly, and in turn, the lowest and high&3f"
tures compared to the study Bynopf and Forrestef2011),  values correspond to frozen fractions between 0 and 1. In
who used larger surface areas, slower cooling rates, and olsther words, this indicates that amyay net that falls within
served higher freezing temperatures. These results allude e range of our experimental data can be assigned a single
homogeneous ice nucleation, where the freezing rate scaleﬁﬁgtp value, further corroborating th&,-based approach to
with the volume and nucleation tim&(uppacher and Klett  gescribe freezing temperatures and time-dependent kinetics.
1997 Koop, 2004). We can now usgy.(T) to reproducef. These results are
For each temperature interval,the frozen fraction can be also given in F|gs4 and5 and show overall very good agree-
derived. The experimentally derived cumulative frozen fraC'ment with the experimenta| data1 as indicated by the root-
tion for the entire freezing temperature range is given by  mean-square error (RMSE) being smaller than 0.1 for most
] SN cases,f derived by the continuous functioff,(T) deviates
[T = N’—f (6)  intwo cases at lows, significantly from experimentally de-

‘ tot rived f. This is due to the application of a fittedT") curve
where N; is the num‘ber of frozen droplets in tligh tem- that results in a continuoug®, (7). However, J&(T) can
perature interval af"* with width AT, and N is the to-  deviate by half an order of magnitude from experimentally
tal number of droplets; both parameters are readily availablejerivedjﬁé‘t”, depending on the scatter of the data. When cal-
from the experimental data. The experimentally derived cu-culating and integrating the cumulativg this deviation in
mulative frozen fractions are shown in Figsand5. At the Jhetat the beginning (high freezing temperatures) propagates
median, i.e.,f = 0.5, 50 % of all investigated droplets are through the whole data set, which leads to this apparently
frozen. lesser fit quality. Again, this is not a problem of the model it-

We can now reproduce the cumulatiyeT) using /5ot self, sincef derived fromJS<P agrees almost perfectly with
derived from Eq.2), i.e., directly from experimental data, or experimentally derivedf, but is a matter of how (7)) is fit-
by usinga(T), i.e., Jy. We can express the change in the ted. The experimentally derivefido not depend otinet and

number of unfrozen droplets per temperature inteiee on assumptions of the water diffusion coefficient and ice—
Nﬂf _ liquid ﬁnterfacial tension in contrast to application 4, (T)
o —Jhet(T)ANs, (7) to derivef.

whereNL"Jf represents the number of unfrozen droplets re-3.2.3 «-PDF model
maining after cooling beyond the temperature intefvahd
A is the mean ice nucleus surface area. Whth:d’c—f and  The ice nucleation data are analyzed applying dheDF
integration fromNo to NliJf yields model following the studies biarcolli et al. (2007 and

. Luond et al.(2010. A probability density function (PDF) is
Ni A T applied to distributee among the IN in the immersed droplets
—U — exp o / Jhet(THdT | . (8)  for each investigated,,. Jhet depends o, which in this

Ny . . L
tot Tmelt case is temperature independent. The application of a PDF

www.atmos-chem-phys.net/13/6603/2013/ Atmos. Chem. Phys., 13, 6@B22 2013



6612 Y. J. Rigg et al.: Immersion freezing by HULIS as a function of water activity

; 10
B 09 |- AN - 09

0.9 -
0.8 |- — 0.8 |- ? — 0.8
R
0.7 [ — 07 |- — 0.7
0.6 |- — 0.6 |- ¢ — 0.6
“— 05 |- — 05 |- 3 — 0.5
L\
0.4 |- — 0.4 |- — 0.4
0.3 |-— RMSE=0.062 | 03 g W | 0.3 |-— RMSE=0.023
— RMSE=0.169 N — RMSE=0.220
0.2 |-—— RMSE=0.034 - 0.2 [~ X } — 0.2 |-— RMSE=0.026 —
0.1 |~ RMSE=0048 | 0.4 |~ RMSE=0.061 B 04| — RMSE=0.025 B
" ["— RMSE=0.046 "+ ["— RMSE=0.040 [T — RMSE=0.013
oo b o 00 L ! . L S 0.0 L L L L
236 237 238 239 240 241 242 243 244 230 232 234 236 238 240 242 226 228 230 232 234 236 238 240
1.0 1.0 1.0 T
09 09 a,=0913 | 09 a, = 0.892
0.8 0.8 |- — 08 |- —
0.7 0.7 — — 0.7 — —
0.6 0.6 |- — 0.6 - —
“— 05 05 - — 05 - —
0.4 04 |- — 0.4 |- -
03 0.3 |_— RMSE=0.059 | 0.3 |.— RMSE=0.052 |
— RMSE=0.188 — RMSE=0.200
0.2 0.2 [——— RMSE=0.029 — 0.2 [——— RMSE=0.018 —
— RMSE=0.035 — RMSE=0.021
01 01" RMSE=0.045 ] 01 RMSE=0.023 ]
00 Y ool N o, I ST
224 226 228 230 220 222 224 226 228 230 232 234 218 220 222 224 226 228 230

T/K

® Experimental Data
x J%P.. Application
a m— (T)

| = Single-a

o — -PDF

N = Active Site

B === Deterministic

| — RMSE=0.058
— RMSE=0.202
0.2 ——— RMSE=0.017

0.1 |~ RMSE=0.024 | -
*["— RmsE=0.019

0.0 00 L1y . :
212 214 216 218 220 222 224 226 228 230 208 210 212 214 216 218 220 222 224 226

T/K T/K

Fig. 4. Summary of different immersion freezing descriptions for water and aquébts) » SO, droplets containing leonardite as a function
of T andaw. The experimentally derived cumulative frozen fractighof droplets in 0.2 K temperature increments is represented by blue
circles. Blue crosses indicate application of experimentally derived heterogeneous ice nucleation rate colﬁﬁlﬁimmalculatef. Blue,
magenta, black, red, and green lines repreaéfiy, singlee, «-PDF, active sites, and deterministic model, respectively. The fit quality is
given by the root-mean-square error, RMSE.

(Marcolli et al, 2007, LU6nd et al, 2010 and Eq. 9) yield values, the fit represents the experimental data very well.

the cumulativef according to This result should come as no surprise since the same data
. were used to constrain the fit. Figures S4 and S5 show in
T A detail corresponding PDp(«) for differentay, for ice nu-

f(T) = 1—/p(a)exp —é / Jhet(THAT | da, (20) cleation from water and aqueoWNH,4)>SOy droplets con-
cr taining LEO and PP, respectively. Tabkand4 list derived

fit parameters used for the calculationfofnd PDFp(«) for

wherep («) represents alog-normal distributioneofor each ~ LEO and PP, respectively.

investigateda,,. We follow Marcolli et al. (2007 and de-

scribep(a) as 3.2.4 Singlee model

0 Tmelt

1 [loge —M]z This model is based on the same equations asxtR®OF
P = P T 52 : (1) model; however, as outlined byibnd et al. Lusnd et al,
2010, in Eq. (10) p(a) is replaced with a delta function, i.e.,
wherea, 1, ando are obtained by fitting Eq.10) to the  p(a) = §(a = o). This procedure assigns all IN the same
experimental data. contact angleyg instead of a distribution of contact angles.
Figures4 and5 show the fitted frozen fraction for LEO Figures4 and 5 show the resulting frozen fractions of
and PP acting as IN, respectively, when applyingdkeDF droplets containing LEO and PP when applying the sinrgle-
model for investigated,y,. As indicated by the low RMSE model for investigated,y, respectively. The single-model
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Y. J. Rigg et al.: Immersion freezing by HULIS as a function of water activity 6613

1.0 1.0

—————r
09 |- a,=1.00 09 0.9
08 |- - 08 08
07 |- — 07 07
06 |- — 06 06
“— 05 |- - 05 05
04 |- - 0.4 04
0.3 |L— RMSE=0.074 | 03 |_— RMsE=0.086 03 -
—— RMSE=0.198 —— RMSE=0.228
0.2 |-— RMSE=0.033 - 0.2 |-— RMSE=0.022 = 0.2
—— RMSE=0.050 —— RMSE=0.064
011" RMSE=0.043 01" RMsE=0.036 011" RMSE=0.020
00 o N . ool ) . ool N
236 238 240 242 244 246 248 250 232 234 236 238 240 242 244 246 248 250 232 234 236 238 240 242 244 246
10 e 10 10
0.9 [~ ay=0.947 0.9 0.9
08 |- — 08 038
07 |- — 07 07
06 |- - 06 06
“— 05 |- - 05 05
04 |- — 0.4 0.4
03 | 03 |_— RMSE=0.067 03
—— RMSE=0.213
02 |- - 0.2 ——— RMSE=0.020 — 0.2 |-— RMSE=0.027
—— RMSE=0.04] — RMSE=0.029
01 0l RMsE=0.03 011~ RMSE=0.040
ool TN e ool TN . ool .
232 234 236 238 240 242 244 246 230 232 234 236 238 240 242 224 226 228 230 232 234 236
T/K
1.0 e T 1.0
ke ] =
09 |- ¥y a,=0.88 — 0.9 .
0s L | 08 ® Experimental Data
. . exp S
o7 | 07 X J" et Application
0.6 [~ — 0.6 —_ ()
— 05 [ - 05 = Single-a
0.4 — 0.4 = o-PDF
0.3 |.— RMSE=0.049 | 03 |.— RMsE=0.105 = Active Site
—— RMSE=0.170 —— RMSE=0.216 .
0.2 |-— RMSE=0.028 — 0.2 [——— RMSE=0.013 — == Deterministic
0.1 |~ RMSE=0028 B 0.1 L RMSE=0041 B
- ["— RMSE=0.030 4" — RMSE=0.014
00 ool N
218 220 222 224 226 228 230 232 210 212 214 216 218 220 222 224 226 228

T/K T/K

Fig. 5. Summary of different immersion freezing descriptions for water and aqu@ddg)>SO, droplets containing Pahokee peat as
a function ofT anday. The experimentally derived cumulative frozen fractignopf droplets in 0.2 K temperature increments is represented
by blue circles. Blue crosses indicate application of experimentally derived heterogeneous ice nucleation rate cdﬁeﬁfcimwt;alculate

f. Blue, magenta, black, red, and green lines repreg€n}, singlee, «-PDF, active sites, and deterministic model, respectively. The fit
quality is given by the RMSE.

does not describe the immersion freezing data well compare®.2.5 Active sites model

to the other descriptions. This is also evident from given

RMSE values, which are about 1 order of magnitude higherThis ice nucleation description assumes that the surface of an
compared to the other cases. Allowing variationrgfcould ice nucleus manifests a distribution of varying ice nucleating
yield a better agreement between the singl@odel and the ~ Sites. Ice nucleation occurs only on one of these active sites,
data. However, as mentioned above, this procedure resuli@here each active site is characterized by @nalue and the

in o that increases with decreasing temperature, in contragrequency of occurrence of different active sites is a function
to measurements and the notion that the supercooled watéf @ (Marcolli etal, 2007 Ludnd etal,2010. The active site
becomes more ice-like as the temperature decre&sep- surface area is assumed to be similar to the critical ice em-
pacher and Kleffl997 Zobrist et al, 2007). Clearly, asingle ~ bryo, about 6 nrh(Marcolli et al, 2007). FollowingMarcolli
contact angle attributed to the IN for each investigated solu-£t al. (2007 andLudnd et al.(2010 we define the frozen
tion ay is not sufficient to represent the ice nucleation data.fraction as

Tables3 and 4 list the derivedag used for the calculation 1 Mot

of f. FD =52 pre (D). (12)
j=1

where Niqt is the total number of droplets ang, ;(T) de-
scribes the probability of the¢-th droplet to freeze account-
ing for all discretizeda values depending on the surface
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density of active sites in each contact angle interval feom

to @ + Aw«. The probability of one droplet to freeze is ri

L f(Ty=1— exp[—an(T")] with ns= — f K(T)dT, (16)
pirz(T) =1— HeXp % f JhetT, 0 )dT |, (13) Tmelt
k
Tiett whereng is expressed a£pnnolly et al, 2009 Lidnd et al,

wherek indicates the interval number with an interval size 2010

Aa, andA,, is the total surface area of all active sites with
¢ ak {al(T — a2)2 T <a>

contact angles fronay to o + Ax present in the droplet pg= ,
=0 T >a>

(LUond et al, 2010. The difference to the original formu-
lation is the integration ofhet(T') to account for the changes
in T and thus/he(T) since a constant cooling experiment is
conducted.

A Poisson random number with  parameter
A= p(ax)AaA is sampled to determine the number
of sites having a single; and individually having a surface
area of 6 nrA. We assume that the surface site density of
active sites with differen& can be described for eaaly by
(Marcolli et al, 2007

(17)

wherea; andagy are fit parameters.

Figures4 and5 show the frozen fractions of droplets con-
taining LEO and PP particles acting as IN when applying
the deterministic model, respectively. Similar to the previous
models, the deterministic site model represents the experi-
mental data very well as indicated by the small RMSE val-
ues. Table8 and4 list corresponding fit parameters used in
the deterministic model.

—B1 ) 3.2.7 Discussion on different ice nucleation descriptions
: (14)

pla) = bexp(
«=pr2 Five approaches have been applied to analyze immersion
whereb, 1, and B, are fit parameters obtained by fitting freezing of water and aqueo§iH4)2SO, droplets contain-
the freezing data to a simulation of 1000 droplets applyinging LEO and PP. Four are based on CNT and one assumes
Eq. (12). no time dependence. It should be emphasized that only the
Figures4 and 5 show the resulting frozen fractions of «(7)-model yieldse and Jhet values directly from the ex-
droplets containing LEO and PP when applying the activeperimental data; thus, no fitting is involved except if a con-
site model for investigated,, respectively. The active site tinuous function of/het(7') and f(T') is desired. This exer-
model represents the experimental data very well, as indiCise emphasizes three points that are different to the com-
cated by the low RMSE values. Figures S4 and S5 show inmonly applied nucleation descriptions-PDF, active sites,
detail corresponding surface site density of active sités), and deterministic) that are fitted to the frozen fraction. First,
for droplets containing LEO and PP, respectively. Talfles as previously stated, no fitting is involved and no free param-
and4 list respective fit parameters used for the calculation ofeters are available for the calculation(7) from Eq. @).

f andp(a). Only experimental data — i.e., number of freezing events, nu-
cleation time, and available IN surface areas — are employed
3.2.6 Deterministic model (Zobrist et al, 2007). Second Jhet(T) is independent of the

frozen fraction and is only a function @f. Thus, f given in
This description assumes that ice nucleation is governed by:igs 4 and5 is not described by a singl&e; value. Each in-
a characteristic temperature only and fluctuations affecting estigated temperature interval possesses/qpgealue Zo-
the ice embryo growth can be neglecta@l(, 1971). This  pyist et al, 2007 Knopf and Forrester201% Alpert et al,
allows us to define a surface density of active sitl@snu-  2011ah). Once Jhet for a particular temperature is derived,
cleating ice between a characteristic temperatureZafl.  the number of frozen droplets is calculated by knowledge of

For each investigatedy the number of droplets frozet;,  ayailable IN surface areas and nucleation time. Third;)

per temperature intervalllcan then be expressed &8i0nd  can be applied to determinke; for given freezing temper-

etal, 2010 atures (within the laboratory-probed temperature range) and

dN; _ ‘ then used to calculate the number of frozen droplets for con-

a7 = WNot— Np)AK(T"), (15)  ditions (i.e.,A andr) different than the ones applied in the
laboratory.

where Niot is the total number of droplets, ai(T) repre- Figures4 and5 show clearly that the single-model, pos-

sents the number of ice nucleation events and thus the nunsessing only one free-fit parameter, is the least representa-
ber of active sites per unit of ice nucleus surface area whemliye description of the experimentally derived frozen frac-
cooling the sample by a unit temperature intendalidnd  tions.a(T'), «-PDF, active sites, and deterministic model rep-
et al, 201Q Alpert et al, 2011ab). The frozen fraction of  resent measured frozen fractions equally well overall; nei-
droplets for each, is then derived as ther description is significantly superior over the other when
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Fig. 6. Resulting immersion freezing descriptions for water and aquéstia)>SO, droplets containing leonardite when fitting the entire
immersion freezing data set including all investigatg@ using «-PDF (black lines) and active sites parameterizations (red lines). The
experimentally derived cumulative frozen fractigfy, of droplets in 0.2 K temperature increments is represented by blue circles. The fit
quality is given by the RMSE.

representing the frozen fraction, and thus the underlying nu-The reason for this is most likely due to the solute effect on
cleation mechanism and nature of the ice nucleating sitesce nucleation and potential interaction of the solute with the
cannot be inferred. The very similar representation quality ofIN surfaces impacting the hydrogen bonding netwdtk-(
the fit-based ice nucleation descriptian$®DF, active sites, brist etal, 2003 Knopf and Rigg2011 Alpert et al, 2011H.
and deterministic model is due to the application of fitting From this it follows that it would be computationally cum-
functions with sufficient free-fit parameters to reproduce thebersome and demanding to represent in a single parameteri-
same data set to which they are fitted. In other words, fittingzation all parameters to describe immersion freezing for one
experimentally observed frozen fractions of droplets by thesdN type for typical atmospheri¢ and RH.
different fit-based nucleation descriptions neither yields the To further test the applicability of the-PDF, as well as ac-
underlying nucleation mechanism nor the nature and distritive sites parameterizations, we fit our entire frozen fraction
bution of the ice nucleating sites. Th€T)-model differsin  data set spanning all investigateg yielding one parame-
that that a physical theory is tested by experimental data anter set for each model. This is to test the common notion
only « is fitted with respect td@ to yield J, in order to de-  that the resulting fit parameters potentially represent particle
rive continuous cumulative’. Corresponding/e, andJ&,  properties that should not depend on varying temperature,
can be applied only in the investigated temperature rangelN surface area, andy. Figuresé and7 show«-PDF and
but we emphasize that investigated nucleation time and INactive sites fit parameterizations in comparison with experi-
surface areas can lie outside of our laboratory scales. mentally determined for LEO and PP, respectively. Corre-
Figures2 to 5 and Tables and4 indicate that for each IN  sponding fit parameters are given in TableDverall, the fit
anday, the underlying investigated fitting parameters for ap- performance is significantly poorer compared to the case of
plication of each nucleation description differ significantly. fitting f for individual aw immersion freezing data sets, as
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Fig. 7. Resulting immersion freezing descriptions for water and aquéNti;)>SOy droplets containing Pahokee peat when fitting the
entire immersion freezing data set including all investigatgdusing «-PDF (black lines) and active sites parameterizations (red lines).
The experimentally derived cumulative frozen fractigihof droplets in 0.2 K temperature increments is represented by blue circles. The fit
quality is given by the RMSE.

indicated by the RMSE values being larger by up to about 1Table 5. Fit parameters for-PDF and active sites descriptions
order of magnitude. This could have been anticipated fromwhen fitting entire immersion freezing data sets including all inves-
Tables3 and4 and Figs. S4 and S5 indicating a large vari- tigated water activities for water and agueous ammonium sulfate
ation of the fit parameters with respectdq to achieve an  droplets containing leonardite and Pahokee peat.

overall good fit. In some instances where the fit parameters

for all data sets are somehow similar to the fit parameters de- Model Parameter Leonardite  Pahokee peat
rived from f at a given singleyy, the fits come closer to the a[°] 94.7260 85.0635
experimental data sets. In most instances the fits deviate sig- «-PDF " 0.5028 0.3952
nificantly from experimentally derived, as shown in Figs. o 0.1210 0.0797

6 and?. Figure8 presents the PDp(«) and active sites sur-

face density for LEO and PP when fitting all available data b x 107 [cm~2] 3.1975 28.727
sets at once. These distributions may reflect a sort of aver- Active Sites  f; 0.2736 0.9279
age distribution from those derived from fittirfgdetermined P2 1.0566 0.9313

at singleay,. Clearly, these results corroborate our findings

discussed above that current fit-based parameterizations can-

not capture immersion freezing occurring from aqueous sothis problem is provided by a water-activity-based model of
lutions and thus at subsaturated conditions. Furthermore, thignmersion freezingknopf and Alpert 2013.

also strongly suggests that derived fit parameters do not rep-

resent fundamental particle properties. An elegant solution to
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4 Atmospheric implications Pinti et al, 2012 Knopf and Alpert 2013. Therefore, when
comparingAay, the applied total IN surface areas should be

The freezing data shown in Figjindicates that HULIS com-  taken into account.
pounds possess the potential to act as immersion IN enhanc- As discussed above, the kinetic analysis of the frozen frac-
ing the freezing temperatures by 5-15 K compared to homotions by fit-based nucleation descriptions does not allow for
geneous ice nucleation over a wide range of RH. The hetjnference of the Uﬂderlying nucleation mechanism. This is
erogeneous freezing temperatures can be well described b§upported by (i) the very similar fit quality of-PDF, active
an ice melting curve shifted biaynet= 0.2703 and 0.2466 sites, and deterministic descriptions; (ii) application of differ-
for water and aqueOL{NH4)4SO4 drop|ets Containing LEO ent water activities result in different fit parameters; and (III)
and PP particles, respectively. It has been previously showffitting the entire immersion freezing data set including all in-
that immersion freezing temperatures elevated by only 1.8 td/estigated:y usinge-PDF and active sites parameterizations
5K Compared to homogeneous ice nucleation due to the preéjoes not yleld SatiSfa.CtOfy representation of the frozen frac-
ence of oxalic acid dihydrate crystals, translating it net tion. It is clear from above analyses that if immersion freez-
= 0.285, can have significant effects on the global radiativeing is time dependent (CNT)Aelti et al, 2012 Knopf and
forcing due to alteration of the microphysical and thus radia-Alpert, 2013, then parameterizations fitted to laboratory-
tive properties of cirrus cloud€6brist et al, 2006 Karcher measured frozen fractions cannot be applied to atmospheric
and Lohmann2003. Since HULIS can be a common com- conditions since experimental timescales can differ by or-
pound of ubiquitous organic aerosol, our results indicate thaflers of magnitude from atmospheric timescalegtbrook
these particles can also play a significant role in atmospheri@nd lllingworth 2013, and atmospheric IN surface areas are
glaciation processes and consequently the radiative budgetlikely not the same as applied in laboratory experimefts (
This study corroborates previous work showing that im- vens and Feingol®013. This is because fitting frozen frac-
mersion freezing temperatures can be well described byions by a least-squares minimization procedure always re-
an ay-based nucleation descriptioZuberi et al, 2002 sults in the fit being constrained by the laboratory-derived
Archuleta et al.2005 Cantrell and Robinsqr2006 Zobrist ~ data. The corresponding fit parameters are consequently only
et al, 2008 Koop and Zobrist2009 Knopf et al, 2011 valid for the specific data set, thereby discarding the potential
Knopf and Rigg2011; Alpert et al, 2011ab). Previously de-  of exploiting the underlying physical processes expressed as
terminedAay, for different IN including organic, inorganic, Jhet This i in contrast to the/(7)-model, which initially
and biological particles immersed in various aqueous soluderives/i2f and then provides a physical explanation in the
tions are given in Tablé. The smallerAay, the higher theice ~ form of contact angle distribution. At a given freezing tem-
nucleation potential. As can be seen from TahleEO and  Perature Jnetin combination withA andt yields the frozen
PP show similar ice nucleation efficiencies compared to otheffaction or ice particle numbers.
organic, inorganic, and biological IN. However, it has been Our experimental approach allows for derivation of ice
shown previously, employing water droplets, that the immer-nucleation kinetics for a range of droplet solutiep in
sion freezing temperature increases when IN surface areagddition to freezing temperatures. Atmospherically relevant
increase Zobrist et al, 2007 Liiond et al, 201Q Knopfand  ice particle production ratesice(7', RH), can be derived
Forrester 2011 Murray et al, 2011 Broadley et al.2012 by using thex(7)-model since it allows for application to
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Table 6. Water activity shift from the ice melting curvé\ay, for various immersion ice nuclei in different aqueous solutions. Approximate
estimates of the ice nucleus surface area (order of magnitude) are also given for comparison. LEO: leonardite, PP: Pahokee Peat, ND
1-nonadecanol, HD: 1-heptadecanol, OAD: oxalic acid dihydrate, KA: kaolinite, MO: montmorillonite, ATD: Arizona test di3t; Al
aluminum oxide, Agl: silver iodide, Si® silica spheres, SM: Snowmax, T.Phalassiosira pseudonanil.A.: Nannochloris atomy<£.B.:

Eleodes blanchardi.A.: Ips acuminatusR.S.:Rhabdophaga strobiloideand B.C.:Bracon cephi

Ice nuclei IN surface area [c'ﬁ1 Aaw Reference

LEO 8x 107 0.2703 this study

PP 1x 1076 0.2466 this study

ND 6x 1072 0.098 Knopf and Forrestef2011)
ND 8x 1072 0.100  Zobrist et al.(2008

HD 1x 1071 0.135 Cantrell and Robinso(2006
OAD <4x10°12a 0.285  Zobrist et al (2006
KAand MO 9x 10~ 7P 0.242  Zuberi et al (2002

ATD 5 x 10~6¢ 0.195  Zobrist et al.(2008

ATD 5x 10-6¢ 0.209  Koop and Zobris{2009
Al,03 1x10-%d 0.250  Archuleta et al(2005
SiO 1€ 0.173  Zobrist et al (2008

Adgl 8x10~4f 0.181  Zobrist et al.(2008

SM 4x10~89 0.088 Koop and Zobris{2009
TP 1x10°6 0.2303 Alpert et al.(20113

N.A. 1.3x107° 0.2391 Alpert et al.(2011h

E.B. unknow 0.048 Lee etal(1981)

LA. unknowr 0.177 Leeetal(1984

R.S. unknowh 0.223  Miller (1982

B.C. unknow 0.241  Salt(1959

2 Assuming 4 wt % oxalic acid content in 4nsized droplet and precipitated as solid spherical particle.
b Assuming 3 spherical dust particlesi®in diameter per droplet.

¢ Assuming 5 wt % ATD aqueous solution and ATD particle diameter of 5 pt

d Assuming spherical particles 2@énin diameter.

€ Assuming 0.47 wt%8iO, aqueous solution and spherical particlesi80n diameter.

f Assuming diluted 1.64 wt 9%AgNO3 aqueous solution and droplet sizes@ip diameter.

9 Assuming 1 bacterium per droplet. Only outer sh#lbris et al, 2004 of bacteria considered as ice
nucleating substrate.

h Hemolymph containing unknown IN was withdrawn from the leg of beetle Eleodes blanchardi.
Hemolymph accounted for 5 % (v/v) of aqueous organic solution.

i Hemolymph containing unknown IN was withdrawn from bedple acuminatus

I Hemolymph containing unknown IN was withdrawn from willow gall lanRleabdophaga strobiloides
k Hemolymph containing unknown IN was withdrawn from lanBracon cephi

atmospheric timescales and IN surface areas. Correspondy, (= RH) dependency afyet Similar to theay-based homo-
ing Jie(T,ay = RH), assuming equilibrium, are then used geneous ice nucleation descriptidfopp et al, 200Q Koop
to derive Pice(T, RH) = Jjo (T, aw = RH) - A. Furthermore,  and Zobrist2009. This is based on the fact that experimen-
Jhei T, aw = RH), as outlined above, allows for calculation tally derived Jhet is relatively constant along they-based
of the frozen fractions along an air parcel trajectory whenfreezing curve. The relationship ofet anday allows for
knowing initial number of unfrozen dropletd;, and RH. calculation of ambieny (T, RH) and Nice(T, RH) for given
Ice particle numberspNice(T,RH), can be calculated for ice nucleation time, independent of the nature of the solute,
given ice activation time periods according@e(7, RH) = by knowledge of environmental RH and IN surface areas.
JheT,aw =RH) - A-¢t. Application of J5 (T, aw) is only However, the presented analysis lacks the dependengg;of
valid in the experimentally probed temperature range; how-on IN surface areas and thus @uwnet In other words,
ever,A ands can constitute any value. A similar process to the slope of/het as a function ofAawnet Was not inferred
calculateP,ce and Njce can be applied ta-PDF, active sites, in this study. As described in detail Knopf and Forrester
and deterministic descriptions using Ed)( (12), and (L6), (2011, T; and Jhet have to be measured as a function of
if atmospheric conditions are similar to the experimental con-IN surface areas, and correspondifngy het have to be de-
ditions with regard to time and IN surface area. termined. This is discussed in a separate publicatioropf
Immersion freezing by LEO and PP can also be imple-and Alpert 2013 and is beyond the scope of this study. De-
mented within a cloud-resolving model, making use of the spite this shortcoming, we can apply our results to estimate
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ice particle production rates from HULIS compounds. Fol- tations of measured frozen fractions of droplets. This implies
lowing a recent study b¥onovalov et al.(2012, who es-  that the underlying ice nucleation mechanism, i.e., classical
timated particle-surface-bound HULIS compounds to assessucleation theory versus a time-independent process, cannot
light-induced ozone loss, we use, for this example, their esbe discriminated from fitting experimentally derived frozen
timate that 14 % of the total particle population surface areafractions. This is in contrast to previous studies focusing on
consists of HULIS and assume an average aerosol surfadenmersion freezing from pure-water droplets that can dis-
area of 5000 pfcm—3. The corresponding HULIS surface criminate one optimal fit-based freezing descriptibiignd
area is about % 10-8 cm? and compares well with our em- et al, 201Q Welti et al, 2012). When using a single parame-
ployed IN surface areas. Usirﬁgtp(ﬂ) = (9.6+2.5) x 10* terization of a probability density distribution of contact an-
and (5.4 1.4) x 10 cm=2s~L, this yields Pce(T,RH) of  gles or active sites distribution to fit all individual, immer-
0.67 and 0.38 ice particles per &rair per second for LEO  sion freezing data simultaneously, frozen fraction curves are
and PP acting as IN, respectively, fbrand RH given by the  not reproduced. This implies that these formulations cannot
corresponding freezing curves. Similarly, following E¢s-(  be applied to immersion freezing of agqueous solutions, and
8) the frozen fraction can be derived when total droplet num-suggests that derived fit parameters do not represent inde-
bers, cloud activation times, and IN surface areas are knowrpendent particle properties. Furthermore, one must be care-
ful when choosing to apply these approaches to other at-
mospherically relevant conditions than that of the measure-
5 Conclusions ments. However, the very good prediction of freezing tem-
perature and kinetics by the water-activity-based nucleation
Immersion freezing of water and aqueouliHg);SOy description similar to the case of homogenous ice nucleation
droplets containing leonardite and Pahokee peat particlestrongly supports that the underlying ice nucleation mecha-
acting as IN has been investigated for temperatures as lowmism is governed by a time- and surface-area-dependent nu-
as 215K and solution water activity from 0.85 to 1.0. cleation process. Derived heterogeneous ice nucleation rate
Leonardite and Pahokee peat particles can act as efficiertoefficients can be directly applied to atmospheric condi-
IN in the immersion mode by increasing the freezing tem-tions since differences in cloud activation and experimental
perature by about 5-15 K compared to homogeneous ice nuimescales and IN surface areas are implicitly accounted for
cleation. Freezing temperatures follow a water-activity-basedy the ice nucleation rate coefficient instead of the frozen
nucleation description. This allows for predictions of freez- fraction.
ing temperatures using RH without knowledge of the so-
lute. The immersion freezing curve for water and aqueous _ i o
(NH4)2S0y droplets containing leonardite and Pahokee peatUPPlementary material related to this article is
particles can be parameterized as a function of water activip?Vailable online at: hitp:/iwww.atmos-chem-phys.net/13/
(which equals RH under equilibrium conditions) and temper- 6603/2013/acp-13-6603-2013-supplement. pdf
ature by a shift in water activity of 0.2703 and 0.2466 of the
ice melting curve, respectively. Similar to the water-activity-
based homogeneous ice nucleation descriptiwop et al,
2000, heterogeneous ice nucleation rate coefficients, correAcknowledgementsy. J. Rigg acknowledges support from NSF
sponding to the freezing curves representing median freezDivision of Human Resource Development State University of
ing temperatures, are constant and yi€dd - 2.5) x 100 New York Louis Stokes AIIiancg for Minority Participation Bridge
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curves and corresponding heterogeneous ice nucleation ¢
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