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Abstract

Immersion freezing of water and aqueous (NH,),SO, droplets containing Leonardite
(LEO) and Pahokee peat (PP) serving as surrogates for Humic Like Substances
(HULIS) has been investigated. Organic aerosol containing HULIS are ubiquitous in
the atmosphere, however, their potential for ice cloud formation is uncertain. Immersion
freezing has been studied for temperatures as low as 215 K and solution water activity,
a,,, from 0.85-1.0. The freezing temperatures of water and aqueous solution droplets
containing LEO and PP are 5-15K warmer than homogeneous ice nucleation tem-
peratures. Heterogeneous freezing temperatures can be represented by a horizontal
shift of the ice melting curve as a function of solution a,,, Aa,,, by 0.2703 and 0.2466,
respectively. Corresponding heterogeneous ice nucleation rate coefficients, J,, are
(9.6:|:2.5)><1O4 and (5.4 1 .4)x104 cm~2 s~ for LEO and PP containing droplets, re-
spectively, and remain constant along freezing curves characterized by Aa,,. Conse-
quently predictions of freezing temperatures and kinetics can be made without knowl-
edge of the solute type when relative humidity and IN surface areas are known. The
acquired ice nucleation data are applied to evaluate different approaches to fit and
reproduce experimentally derived frozen fractions. In addition, we apply a basic formu-
lation of classical nucleation theory (a(7)-model) to calculate contact angles and frozen
fractions. Contact angles calculated for each ice nucleus as a function of temperature,
a(T)-model, reproduce exactly experimentally derived frozen fractions without involving
free fit parameters. However, assigning the IN a single contact angle for entire popu-
lation (single-a model) is not suited to represent the frozen fractions. Application of
a-PDF, active sites, and deterministic model approaches to measured frozen fractions
yield similar good representations. Thus, from fitting frozen fractions only, the underly-
ing ice nucleation mechanism and nature of the ice nucleating sites cannot be inferred.
In contrast to using fitted functions obtained to represent experimental conditions only,
we suggest to use experimentally derived J;,.; as a function of temperature and a,, that
can be applied to conditions outside of those probed in laboratory. This is because
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Jhet(T) is independent of time and IN surface areas in contrast to the fit parameters
obtained by representation of experimentally derived frozen fractions.

1 Introduction

Atmospheric aerosol particles serving as ice nuclei (IN) can affect the global radiation
budget through altering the radiative properties of existing clouds and formation of ice
clouds (Baker, 1997; Forster et al., 2007; Baker and Peter, 2008). Ice particles interact
with incoming solar and outgoing terrestrial radiation through absorption and scattering
processes (Chen et al., 2000). Cirrus clouds can account for up to 30 % of total cloud
coverage (Wylie et al., 2005) and their impact on the radiative forcing is estimated to
have a predominantly warming effect (Chen et al., 2000). Prediction of the atmospheric
ice production is challenging since ice particles can form by homogeneous or hetero-
geneous nucleation (Pruppacher and Klett, 1997). Homogenous ice nucleation refers
to ice formation from a supercooled water or aqueous solution droplet as opposed
to heterogeneous ice nucleation in which ice formation is initiated from a pre-existing
substrate acting as an ice nucleus (Pruppacher and Klett, 1997).

Heterogeneous ice nucleation occurs at warmer temperatures and lower supersat-
uration with respect to ice than homogeneous ice nucleation (Pruppacher and Kiett,
1997). Heterogeneous ice nucleation pathways, also referred to as modes are: de-
position nucleation (the ice nucleus nucleates ice from supersaturated water vapour),
immersion freezing (the ice nucleus immersed in a supercooled aqueous droplet nu-
cleates ice), condensation freezing (ice nucleates after water vapour condenses onto
the ice nucleus at supercooled temperatures), and contact freezing (ice formation is in-
duced by collision of supercooled droplets with an ice nucleus) (Pruppacher and Klett,
1997). Ice crystal concentrations in cirrus clouds impacted by heterogeneous ice nu-
cleation are ill defined and remain largely uncertain (Cantrell and Heymsfield, 2005;
Forster et al., 2007). Field campaigns in addition to cloud models indicate that im-
mersion freezing can occur under cirrus conditions (Heymsfield et al., 1998; DeMott
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et al., 1998; Seifert et al., 2003) and that immersion and condensation freezing can
be important ice nucleation pathways within mixed-phase clouds in which supercooled
water droplets and ice particles coexist (Rogers et al., 2001; DeMott et al., 2003; Ver-
linde et al., 2007; Prenni et al., 2009). Cirrus ice crystal residue analysis and cloud
system resolving model studies also indicate that cirrus clouds can either form or are
influenced by heterogeneous ice nucleation (Chen et al., 1998; Lohmann et al., 2001;
DeMott et al., 2003; Karcher and Lohmann, 2003; Cziczo et al., 2004; Lohmann et al.,
2004; Prenni et al., 2009).

Field measurements have confirmed the presence of organic particulate matter at
altitudes in which temperatures favour ice formation (Murphy et al., 1998, 2007; Jost
et al., 2004; Froyd et al., 2010). Biomass burning plumes are a large source of both
inorganic and organic particles which can reach the upper troposphere/lower strato-
sphere (Fromm et al., 2010; Hudson et al., 2004; Murphy et al., 2007). Anthropogenic
emitted organic-containing particles have been shown to possess the potential to act
as efficient IN at mixed-phase and cirrus cloud formation conditions (Knopf et al., 2010;
Wang and Knopf, 2011; Wang et al., 2012a,b; Baustian et al., 2012). Humic-like sub-
stances (HULIS) represent multiple organic compounds frequently encountered in at-
mospheric aerosol that can consist of both water soluble and insoluble species (Graber
and Rudich, 2006). Biomass burning is among the sources for atmospheric HULIS
(Mukai and Ambe, 1986; Mayol-Bracero et al., 2002; Lukacs et al., 2007; Pio et al.,
2008; Lin et al., 2010; Konovalov et al., 2012). Previous studies have indicated that par-
ticulate HULIS likely can be associated with ammonium sulphate ((NH,),SO,) (Chan
and Chan, 2003; linuma et al., 2007; Schmidl et al., 2008) and that HULIS surrogates
such as Suwannee River standard fulvic acid and leonardite (LEO) can act as efficient
deposition IN (Kanji et al., 2008; Wang and Knopf, 2011). Pahokee peat (PP) serving
also as a HULIS surrogate has been investigated as potential IN in contact with the sur-
face of a water drop and as immersion IN (Fornea et al., 2009). However, immersion
freezing temperatures and corresponding ice nucleation kinetics of HULIS surrogates
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have neither been investigated as a function of solution water activity, a,,, nor applying
micrometer-sized aqueous solution droplets.

Here we address the question of how the presence of insoluble and partially soluble
organic material affects ice nucleation from aqueous inorganic solution droplets with
different a,,. At atmospheric temperatures colder than heterogeneous ice nucleation,
ice formation can commence from concentrated aqueous solutions via homogeneous
ice nucleation and can be described by the thermodynamic parameter a,, alone, inde-
pendent of the type of solute (Koop et al., 2000; Knopf and Lopez, 2009; Knopf and
Rigg, 2011). Previous studies suggest that the a,, based description of homogeneous
ice nucleation can also be applied to predict immersion freezing temperatures (Zobrist
et al., 2008; Koop and Zobrist, 2009; Alpert et al., 2011a,b; Knopf et al., 2011). Only
one study so far has derived freezing temperatures and heterogeneous ice nucleation
rate coefficients applying the a,, based description (Knopf and Forrester, 2011), thus
linking thermodynamic data with kinetic information similar to the a,, based description
of homogeneous ice nucleation (Koop et al., 2000). In this study we investigate im-
mersion freezing with respect to temperature and nucleation kinetics from micrometer-
sized water and aqueous (NH,),SO, droplets containing PP and LEO particles acting
as IN for a,, of 0.85-1.0 and temperatures from 273-215K.

Previous literature has offered multiple ways of parameterizing and reproducing ex-
perimental immersion freezing data (Vali, 1971; Pruppacher and Klett, 1997; Zobrist
et al., 2007; Marcolli et al., 2007; Lidnd et al., 2010; Alpert et al., 2011b). The reason
for this stems from a lack of consensus as to whether ice nucleation is time-dependent
for example, or if individual particles in an IN population possess the same ice nucle-
ation efficiency. These parameterizations mainly rely on a statistical representation, i.e.
using a fit, of the experimentally derived frozen fractions of droplets. Our freezing data
are analyzed following the various approaches for the purpose of intercomparison and
establishing their usefullness in assessing the underlying processes that govern ice
nucleation. We first introduce a formulation for heterogeneous ice nucleation founded
in classical nucleation theory, but that is independent of the frozen fraction. We assign
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each ice nucleus active at one specific ice nucleating temperature one contact angle, a
(a(T)-model) (Pruppacher and Klett, 1997; Zobrist et al., 2007; Wang and Knopf, 2011;
Alpert et al., 2011a,b; Knopf and Forrester, 2011). Second, a single contact angle, a
over similar IN (single-a model, Marcolli et al., 2007; Luond et al., 2010) is applied.
Third, a distribution of a@ over similar IN (a-PDF model, Marcolli et al., 2007; Li6nd
et al., 2010) is assumed. Fourth, it is assumed that ice nucleation is initiated by active
sites of different qualities (active sites model, Marcolli et al., 2007). Lastly, it is assumed
that ice nucleation is only dependent on temperature (deterministic model, Vali, 1971).
For the first time, these different heterogeneous ice nucleation descriptions are applied
for immersion freezing data spanning a wide range of solution a,,.

2 Experimental
2.1 Droplet sample preparation

Aqueous (NH,4),SO, solutions containing PP and LEO were prepared for generation
of micrometer-sized droplets. These aqueous suspension compositions are given in
Table 1. PP and LEO were first crushed using a mortar and pestle. Subsequently, the
finely crushed and weighted material was immersed in a known amount of water, son-
icated for 30 min, and manually agitated roughly every 10 min. Humic acid solubility
is dependent on humic acid type and solution pH (Graber and Rudich, 2006). PP ex-
hibited a brownish hue within minutes of being sonicated indicating potential partial
dissolution in water and aqueous (NH,),SO, solutions. LEO particles accumulated on
top of the solutions when not agitated. The well mixed suspensions were then filtered
through a 5 um filter. A significant amount of LEO particles, when placed in water, ag-
gregated to form a large mass, which remained behind after filtering. From weighing the
organic particle residues on the filter, we determined that about 75 % of PP and LEO
mass was filtered out. Lastly, a known quantity of (NH,),SO, was added to the suspen-
sion resulting in an aqueous solutions with known PP or LEO and (NH,),SO, content.
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Prior to application for droplet generation, the aqueous suspensions were sonicated for
an additional hour.

A piezo-electric single droplet dispenser was employed to create single droplets con-
taining LEO and PP on demand (Alpert et al., 2011a,b; Knopf and Rigg, 2011). For
each sample 30-60 droplets were placed on a hydrophobic coated glass plate (Knopf
and Lopez, 2009; Knopf and Rigg, 2011). The sample was introduced into an aerosol
conditioning cell (ACC) that allows droplet exposure to controlled relative humidity (RH)
as outlined in detail in our previous studies (Knopf and Lopez, 2009; Knopf and Rigg,
2011; Alpert et al., 2011a,b). In short, this is achieved by flowing humidified N, gas with
known dew point temperature, 74, as determined by a chilled mirror hygrometer, above

the droplets. The uncertainty of 7 is < £0.15K. From T4 and the droplet tempera-
_ Pryo(Ta)

ture, Tgrop, RH = B, oTaes)
Tarop i £0.1K. The ACC is calibrated by determination of the ice melting point and deli-
quescence relative humidities of various inorganic salts (Knopf and Koop, 2006; Knopf,
2006; Knopf and Lopez, 2009; Knopf and Rigg, 2011). The resulting uncertainty in a,, is
+0.01. At equilibrium, ambient RH equals solution a,, (Koop et al., 2000) which results
in droplets with diameters ranging from 20—80 um of identical composition (Knopf and
Lopez, 2009; Knopf and Rigg, 2011). After conditioning, the droplet sample is sealed
against the environment by using a second hydrophobic coated glass slide serving as
a cover and a tin foil spacer coated with high vacuum grease. All sample preparation
steps were done in a clean bench thereby reducing the possibility of contamination
from airborne particles (Knopf and Lopez, 2009; Knopf and Rigg, 2011).

Optical microscopy applying objectives with up to 100X magnification coupled to
a CCD camera and digital imaging analysis software confirmed the presence of PP
and LEO particles within the micrometer-sized water and aqueous (NH,),SO, solution
droplets. For estimation of PP and LEO surface areas within a single droplet, water
droplets containing LEO and PP were generated. Promptly after droplet generation
the water evaporated leaving behind PP and LEO associated with a single droplet.

can be derived (Murphy and Koop, 2005). The uncertainty in

4923

Jaded uoissnosig

Jaded uoissnosig

L

Jaded uoissnosiq | Jaded uoissnosiqg

il

ACPD
13, 49174961, 2013

Immersion freezing
by HULIS as
a function of water
activity

Y. J. Rigg et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

O


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/4917/2013/acpd-13-4917-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/4917/2013/acpd-13-4917-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

Scanning electron microscopy (SEM) imaging analysis further corroborated the pres-
ence of organic particles within the generated droplets and allowed for estimation of PP
and LEO surface areas. Surface area estimates derived from 10 droplets are given in
Table 2. In addition, surface areas of PP and LEO were determined using the Brunauer,
Emmett, Teller (BET) gas adsorption technique (Brunauer et al., 1938). Both PP and
LEO preparation for the BET analysis involved crushing the organic material using
a mortar and pestle. The resulting BET determined surface areas are given in Table 2
indicating that PP exhibits almost double the surface area per weight compared to LEO
similar to the findings of a previous study (Hanzlik et al., 2004). For LEO, SEM and BET
estimated surface areas are very similar. However, for PP, the SEM based surface area
estimates are about a factor of 8 larger than the ones derived from BET analysis. The
reason for this difference may be due to the partial solubility of PP. For the remainder
of this work we apply the BET obtained surface areas for ice nucleation analysis.

2.2 Ice nucleation apparatus

The experimental setup is based on our previous studies (Knopf, 2006; Knopf and
Lopez, 2009; Knopf and Rigg, 2011; Knopf and Forrester, 2011; Alpert et al., 2011a,b)
and only described briefly here. The ice nucleation apparatus consists of a cryo-cooling
stage, coupled to an optical microscope equipped with digital imaging analysis, which
allows controlled cooling and heating of the droplets. Ice nucleation was investigated
applying a cooling rate of 10 Kmin™" until all droplets froze. Subsequently, correspond-
ing ice melting points were determined using a heating rate of 0.5 Kmin~'. The tem-
perature is calibrated by measuring known melting points of ice and various organic
species (Knopf, 2006; Knopf and Lopez, 2009; Knopf and Rigg, 2011). The tempera-
ture uncertainty is £0.1 K. Every 0.2 K during the freezing and melting cycles an image
is recorded that contains experimental time and temperature. For each investigated a,,
at least two independently prepared droplet samples were applied. Each droplet sam-
ple was used twice for observation of freezing and melting events. This results in a total
of at least 1600 individually analyzed freezing and melting events. Once the experiment
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is completed, the freezing and melting temperatures of each droplet in a single experi-
ment are determined.

2.3 Chemicals

N, (99.999 %) was purchased from Praxair. (NH4)>,SO, (99.95 %) was purchased from
Alfa Aesar. Humic Acid Reference Pahokee Peat (R103H-2) and Humic Acid Stan-
dard Leonardite (1S104H-5) were purchased from the International Humic Substances
Society (IHSS). Millipore water (resistivity > 18.2 MQcm) was used for preparation of
aqueous solutions.

3 Results and discussion
3.1 Experimentally derived freezing temperatures

Median freezing temperatures with 10th and 90th percentiles of water and aqueous
(NH,4),SO, droplets containing LEO, ﬁLEO, and PP, f}PP, particles are shown in Fig. 1a
and 1b, respectively, as a function of 7 and a,, defined at droplet preparation condi-
tions between 291-294 K. Since direct measurements of a,, for supercooled aqueous
(NH,4),SO, droplets do not exist, we assume that a, does not change significantly
with decreasing T (Knopf and Lopez, 2009). Within the experimental uncertainty, mean
melting temperatures of water and aqueous (NH,),SO, droplets containing LEO and
PP are in good agreement with the ice melting curve. f}"EO and f}PP and corresponding
melting points as a function of (NH,),SO, wt% content are given in Fig. S1.

Figure 1 shows the predicted homogeneous freezing curves which are adjusted for
the average droplet diameter of our samples representing J,;, = 2.18 x 10°cm™3s™"
(Koop and Zobrist, 2009). ffLEO and ffPP are about 5 to 15 K warmer than homogeneous
freezing temperatures for high to low a,, indicating the ice nucleation efficiency of LEO
and PP. At determined freezing temperatures and a,, < 1, these HULIS surrogates are
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most likely in a solid (glassy) state as inferred by a previous study employing fulvic acid
particles as IN (Wang et al., 2012a). Furthermore, the measured freezing points follow
a similar a,, dependency as the homogeneous freezing curve. Hence, we represent
TLEC and f'fPP by a shifted ice melting curve as suggested by previous studies (Zuberi
et al., 2002; Archuleta et al., 2005; Cantrell and Robinson, 2006; Zobrist et al., 2008;
Koop and Zobrist, 2009; Knopf et al., 2011; Knopf and Forrester, 2011; Alpert et al.,
2011a,b). These heterogeneous ice nucleation curves are constructed by fitting 7; to

ap'(Ty) = &g (T) + Ay pet, (1)
where a{,‘je(T) represents the thermodynamically given ice melting curve (Koop and Zo-
brist, 2009) and Aa,, ¢ is the only free parameter. The best fit yields for LEO containing

particles Aa\',‘fh% = 0.2703 as indicated by the solid line in Fig. 1a. PP nucleates ice at

higher temperatures compared to LEO resulting in a lower Aasvf’het = 0.2466 which is
shown as the solid line in Fig. 1b. Within experimental uncertainties both data sets
are well represented by the modified a,, based ice nucleation approach which is thus
sufficient to describe and predict immersion freezing temperatures of LEO and PP par-
ticles in water and aqueous (NH,),SO, droplets. Koop and Zobrist (2009) found that
Aa,, et does not depend on solute type. Similarly, we suggest that only a,,, and thus
RH, can be applied as a valid description of immersion freezing induced by LEO and
PP independent of the the nature of the solute.

3.2 Kinetic analysis of freezing data

The freezing data is analyzed applying 5 different descriptions of the parameters gov-

erning ice nucleation. First it is assumed that each ice nucleation event occurring at

a specific temperature can be described by a corresponding contact angle, a, between

the ice nucleus and the ice embryo, that we term a(7)-model (Zobrist et al., 2007; Knopf

and Forrester, 2011; Wang and Knopf, 2011; Alpert et al., 2011a,b). This implies that

a varies with temperature and does not represent a fixed parameter for similar IN.
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Second, a single contact angle is attributed among similar IN, termed single-a model
(Marcolli et al., 2007; Ludnd et al., 2010). Third, a probability density function (PDF)
to distribute @ among similar IN is applied, termed a-PDF model (Marcolli et al., 2007;
Laond et al., 2010). Fourth, randomly sampled ice nucleating sites with the same sur-
face area but different a are distributed on each of the IN surfaces, termed active sites
model (Marcolli et al., 2007; Liond et al., 2010). Lastly, it is assumed that ice nucle-
ation does not significantly depend on time and thus ice nucleation can be described
as a function of temperature and IN surface areas only, termed the deterministic model
(Vali, 1971; Alpert et al., 2011a,b). These ice nucleation descriptions have been de-
rived and discussed in detail in previous literature (Zobrist et al., 2007; Alpert et al.,
2011a,b; Marcolli et al., 2007; Luo6nd et al., 2010). The correctness of the underly-
ing mathematical analysis applied here using single-a, a-PDF, active sites, and deter-
ministic model described below has been validated by reproduction of the results by
Liond et al. (2010). It should be noted that a constant cooling rate is applied in our
experiments and that the frozen and unfrozen number of droplets and corresponding
nucleation time and temperature are known for each investigated temperature interval
throughout the entire experiment.

3.2.1 Derivation of heterogeneous ice nucleation rate coefficients

Each individually observed freezing event occurring at temperature T is analyzed to
yield a heterogeneous ice nucleation rate coefficient, J°-7(T), and a(T). Jye are cal-
culated for all experimentally acquired data according to the equation (Zobrist et al.,
2007; Knopf and Forrester, 2011; Alpert et al., 2011a,b):
exp i n:wuc
het (T > T (@)
tot

where nfwc is the number of freezing events, t{ot-Ai is the product of the total observation
time, and T’ is the mean ice nucleation temperature in the /-th temperature interval. The
4927
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product t{ot-A’ is the sum of the contribution from the droplets that remain liquid and
those that freeze according to

i

n

. AT . UL T ) .

fo = T A+ 2 7 (T Towe )4 @
/=

where r is the experimental cooling rate, A’r'm is the total surface area remaining until the

end of the temperature interval, TS’t is the start of the temperature interval, and Tr’]'uc, i and

A} are the freezing temperature and corresponding ice nucleus surface area, respec-

tively, of the jth droplet nucleating ice within the /-th interval. Derivations of Jﬁ:f(T’)
employ AT = 0.2K. It should be noted that no further assumptions or information such
as the diffusion coefficient of water in supercooled aqueous solutions, interfacial sur-
face tensions between ice nucleus and surrounding medium, distribution of contact
angles or active sites are employed to derive J_.'(T), but only the number of freezing
events are counted and related to the available IN surface areas and time the droplets
stay liquid. Hence, this analysis of the underlying nucleation kinetics is solely based on
experimental data omitting any prescribed or fitted parameters.

Figures 2a and 3a show experimentally derived J;"" as a function of 7 and a,, for

LEO and PP containing droplets, respectively. For each droplet a,,, Jo.\ increases
exponentially with decreasing 7. For a given a,,, a temperature decrease of < 10K

results in an increase of J* by over 2 orders of magnitude. A summary of J_." values
for each a,, derived at 7; is given in Tables 3 and 4 for LEO and PP, respectively and
indicate that Jﬁ:f (7}) are almost constant, changing by only about a factor of 2 along
the corresponding freezing curve (Fig. 1) constructed by shifting the ice melting curve
by respective Aa,, ot- Thus, both of the experimentally determined freezing curves can
be assigned a constant Js;p value similar to the findings of the a,, based homogeneous

ice nucleation description (Koop et al., 2000; Koop and Zobrist, 2009). Determined at
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T, Jor are (9.6+2.5)x 10" and (5.4+1.4)x 10* cm™2s™" for the freezing curves of LEO

and PP containing droplets, respectively.
3.22 a(T)-Model

Experimentally derived values of Jﬁ:f are used to calculate @ which represents the
contact angle between the ice nucleus and the ice embryo in an aqueous medium
(Zobrist et al., 2007). a is derived from the compatibility factor, f,,o;, which describes the
reduction in Gibbs free energy of formation compared to homogeneous ice nucleation,
AG,4(T), due to the presence of an ice nucleus according to (Pruppacher and Klett,
1997)

frot = %(2 +cosa)(1 —cosa)®. (4)

An f, value of 1, corresponding to a = 180°, indicates no reduction in Gibbs free en-
ergy equivalent to homogeneous ice nucleation, i.e. the ice nucleus does not enhance
the ice nucleating abilities of the bulk phase and a value of 0° implies perfect compati-
bility between the ice nucleus and the ice embryo yielding vanishing Gibbs free energy
(Pruppacher and Klett, 1997; Zobrist et al., 2007). The derivation of f,,; follows previ-
ous studies (Zobrist et al., 2007; Knopf and Forrester, 2011; Alpert et al., 2011a,b) and
is only briefly introduced here. f,, is calculated from experimentally derived J,¢; by

kT B A”:diff(T):I nexp [_ AGact(T)fhet(a'):I

Jhet(T’a) = TeXp [ T WT (5)

where k and h are the Boltzmann and Planck constants, respectively, n is the number
density of water molecules at the ice nucleus-water interface, and AFy(T) is the dif-
fusion activation energy of a water molecule to cross the water-ice embryo interface
(Pruppacher and Klett, 1997). AFy«(T) and AG,4(T) are dictated by the properties of

the aqueous (NH,),SO, solution such as water diffusivity, D,ﬂtg“bso“, and the solid-

liquid interfacial tension of the ice embryo, ag\'H“)ZSO“

4929

, respectively (Zobrist et al., 2007;
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Knopf and Forrester, 2011; Alpert et al., 2011a,b). In the case of LEO and PP contain-
ing water droplets D::zg (Smith and Kay, 1999) and 0220 are applied following Zobrist
et al. (2007).

Tanaka (1975) experimentally determined DL2|84)2304 for aqueous (NH,),SO, solu-
tions 0.75—-6.46 wt% in concentration at 298 K and at temperatures 278—-308 K for an
aqueous (NH,4),SO, solution 0.75 wt% in concentration. The change in diffusion coeffi-
cients with T of pure water, D:Isg (Smith and Kay, 1999) and Dg\ig“)zso“ determined by
Tanaka (1975) are very similar. We assume a similar temperature dependence is also
true for aqueous (NH,),SO, solutions of higher concentrations typical of our investi-

gated aqueous (NH,),SO, droplets. Hence, we use D:zg(T) to describe DL'\:';“)ZSO“(T).

: . . - - : H,0
As previously discussed, potential uncertainties arising using DH2O are expected to be
2
(NH4)2 SO,
dIn(DH204 2 4(T))
(NH, 250
4)2 4
D0

negligible as AFy is proportional to (Knopf and Forrester, 2011; Alpert

et al., 2011b). Thus, uncertainties in are expected to have a small effect on

Jhet (@nd thus on a) since the derivativezwith respect to temperature is not expected to
change significantly.
The derivation of AG,4(T) for aqueous (NH,),SO, is dependent upon g NHe)280s

sl ’
which has yet to be examined for the supercooled temperature region. For this rea-

son, og\'H“)ZSO“(T) is derived for each a, from the a, based homogeneous ice nu-

cleation description as previously discussed in detail (Alpert et al., 2011b). In short,

og\'H“)ZSO“ (T) is calculated from Eq. (5) setting f,,; = 1 and and replacing n for n, which
describes the volume number density of water molecules in liquid water and corre-
sponding Jpom(Aay, net) from the a,, based homogeneous ice nucleation description
(Koop et al., 2000; Koop and Zobrist, 2009).

Figures 2b and 3b show « as a function of T and a,, for LEO and PP containing water
and aqueous (NH,),SO, droplets, respectively. As temperature decreases by about

10K, a increases by approximately 20°. Furthermore, for same freezing temperatures,
4930
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a varies for different a,, indicating the effect of the solute on the water hydrogen bonding
network (Knopf and Rigg, 2011; Alpert et al., 2011b) and thus on the ice nucleation
process. Evaluated at 7, a is given in Tables 3 and 4 for LEO and PP, respectively. We
also represent a(T) as a third order polynomial fit, valid over the experimentally applied
temperature range shown in Figs. 2b and 3b. Corresponding fit parameters are listed
in Tables 3 and 4.

These results are very similar to previous findings (Zobrist et al., 2007; Knopf and
Forrester, 2011; Alpert et al., 2011a,b) corroborating the use of a(T) for describing
immersion freezing. Jy,; can be derived for a specific freezing temperature using lab-
oratory determined a(7) and Eq. (5) yielding the heterogeneous ice nucleation rate
coefficient as a continuous function of T, Jﬁet(T). Jﬁet(T) can then be applied to given
IN surface areas and nucleation (cloud activation) times that can lie outside of the IN
surface areas and nucleation time range probed in the laboratory. This is corroborated
by the comparable results in J_. (T), Je,(T), and a(T) between Zobrist et al. (2007)
who used smaller IN surface areas, faster cooling rates, and observed lower freezing
temperatures compared to the study by Knopf and Forrester (2011) who used larger
surface areas, slower cooling rates, and observed higher freezing temperatures. These
results allude to homogeneous ice nucleation, where the freezing rate scales with the
volume and nucleation time (Pruppacher and Klett, 1997; Koop, 2004).

For each temperature interval, /, the frozen fraction can be derived. The experi-
mentally derived cumulative frozen fraction for the entire freezing temperature range is
given by

F(T') = £ (6)

where Nf’ is the number of frozen droplets in the /-th temperature interval at 7" with
width AT and N, is the total number of droplets; both parameters are readily available
from the experimental data. The experimentally derived cumulative frozen fractions are
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15

shown in Figs. 4 and 5. At the median, i.e. f = 0.5, 50 % of all investigated droplets are
frozen.

We can now reproduce the cumulative 7(T) using J. derived from Eq. (2), i.e. di-
rectly from experimental data, or by using a(7), i.e. Jﬁet. We can express the change in

the number of unfrozen droplets per temperature interval / as

Ni
Y U (T)ANY (7)
dt het uf’

where Nt’;f represents the number of unfrozen droplets remaining after cooling beyond
the temperature interval / and A is the mean ice nucleus surface area. With dt = <~
and integration from Ny to N, yields

N/ i
uf e
m = exp rT / Ihet(M)AT | . (8)
melt

The number of frozen droplets of temperature interval / is given as Nfi = Njot ‘ch-
Applying this to previous equation results in

_ T

Nf’ _ _ A
oMy =1-exp|-2 | JT)aT| . 9)
Niot r

7-melt

It is with no surprise that application of experimentally derived Jﬁ:f (T') reproduce exper-
imentally derived f exactly as shown by the crosses in Figs. 4 and 5 since its derivation
is based on the very same data set. (Very minor differences are due to the application

of A and mean temperature of the /-th temperature interval.)
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exp

As mentioned above J,_; (f}) are almost constant along the freezing curve and thus

with a,,. However, this fact is not only true at f} where f = 0.5, but for every frozen
fraction value. Upon closer inspection of Figs. 2a and 3a note that Jrf;(f span a simi-
lar range of values for the different investigated a,,. Frozen fraction values at each a,,
superimposed on J5P match exactly, and in turn the lowest and highest J_.7 values
correspond to frozen fractions between 0 and 1. In other words, this indicates that any
Aa,, et Which falls within the range of our experimental data can be assigned a single

Jﬁ:tp value, further corroborating the a,, based approach to describe freezing tempera-
tures and time dependent kinetics.

We can now use Jﬁ’et(T), to reproduce f. These results are also given in Figs. 4 and
5 and show overall very good agreement with the experimental data as indicated by
the root mean square error (RMSE) being smaller than 0.1 for most cases.

Experimentally derived f do not depend on J,; and on assumptions of the water
diffusion coefficient and ice-liquid surface tension in contrast to application of Jﬁ’et(T)
to derive f. The good agreement between these two f derivations corroborates the
principles of CNT.

Although these results can be expected, this exercise emphasizes three points that
are different to the commonly applied nucleation descriptions (see below) that are fitted
to the frozen fraction. First, no fitting is involved and no free parameters are available for
the calculation of J,,(T) from Eq. (2). Only experimental data, i.e. number of freezing
events, nucleation time, and available IN surface areas are employed (Zobrist et al.,
2007). Second, Jy(T) is independent of the frozen fraction and is only a function
of T. Thus, f given in Figs. 4 and 5 is not described by a single J,; value. Each
investigated temperature interval possesses one J,.; value (Zobrist et al., 2007; Knopf
and Forrester, 2011; Alpert et al., 2011a,b). Once J, for a particular temperature
is derived, the number of frozen droplets is calculated by knowledge of available IN
surface areas and nucleation time. Third, a(T) can be applied to determine J, for
given freezing temperature (within laboratory probed temperature range) and then used
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to calculate the number of frozen droplets for conditions (i.e. A and t) different than the
ones applied in the laboratory.

3.2.3 a-PDF model

The ice nucleation data is analyzed applying the a-PDF model following the studies
by Marcolli et al. (2007) and Li6nd et al. (2010). A probability density function (PDF)
is applied to distribute @ among the IN in the immersed droplets for each investigated
a,,- Jhet depends on a which in this case is temperature independent. The application
of a PDF (Marcolli et al., 2007; Li6nd et al., 2010) and Eq. (9) yield the cumulative f
according to

_ 7

f(T)=1—/p(a)exp —é / Ihet(T)dT | da, (10)
0 7-melt

where p(a) represents a log-normal distribution of a for each investigated a,,. We follow
Marcolli et al. (2007) and describe p(a) as

2
p(a)= 1 exp{_[IOQG—_#]}, (11)

aocV2m 202

where a, u, and o are obtained by fitting Eq. (10) to the experimental data. It should
be noted that fitting a log-normal function implicitly assumes the existence of a at the
tail ends of the distribution, i.e. close to @ = 0 and 180°. Typically these values are
not observed for immersion freezing. Therefore, the frozen fraction will be biased by
the tail ends of the «a distribution. Despite these shortcomings, we use a log-normal
distribution as commonly applied in previous studies.

Figures 4 and 5 show the fitted frozen fraction for LEO and PP acting as IN, re-
spectively, when applying the a-PDF model for investigated a,,. As indicated by the
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low RMSE values, the fit represents the experimental data very well. This result should
come as no surprise, since the same data was used to constrain the fit. Figures S2 and
S8 show in detail corresponding PDF p(a) for different a,, for ice nucleation from water
and aqueous (NH,),SO, droplets containing LEO and PP, respectively. Tables 3 and 4
list derived fit parameters used for the calculation of f and PDF p(a) for LEO and PP,
respectively.

3.2.4 Single-a model

This model is based on the same equations as the a-PDF model, however, as outlined
by LGond et al. (LU6nd et al., 2010), in Eq. (10) p(a) is replaced with a delta function,
i.e. p(a) = 6(a = ayp). This procedure assigns all IN the same contact angle, o, instead
of a distribution of contact angles.

Figures 4 and 5 show the resulting frozen fractions of droplets containing LEO and
PP when applying the single-a model for investigated a,,, respectively. The single-a
model does not describe the immersion freezing data well compared to the other de-
scriptions. This is also evident from given RMSE values which are by about an order
of magnitude higher compared to the other cases. Clearly, a single contact angle at-
tributed to the IN for each investigated solution a,, is not sufficient to represent the ice
nucleation data. Tables 3 and 4 list the derived a, used for the calculation of f.

3.2.5 Active sites model

This ice nucleation description assumes that the surface of an ice nucleus manifests
a distribution of varying ice nucleating sites. Ice nucleation occurs only on one of these
active sites where each active site is characterized by one a value and the frequency
of occurrence of different active sites is a function of a (Marcolli et al., 2007; Liond
et al., 2010). The active site surface area is assumed to be similar to the critical ice
embryo, about 6 nm? (Marcolli et al., 2007). Following Marcolli et al. (2007) and Lu6nd
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15

et al. (2010) we define the frozen fraction as

F(T) = — D P (T), (12)

where N, is the total number of droplets and py, ;(T) describes the probability of the
Jth droplet to freeze accounting for all discretised a values depending on the surface
density of active sites in each contact angle interval from a to a + Aa. The probability
of one droplet to freeze is

7—/
A
pia) = 1=[exo | = [ heTaer | (19)
k

7-melt

where k indicates the interval number with an interval size Aa and A, is the total
surface area of all active sites with contact angles from a, to a, + Aa present in the
droplet (LG6Nd et al., 2010). The difference to the original formulation is the integration
of Jnet(T) to account for the changes in T and thus J,4(T), since a constant cooling
experiment is conducted.

A Poisson random number with parameter 1, = p(a,)AaA is sampled to determine
the number of sites having a single a, and individually having a surface area of 6 nm?.
We assume that the surface site density of active sites with different a can be described
for each a,, by (Marcolli et al., 2007)

o(a) = bexp (a_—ﬁ,éz ) : (14)

where b, B4, and (3, are fit parameters obtained by fitting the freezing data to a simu-
lated 1000 droplets applying Eq. (12).
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Figures 4 and 5 show the resulting frozen fractions of droplets containing LEO and
PP when applying the active site model for investigated a,,, respectively. The active site
model represents the experimental data very well as indicated by the low RMSE values.
Figures S2 and S3 show in detail corresponding surface site density of active sites,
o(a), for droplets containing LEO and PP, respectively. Tables 3 and 4 list respective fit
parameters used for the calculation of f and p(a).

3.2.6 Deterministic Model

This description assumes that ice nucleation is governed by a characteristic temper-
ature only and fluctuations affecting the ice embryo growth can be neglected (Vali,
1971). This allows us to define a surface density of active sites, ng, nucleating ice be-
tween a characteristic temperature and T, For each investigated a,, the number of
droplets frozen, N;, per temperature interval dT” can then be expressed as (Luond et al.,
2010)

dN;

57 = Not= N)AK(T'), (15)

where N, is the total number of droplets and K(T') represents the number of ice nu-
cleation events and thus the number of active sites per unit of ice nucleus surface area
when cooling the sample by a unit temperature interval (Li6nd et al., 2010; Alpert et al.,
2011a,b). The frozen fraction of droplets for each a,, is then derived as

7—/
F(T)=1—exp [—Zns(rf)] with g = — / K(T)dT, (16)
7-melt
where n:W is expressed as (Connolly et al., 2009; Lu6nd et al., 2010)

2
n, = a (T —ayp) T<a2’ (17)
=O Tzaz
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where a4 and a, are fit parameters.

Figures 4 and 5 show the frozen fractions of droplets containing LEO and PP par-
ticles acting as IN when applying the deterministic model, respectively. Similar to the
previous models the deterministic site model represents the experimental data very
well as indicated by the small RMSE values. Tables 3 and 4 list corresponding fit pa-
rameters used in the deterministic model.

3.2.7 Discussion on Different Ice Nucleation Descriptions

Five approaches have been applied to analyze immersion freezing of water and aque-
ous (NH,4),SO, droplets containing LEO and PP. Four are based on CNT and one as-
sumes no time dependence. It should be emphasized that only the a(T)-model yields
a and J,¢; values directly from the experimental data, thus, no fitting is involved.

Figures 4 and 5 show clearly that the single-a model, possessing only one free fit
parameter, is the least representative description of the experimentally derived frozen
fractions. a(T), a-PDF, active sites, and deterministic model represent measured frozen
fractions equally well overall; neither description is significantly superior over the other
when representing the frozen fraction and thus the underlying nucleation mechanism
and nature of the ice nucleating sites cannot be inferred. The very similar represen-
tation quality of the fit-based ice nucleation descriptions a-PDF, active sites, and de-
terministic model is due to the application of fitting functions with sufficient free fit pa-
rameters to reproduce the same data set to which they are fitted. In other words, fitting
experimentally observed frozen fractions of droplets by these different fit-based nucle-
ation descriptions neither yields the underlying nucleation mechanism nor the nature
and distribution of the ice nucleating sites. The a(7T)-model differs in that that a physical
theory is tested by experimental data and only a is fitted with respect to T to yield Ji,
to derive continuous cumulative f. Corresponding Jr?:f and Jﬁet can be applied only
in the investigated temperature range, but we emphasize that investigated nucleation
time and IN surface areas can lie outside of our laboratory scales.
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Figures 2 to 5 and Tables 3 and 4 indicate that for each IN and a,, the underlying
investigated fitting parameters for application of each nucleation description differ sig-
nificantly. The reason for this is most likely due to the solute effect on ice nucleation
and potential interaction of the solute with the IN surfaces impacting the hydrogen
bonding network in various ways (Zobrist et al., 2003; Knopf and Rigg, 2011; Alpert
et al., 2011b). From this it follows that it would be computationally cumbersome and
demanding to represent in a single parametrization all parameters to describe immer-
sion freezing for one IN type for typical atmospheric 7 and RH.

4 Atmospheric implications

The freezing data shown in Fig. 1 indicates that HULIS compounds possess the poten-
tial to act as immersion IN enhancing the freezing temperatures by 5-15K compared
to homogeneous ice nucleation over a wide range of RH. The heterogeneous freezing
temperatures can be well described by an ice melting curve shifted by Aa,, ey = 0.2703
and 0.2466 for water and aqueous (NH,),SO, droplets containing LEO and PP parti-
cles, respectively. It has been previously shown that immersion freezing temperatures
elevated by only 1.8 to 5K compared to homogeneous ice nucleation due to the pres-
ence of oxalic acid dihydrate crystals, translating into Aa,, ,¢; = 0.285, can have signif-
icant effects on the global radiative forcing due to alteration of the microphysical and
thus radiative properties of cirrus clouds (Zobrist et al., 2006; Karcher and Lohmann,
2003). Since HULIS can be a common compound of ubiquitous organic aerosol, our re-
sults indicate that these particles can also play a significant role in atmospheric glacia-
tion processes and consequently the radiative budget.

This study corroborates previous work showing that immersion freezing tempera-
tures can be well described by an a,, based nucleation description (Zuberi et al., 2002;
Archuleta et al., 2005; Cantrell and Robinson, 2006; Zobrist et al., 2008; Koop and Zo-
brist, 2009; Knopf et al., 2011; Knopf and Rigg, 2011; Alpert et al., 2011a,b). Previously
determined Aa,, for different IN including organic, inorganic, and biological particles
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immersed in various aqueous solutions are given in Table 5. The smaller Aa,,, the
higher the ice nucleation potential. As can be seen from Table 5, LEO and PP show
similar ice nucleation efficiencies compared to other organic, inorganic, and biological
IN. However, it has been shown previously, employing water droplets, that the immer-
sion freezing temperature increases when IN surface areas increase (Zobrist et al.,
2007; Knopf and Forrester, 2011; Murray et al., 2011; Broadley et al., 2012; Pinti et al.,
2012). Therefore, when comparing Aa,,, the applied total IN surface areas should be
taken into account.

As discussed above, the kinetic analysis of the frozen fractions by fit-based nucle-
ation descriptions does not allow to infer the underlying nucleation mechanism. It is
clear from above analyses that if immersion freezing is time dependent (CNT) then
parameterizations fitted to laboratory measured frozen fractions cannot be applied to
atmospheric conditions since experimental time scales can differ by orders of magni-
tude from atmospheric time scales (Westbrook and lllingworth, 2013) and atmospheric
IN surface areas are likely not the same as applied in laboratory experiments (Ervens
and Feingold, 2012). This is because, fitting frozen fractions by a least square mini-
mization procedure always results in the fit being constrained by the laboratory derived
data. The corresponding fit parameters are consequently only valid for the specific data
set, thereby discarding the potential of exploiting the underlying physical processes ex-
pressed as Jye. This is in contrast to the a(T)-model, which initially derives J,. and
then provides a physically explanation in the form of contact angle distribution. At given
freezing temperature, J,¢; in combination with A and ¢ yields the frozen fraction or ice
particle numbers.

Our experimental approach allows for derivation of ice nucleation kinetics for a range
of droplet solution a,, in addition to freezing temperatures. Ice particle production
rates, P..(T,RH), for atmospheric application can be derived by using Jﬁet(T,aW =
RH), assuming equilibrium, according to P (7,RH) = Jﬁ’et(T,aW = RH)-A. Furthermore,
Jﬁet(T,aW = RH), as outlined above, allows calculation of the frozen fractions along an
air parcel trajectory when knowing initial number of unfrozen droplets, 7, and RH. Ice
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particle numbers, N,.(T,RH), can be calculated for given ice activation time periods
according to Niee(T,RH) = J, (T, a,, = RH) - A-t. Application of J,(T,a,,) is only valid
in the experimentally probed temperature range, however, A and t can constitute any
value.

Immersion freezing by LEO and PP can also be implemented within a cloud resolv-
ing model, making use of the a,, (= RH) dependency of J; similar to the a,, based
homogeneous ice nucleation description (Koop et al., 2000; Koop and Zobrist, 2009).
This is based on the fact that experimentally derived J,,; is relatively constant along
the a,, based freezing curve. The relationship of J,; and a,, allows to calculate ambi-
ent f(T,RH) and N, (T, RH) for given ice nucleation time, independent of the nature of
the solute, by knowledge of environmental RH and IN surface areas. However, the pre-
sented analysis lacks the dependence of J,,; on IN surface areas and thus on Aa,, .
In other words, the slope of J,.; as a function of Aa,, .. Was not inferred in this study.
As described in detail in Knopf and Forrester (2011), 7; and J,,; have to be measured
as a function of IN surface areas and corresponding Aa,, .t have to be determined.
This will be discussed in a forthcoming publication (Knopf and Alpert, 2013) and is
beyond the scope of this study. Despite this shortcoming we can apply our results to
estimate ice particle production rates from HULIS compounds. Following a recent study
by Konovalov et al. (2012) who estimated particle surface bound HULIS compounds
to asses light induced ozone loss, we use, for this example, their estimate that 14 %
of the total particle population surface area consists of HULIS and assume an aver-
age aerosol surface area of 5000 um2 cm™3. The corresponding HULIS surface area
is about 7 x 107° cm? and compares well with our employed IN surface areas. Using

Jol(Ty) = (9.6 +£2.5) x 10% and (5.4 £ 1.4) x 10* cm™2s™", this yields P, (T, RH) of 0.67

and 0.38 ice particles per cm?® air per second for LEO and PP acting as IN, respectively,
for T and RH given by the corresponding freezing curves. Similarly, following Egs. (6—8)
the frozen fraction can be derived when total droplet numbers, cloud activation times,
and IN surface areas are known.
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5 Conclusions

Immersion freezing of water and aqueous (NH,),SO, droplets containing Leonardite
and Pahokee peat particles acting as IN has been investigated for temperatures as low
as 215K and solution water activity from 0.85-1.0. Leonardite and Pahokee peat parti-
cles can act as efficient IN in the immersion mode by increasing the freezing tempera-
ture by about 5—-15 K compared to homogeneous ice nucleation. Freezing temperatures
follow a water activity based nucleation description. This allows for predictions of freez-
ing temperatures using RH without knowledge of the solute. The immersion freezing
curve for water and aqueous (NH,),SO, droplets containing Leonardite and Pahokee
peat particles can be parameterized as a function of water activity (which equals RH
under equilibrium conditions) and temperature by a shift in water activity of 0.2703 and
0.2466 of the ice melting curve, respectively. Similar to the water activity based homo-
geneous ice nucleation description (Koop et al., 2000), heterogeneous ice nucleation
rate coefficients, corresponding to the freezing curves representing median freezing
temperatures, are constant and yield (9.6 £2.5) x 10* and (5.4+£1.4)x 10*cm=2s7" for
Leonardite and Pahokee peat particles, respectively. Thus, the parameterized freez-
ing curves and corresponding heterogeneous ice nucleation coefficient values can be
employed in atmospheric models to predict freezing temperatures, frozen fractions,
ice particle production rates, and ice particle numbers for given cloud activation times
when IN surface areas and relative humidity are known.

Assuming one contact angle for each ice nucleus as a function of temperature yields
heterogeneous ice nucleation rate coefficients that allow reproduction of experimen-
tally measured frozen fractions. Application of a single contact angle for the entire IN
population, does not represent the observed frozen fractions well. Assuming a prob-
ability density distribution of contact angles, active sites distribution, and determinis-
tic approach result in equally good representations of measured frozen fractions of
droplets. This implies that the underlying ice nucleation mechanism, i.e. classical nu-
cleation theory versus a time-independent process, cannot be discriminated from fitting
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experimentally derived frozen fractions. Furthermore, one must be careful when choos-
ing to apply these approaches to other atmospherically relevant conditions than that of
the measurement. However, the very good prediction of freezing temperature and ki-
netics by the water activity based nucleation description similar to the case of homoge-
nous ice nucleation, strongly supports that the underlying ice nucleation mechanism is
governed by a time and surface area dependent nucleation process. Derived heteroge-
neous ice nucleation rate coefficients can be directly applied to atmospheric conditions
since differences in cloud activation and experimental time scales and IN surface areas
are implicitly accounted for by the ice nucleation rate coefficient instead of the frozen
fraction.

Supplementary material related to this article is available online at:
http://www.atmos-chem-phys-discuss.net/13/4917/2013/
acpd-13-4917-2013-supplement.pdf.
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Table 1. Composition of Pahokee peat (PP) and Leonardite (LEO) containing aqueous ammo- =
nium sulphate droplets employed in ice nucleation experiments. S
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Table 2. Surface area estimates applying analysis of scanning electron microscopy (SEM) im-
ages and Brunauer, Emmett, Teller (BET) gas adsorption technique.

Method

Leonardite

Pahokee peat

SEM per droplet
BET
BET per droplet

(6.6 +0.89) x10~" cm?
(4.84+0.08)m?g™"
(7.6+0.1) x10~" cm?

(1.2+0.24) x10™° cm?
(9.0+0.3)m?g™"
(1.4 +£0.05) x10~® cm?

4953

Jaded uoissnasiqg

Jaded uoissnasiq

L

| Jadeq uoissnosiq |

Jaded uoissnasiq

il

ACPD
13, 4917-4961, 2013

Immersion freezing
by HULIS as
a function of water
activity

Y. J. Rigg et al.

Title Page

Abstract Introduction

Conclusions References

Tables

Figures

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/4917/2013/acpd-13-4917-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/4917/2013/acpd-13-4917-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/

Table 3. Immersion freezing from water and aqueous ammonium sulphate particles containing
Leonardite (LEO). Mean melting temperature, Tn';gl? , 10, median freezing temperature, 7o

with 10th and 90th percentiles, supersaturation with respect to ice, S, at 7, -, heterogeneous
€

. . .. Xp =LEO FLEO
ice nucleation rate coefficient, J, ', at T, contact angle a at 7, fit parameters for a(T),
single-a, a-PDF, actives sites, and deterministic model are given as a function of solution water
activity, a,,.
Model Parameter a,
1.0 0.971 0.953 0.931 0.913 0.892 0.872 0.851
TEEO 1] 273.06+0.2 269.81+04 267.95+£0.8 266.65£0.6 264.30+0.9 262.18+07 259.63+£05 257.10+0.7
T K 240.00*1% 23519278 23320290  230.43'3F  226.47°3%  204.88"2%  220.92'3%  21577%%78
Sice 1.38 1.40 1.40 1.40 1.43 1.4 1.42 1.44
JoP [10*em™s™] 14.31 10.71 6.72 7.07 11.55 7.84 7.90 10.80
arll 92.69 104.97 102.11 98.94 100.03 93.38 91.54 91.71
ax107° K2 31.638 -5.4285 6.4544 10.329 ~11.381 36.629 4.0442 22.945
a(T) bK? —22.784 3.9432 ~4.4029 -7.1818 7.8084 -24.759 -2.6883 -1.5378
cx10° K™ 54662  -0.95753 0.99705 1.6617 -1.7882 5.5762 0.59359 0.34158
dx10°[7] -43.681 7.7814 -7.4826 -12.785 13.678 -41.834 -4.3447  0.034158
Single-a a, 1] 91.50 104.16 99.58 128.22 99.24 92.47 90.70 115.35
arl 91.15 102.20 100.04 96.21 97.99 91.55 90.19 90.40
a-PDF u 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
bx107 [em™?] 12.0 4.059 5.999 5.055 13.3 1.1 9.14 9.32
Active Sites 3, 0.125 0.184 0.188 0.183 0.498 0.187 0.193 0.113
Bo 1.239 1.143 1.133 1.088 1.021 1.066 1.022 1.043
Deterministic ~ a, [10*cm™2K™?] 245 5.37 5.26 464 4.32 5.83 3.41 3.03
a, [K] 242,05 239.76 237.54 235.26 231.48 229.00 226.50 221.73
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Table 4. Immersion freezing from water and aqueous ammonium sulphate particles containing

Pahokee peat (PP). Mean melting temperature, T_ .,

PP

+10, median freezing temperature, f}PP,
with 10th and 90th percentiles, supersaturation with respect to ice, S, at 7; -, heterogeneous

ice nucleation rate coefficient, Jor, at 7{", contact angle @ at 7", fit parameters for a(T),
single-a, a-PDF, actives sites, and deterministic model are given as a function of solution water

activity, a,,.
Model Parameter a,

1.0 0.981 0.964 0.947 0.926 0.901 0.883 0.862
qu;" K] 272.94£0.1 270.91+0.3 268.83+0.3 267.38+0.3 26549+0.4 26249+05 260.96+0.6 257.82+0.5
7Kl 24257%30 2420733 23855755  237.85'377  234.39'27: 220.51'272 2254825  219.96"312

o 1.35 1.33 1.34 1.33 1.35 1.37 1.40 1.42

Jo [10*em™s™"] 3.60 473 468 5.79 6.59 578 8.11 3.89

all 84.51 86.77 89.45 83.21 84.44 85.54 86.98 90.35

ax10° K™ 2.3951 1.1471 17.810 12.377 13.111 -93.389 10.971 32.564

a(m) b[K? -1.6356  -0.78175 -1.2775 -8.8617  -0.92924 6.3971 -7.3661 -2.1540
cx10° K] 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 1.1171 -1.2239  -0.34383

Single-a a [l 83.92 85.51 88.33 82.29 83.32 84.65 85.97 88.25
arll 83.75 85.33 87.51 81.89 82.53 84.86 85.70 88.77

a-PDF u 0.3796 0.3983 0.4235 0.3571 0.3650 0.3927 0.4026 0.4378
c 0.0678 0.0877 0.0678 0.0675 0.0626 0.0490 0.0523 0.0707

bx10°% em™?] 2.9827 2.9022 2.3871 3.0485 3.0864 3.0058 3.0146 3.0864

Active Sites 3, 1.3601 1.0697 0.9500 0.8580 0.6810 0.7248 0.7443 0.8008
Ba 0.9075 0.9507 0.9899 0.9577 1.0062 1.0143 1.0155 1.0296

Deterministic ~ a, [10* cm™2K™?] 2.59 3.43 4.25 4.00 475 6.07 4.38 1.78
a, [K] 245.80 246.16 242.33 241.72 238.02 232.52 229.22 225.26
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Table 5. Water activity shift from the ice melting curve, Aa,, for various immersion ice nu-
clei in different aqueous solutions. Approximate estimates of the ice nucleus surface area (or-
der 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: Montmo-
rillonite, ATD: Arizona Test Dust, Al,O5: aluminum oxide, Agl: silver iodide, SiO,: silica spheres,
SM: Snowmax, T.P.. Thalassiosira pseudonana, N.A.: Nannochloris atomus, E.B.: Eleodes
blanchardi, 1.A.: Ips acuminatus, R.S.: Rhabdophaga strobiloides, B.C.: Bracon cephi.

ice nuclei IN surface area [cmz] Aaw reference

LEO 8x1077 0.2703 this study

PP 1x107° 0.2466  this study

ND 6x1072 0.098  Knopf and Forrester (2011)
ND 8x1072 0.100  Zobrist et al. (2008)

HD 1x107" 0.135  Cantrell and Robinson (2006)
OAD <4x107'® 0.285  Zobrist et al. (2006)
KAand MO 9x107"° 0.242  Zuberi et al. (2002)

ATD 5x107% 0.195  Zobrist et al. (2008)

ATD 5x107% 0.209  Koop and Zobrist (2009)
Al,O, 1x107% 0.250  Archuleta et al. (2005)
SiO, 1° 0.173  (Zobrist et al., 2008)

Agl 8x10™4 0.181  Zobrist et al. (2008)

SM 4x107% 0.088  Koop and Zobrist (2009)
TP 1x107° 0.2303 Alpert etal. (2011a)

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

E.B. unknown” 0.048 Leeetal. (1981)

LA unknown' 0.177  Leeetal. (1984)

R.S. unknown’ 0.223  Miller (1982)

B.C. unknown® 0.241  Salt (1959)

2 Assuming 4 wt% oxalic acid content in 4 um sized droplet and precipitated as solid
spherical particle.

o Assuming 3 spherical dust particles 3 um in diameter per droplet.

° Assuming 5 wt% ATD aqueous solution and ATD particle diameter of 1.5 um.

d Assuming spherical particles 200 nm in diameter.

¢ Assuming 0.47 wt% SiO, aqueous solution and spherical particles 90 nm in
diameter.

f Assuming diluted 1.64 wt% AgNOj3 aqueous solution and droplet sizes 3um in
diameter.

9 Assuming 1 bacteria per droplet. Only outer shell (Morris et al., 2004) of bateria
considered as ice nucleating substrate.

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

' Hemolymph containing unknown IN was withdrawn from beetle /ps acuminatus.

J Hemolymph containing unknown IN was withdrawn from willow gall larvae
Rhabdophaga strobiloides.

K Hemolymph containing unknown IN was withdrawn from larvae Bracon cephi.
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Ay

Fig. 1. Experimentally derived median freezing temperatures with 10th and 90th percentiles
and mean melting temperatures with £10 of Leonardite in water and aqueous (NH,),SO,
droplets (a) and Pahokee peat in water and aqueous (NH,),SO, droplets (b) are shown as
a function of a,, determined at particle preparation conditions. Ice melting and homogeneous
freezing curves are plotted as dashed and dotted lines, respectively (Koop and Zobrist, 2009).
The homogeneous freezing curve represents Jy,, = 2.18 x 10°cm™s™". The solid lines are
best fits based on the data in which the ice melting curves are shifted by Aa,, = 0.2703 for
Leonardite in (a) and by Aa, = 0.2466 for Pahokee peat in (b). The derived freezing curves
represent Jo = (9.6 +£2.5) x 10* and (5.4+£1.4)x 10*cm™2s™" for Leonardite (a) and Pahokee

het
peat (b), res?)ectively. It is assumed that a,, does not change with temperature.
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Fig. 2. (a) shows experimentally derived heterogeneous ice nucleation rate coeffi-
and (b) corresponding contact angles, a, of Leonardite/water and aqueous
Leonardite/(NH,),SO, droplets shown as a function of temperature and a,,. Brown, black, blue,
red, green, pink, orange, and purple circles correspond to initial a,, of 1.00, 0.971, 0.953, 0.931,
0.913, 0.892, 0.872, and 0.851 respectively. Lines indicate a third order polynomial fit.
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Fig. 3. (a) shows experimentally derived heterogeneous ice nucleation rate coefficients, J::f,
and (b) corresponding contact angles, a, of Pahokee peat/water and aqueous Pahokee
peat/(NH,),SO, droplets shown as a function of temperature and a,,. Brown, black, blue, red,
green, pink, orange, and purple squares correspond to initial a,, of 1.00, 0.981, 0.964, 0.947,
0.926, 0.901, 0.883, and 0.862, respectively. Lines indicate a third order polynomial fit.
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Fig. 5. Summary of differentimmersion freezing descriptions for water and aqueous (NH,),SO,
droplets containing Pahokee peat as a function of T and a,,. The experimentally derived cumu-
lative frozen fraction, f, of droplets in 0.2K temperature increments is represented by blue
circles. Blue crosses indicate application of experimentally derived heterogeneous ice nucle-
to calculate f. Blue, magenta, black, red, and green lines represent
a(T), single-a, a-PDF, active sites, and deterministic model, respectively. The fit quality is given

ation rate coefficient, J.",

by the root mean square error, RMSE.
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