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Abstract. Organic aerosol particles play a key role in cli- model formalisms that account for the effects of molecu-
mate by serving as nuclei for clouds and precipitation. Theirlar diffusion and not only describe ice nucleation onsets as
sources and composition are highly variable, and their phasa function of temperature and relative humidity but also in-
state ranges from liquid to solid under atmospheric condi-clude updraft velocity, particle size and composition.

tions, affecting the pathway of activation to cloud droplets

and ice crystals. Due to slow diffusion of water in the particle

phase, organic particles may deviate in phase and morphol-

ogy from their thermodynamic equilibrium state, hamper-1 Introduction

ing the prediction of their influence on cloud formation. We

overcome this problem by combining a novel semi-empiricalAtmOSphefiC aerosol particles influence climate through af-
method for estimation of water diffusivity with a kinetic fecting the earth’s radiation budget directly by scattering
flux model that explicitly treats water diffusion. We esti- and absorbing light, and indirectly by acting as nuclei for
mate timescales for particle deliquescence as well as varicloud droplets and ice crystals (Yu et al., 2006; Andreae and
ous ice nucleation pathways for a wide variety of organic Rosenfeld, 2008; IPCC, 2013). Ice nucleation is an impor-
substances, including secondary organic aerosol (SOA) frontant pathway for high-altitude cirrus cloud formation, and it
the oxidation of isopreney-pinene, naphthalene, and do- OCcurs either homogeneously in liquid aerosol particles or
decane. The simulations show that, in typical atmospheridieterogeneously in the presence of active ice nuclei (IN),
updrafts, glassy states and solid/liquid core-shell morpholo-WhiCh are solid particles that facilitate nucleation. Homoge-
gies can persist for long enough that heterogeneous ice nl€ous ice nucleation generally requires high supersaturations
cleation in the deposition and immersion mode can dom-n aqueous aerosol droplets, occurring at ice saturation ra-
inate over homogeneous ice nucleation. Such competitioios Of Sice > 1.4 (Koop et al., 2000). Only a small fraction
depends strongly on ambient temperature and relative huof atmospheric aerosol particles act as IN below this homo-
midity as well as humidification rate and particle size. Due 9€neous ice nucleation threshold (DeMott et al., 2003; Cz-
to differences in glass transition temperature, hygroscopichZO etal., 2013). Heterogeneous ice nucleation can occur via
ity and atomic O/ C ratio of the different SOA, naphthalene several pathways such as deposition nucleation, i.e. deposi-
SOA particles have the highest potential to act as heterogeﬂon of gaseous water molecules to form crystalline ice on a
neous ice nuclei. Our findings demonstrate that kinetic lim-Solid IN, or immersion freezing, which describes nucleation
itations of water diffusion into organic aerosol particles areinduced by IN immersed in supercooled aqueous droplets
likely to be encountered under atmospheric conditions andPruppacher and Klett, 1997; Hoose and Méhler, 2012).

can strongly affect ice nucleation pathways. For the incor- Organic aerosol particles are ubiquitous and abundant in
poration of ice nucleation by organic aerosol particles intothe atmosphere, but traditionally they are not referred to as

atmospheric models, our results demonstrate a demand féiffective IN when compared to dust or biological particles
(see Hoose and Mohler (2012) and references therein). More
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recently, however, several laboratory studies have shown thatons at which each of these processes dominates, we em-
glassy organic particles can act as IN at low-temperature cirploy a numerical aerosol diffusion model based on the kinetic
rus conditions in the deposition mode or at slightly elevatedmulti-layer model for gas—patrticle interactions in aerosols
temperatures in the immersion mode (Murray et al., 2010;and clouds (KM-GAP), which explicitly treats mass trans-
Wagner et al., 2012; Wang et al., 2012; Wilson et al., 2012;port of water molecules in the gas and particle phases (Shi-
Baustian et al., 2013; Schill et al., 2014), in agreement withraiwa et al., 2012). Due to experimental constraints associ-
inferences from field data (Froyd et al., 2010; Knopf et al., ated with very long observation times, parameterizations for
2010, 2014). This IN ability has been observed for a num-water diffusivity in glassy organic material are sparse and
ber of different types of particles composed of pure organichence are only known for a few model compounds. There-
substances such as simple sugars and acids (Murray et afgre, water diffusivity in SOA materials from various bio-
2010; Wagner et al., 2012; Wilson et al., 2012; Baustian etgenic and anthropogenic precursors are deduced from wa-
al., 2013) and biomass burning marker compounds (Wag+ter diffusivity parameterizations of model compounds using
ner et al., 2012; Wilson et al., 2012), for (phase-separateda semi-empirical physico-chemical model of water diffusion
organic—inorganic mixtures (Wagner et al., 2012; Wilson etin glass-forming aqueous organics.
al., 2012; Baustian et al., 2013; Schill and Tolbert, 2013), as
well as for secondary organic aerosol (SOA) particles derived
from aromatic volatile organic compounds (VOCs, Wang et2 Modelling approach
al., 2012) or emerging from aqueous phase reactions (Schill
et al., 2014). It has also been proposed recently that forma2.1 Numerical diffusion model
tion of highly porous structures upon atmospheric freeze-
drying could enhance the IN ability of organic aerosol par- The numerical diffusion model employed in this study is
ticles (Adler et al., 2013). based on the kinetic multi-layer model for gas—particle in-
These observations suggest a connection between partieractions in aerosols and clouds, KM-GAP (Shiraiwa et
cle phase state and the resulting predominant ice nucleatioal., 2012). KM-GAP consists of multiple model compart-
pathway (Murray et al., 2010). Organic aerosol particles camrments and layers, respectively: gas phase, near-surface gas
adopt liquid, semisolid or solid states, or may even exhibitphase, sorption layer, surface layer, near-surface bulk, and
mixed phases, depending on composition and ambient cora number of: bulk layers (cf. Fig. S1). The following pro-
ditions (Mikhailov et al., 2009; Koop et al., 2011; Vaden et cesses are considered in KM-GAP: gas-phase diffusion, gas-
al., 2011; Kuwata and Martin, 2012; Perraud et al., 2012;surface transport, surface-bulk transport, and bulk diffusion.
Song et al., 2012; You et al., 2012; Renbaum-Wolff et al., The bulk layers can either grow or shrink in response to mass
2013; Kidd et al., 2014). SOA particles are expected to be lig-transport. The initial bulk layer sizes are chosen to be small
uid at high temperature and high humidity, but they are veryenough to ensure numerical convergence (usually 100-750
likely to exhibit a highly viscous semisolid or even glassy layers), but are not allowed to fall below the molecular length
state at low temperature and low humidity (Virtanen et al., scale (0.3 nm).
2010; Saukko et al., 2012; Renbaum-Wolff et al., 2013; Shi- The model was complemented by modules predicting ho-
raiwa et al., 2013a). For example, typiealpinene-derived mogeneous ice nucleation as a function of water activity ac-
secondary organic aerosol particles are expected to be in eording to Koop et al. (2000), heterogeneous ice nucleation
glassy state below about 260K at 30% relative humidity,at a pre-defined ice supersaturation level, and it considers
whereas at a higher humidity of 80% such a glass transiKelvin effects. Moreover, a few further conceptual changes
tion is expected at approximately 215K (Koop et al., 2011). have been introduced to the original KM-GAP, including a
Glassy states are characterized by viscosities greater thamore explicit treatment of gas diffusion, composition-based
10'2Pas, corresponding to diffusion timescales within thesebulk diffusion and a mechanism of surface-to-bulk trans-
particles that can exceed days or even years (Shiraiwa et alport facilitated by surface-adsorbed water, as detailed in
2011; Koop etal., 2011; Zhou et al., 2013). Water uptake intothe following sections. Parameterizations of composition-
glassy aerosols has been shown to occur slowly and to prodependent density, water activity and bulk diffusivity for
ceed gradually with increasing relative humidity (Mikhailov the sucrose/water system have been adopted from Zobrist et
et al., 2009; Tong et al., 2011; Zobrist et al., 2011; Bones etal. (2011). A detailed description of the gas diffusion scheme
al., 2012; Price et al., 2014). and a list of all employed parameterizations are provided as
Hence, several competing processes can occur in glasssupplementary material.
organic aerosol particles during updraft of an air parcel: het- In this study, the model is used to simulate an atmospheric
erogeneous ice nucleation in the deposition mode onto thepdraft situation by following a preselected trajectory in tem-
glassy solid aerosol surface; diffusion of water into the par-perature and relative humidity. It tracks the chemical com-
ticle, inducing a gradual phase transition towards the liquidposition of an amorphous aerosol particle as a function of
state; and immersion freezing during the transition betweenime and depth below the particle surface in discretized lay-
both states. In order to determine those atmospheric condiers, providing concentration profiles of water and organics

Atmos. Chem. Phys., 14, 125132531 2014 www.atmos-chem-phys.net/14/12513/2014/



T. Berkemeier et al.: Water uptake and ice nucleation by glassy organic aerosols 12515

at any given time. The equilibrium composition is calculated 2.1.2  Bulk diffusion and bulk layer mixing

through a water activity parameterization that translates am-

bient relative humidity into equilibrium mass fractions of the Bulk diffusion of water is treated as kinetic fluMp bi+1,
bulk constituents. Mass fluxes from the far-surface into thefrom one bulk layer (k) to the next (& + 1). Because layer
near-surface gas phase, onto the particle surface, into as wdlnickness is not allowed to fall below the molecular resolu-
as between bulk layers are coupled in flux-based differention, concentrations in adjacent layers can differ significantly.
tial equations, which are solved with an ordinary differential As in Zobrist etal. (2011), this heterogeneity is accounted for

equation solver using Matlab software (ode23th). with a virtual mixing scheme for the determination of bulk
diffusivities between layers. In this scheme, the composition
2.1.1 Ice nucleation modules of a mixture of two subsequent bulk layers is determined and

the bulk diffusion coefficient calculated according to the ef-
Besides water diffusion, the model is able to simulate icefective composition along the diffusion path. Scenarios with
nucleation and growth. However, the initial numerical so- very low diffusivities and hence steep concentration gradi-
lution of the differential equations only treats water uptake ents thus lead to situations in which a liquefied layer (high
into the particle. The model registers an ice nucleation evenpylk diffusivity of water, Dy,0) “softens” the subsequent
when all necessary conditions in ambient relative humidity glassy layer (lowDp,0), facilitating further diffusion. Such
and water activity are satisfied. From this point onwards, thea process can be seen as analogous to a dissolution process,
model simulates ice crystal growth by deposition of waterin which the glassy matrix dissolves into nearby water-rich
molecules from the gas phase. regions.

For homogeneous ice nucleation, a stochastic approach Diffusion of the organic matrix has been neglected for
based on classical nucleation theory has been chosen. An iggis study, because the organic molecules investigated here
nucleation event is triggered when the probability of the par-can be expected to diffuse much more slowly than water
ticle being liquid @iq) falls below 50 %.Pijq is the product  molecules. Also, in the glassy state, the organic molecules
of the individual probabilities in alk Iayers, using the ho- difftuse on a much |0nger timescale Compared to the exper-

mogeneous nucleation rate coefficient for each lal4gihx  imental timescale of minutes to hours (cf. Shiraiwa et al.,
as parameterized by Koop et al. (2000). The nucleation rateo11; Koop et al., 2011).

then translates int®jq by multiplication with layer volume
Vi and (numerical) integration with time stepd 2.1.3 Surface monolayers and surface softening

A The original KM-GAP uses a double monolayer approach
Piig,tot(t) = / l—[ (1= Jhomk (1) - Vi (1)) dr. Q) to describe the particle surface, comprising a sorption layer
i k=1 and a quasi-static surface layer. In this study the quasi-static
surface layer was replaced by a near-surface volume layer
Heterogeneous nucleation is assumed to occur once a certagimilar to that used in Shiraiwa et al. (2013a), which is more
freezing threshold is exceeded. In this work, we distinguishsuitable for low diffusivity systems.
between heterogeneous ice nucleation thresholds for sucrose Surface-adsorbed water can lead to softening of the solid
and SOA, which have been shown to occur at different icesurface (Koop et al., 2011), thereby facilitating exchange
supersaturations, as summarized by Schill et al. (2014). Fobetween surface and first near-surface bulk layer. In the
sucrose, we apply a linear fit to nucleation data from Baus-model, this is accounted for by introducing a surface soften-
tian et al. (2013), whereas for SOA we fit the nucleation dataing scheme that estimates the surface-to-bulk transport rate
of naphthalene SOA from Wang et al. (2012) and those ofby mixing a hypothetical water monolayer with a hypotheti-
aqueous SOA (agSOA) from Schill et al. (2014). The fit re- cal bulk monolayer containing water and bulk material. Us-
sults are shown in Fig. Al in Appendix A. ing the momentary molar fractions of watery{ H,0) and
To distinguish between deposition and immersion freez-organics £p1,0rg) Of the near-surface bulk layer, the effective
ing, additional criteria are employed. For deposition nucle-surface coverages of wate{,0) and organicséssorg at
ation, the necessary condition is solidness of the outermosthe surface bulk layer can be described as
layer of the particle, requiring the water activity to be be-
low the quasi-equilibrium glass transition point. In the caseggq; = ,
of immersion mode nucleation, a 1 nm thick region in the XbL.0rg " Torg + Xb1H0 * OHZ0
near-surface bulk is required to be entirely liquefied before
nucleation can occur in the immersion mode. For this pur-
pose, a 2 nm thick region below the particle surface is finely
resolved by multiple bulk layers (cf. Fig. S1).

Xbli - Oi

)
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whereo; is the molecular cross section of speai€ise. water
(H20) or organics (org)). The weight fraction of organics in
the “softened” surface is then given by

RH
Final RH 100 %

o P
SS,019 /9 »
S

%

org FDRH |

Oorg

gss,org 055H20+1
Oorg ' Morg + ( OH,0 ’ MHZO

: ©)

Wss,org,mix=

where Mqrg and Mp,o are the molar mass of organics and
water. This process facilitates the initial water uptake into
a glassy particle and leads (in most cases) to a sub-surface »
layer that is in equilibrium with the surrounding gas phase. Initial RH
In the temperature range relevant for immersion freezing, lig-
uefaction of the surface was always obtained at the quasi- Temperature
equilibrium glass transition point due to the surface soft-

ening mechanism. At lower temperatures however (deposi- ligure 1t S_Chtemaﬂfc temtporal SVC’_'U“OZ °;t particle mOfDEO'Ogﬁ
tion regime), the particle surface was not always in quasi-.a.ong a trajectory of an atmospneric updra (gr.ey arrow). umic-

S . . - ification of ambient air upon adiabatic expansion leads to lique-
equilibrium with ambient humidity.

faction of initially glassy particles (dark blue colour, 1) via core-
shell morphologies (2, 3) to liquid particles (light blue colour, 4).
Whereas partial deliqguescence (PDRH) coincides withy Rl

. deliquescence (FDRH) is delayed to much higher RH, indicating
For model systems other than sucrose/water, no direct P&hat diffusion processes occur on much longer timescales than hu-

rameterization of water diffusivity in the full atmospherically migification. The speed at which particles are humidified along the
relevant temperature and composition range is available t@isplayed trajectory corresponds to that typical of cloud chamber
date. For compounds chemically similar to sucrose (i.e. or-or environmental cell experiments (0.1-1.5 K min 1-15 % RH
ganic polyols and acids), we present a scheme that enablesin—1).

estimation of bulk diffusivity data from glass transition and

hygroscopicity data. Bulk diffusivity of water is parameter-

ized using a Vogel-Fulcher—Tammann (VFT) approach (Vo-range: the hygroscopicity coefficientarg, the glass transi-
gel, 1921; Fulcher, 1925; Tammann and Hesse, 1926). Th&on temperature of the pure organiG,org, and the Gordon—
estimation scheme utilizes the structure of the VFT equation Jaylor coefficient {gr) of the aqueous organic mixture. For
Eq. (S9), and the physical interpretation of its IOaram(:‘.tersjustification, more information on this procedure and a de-

The method can be described by the following set of assumpscfiption of how the required input parameters were obtained,
tions. see Appendix A. For validation of the estimation scheme, we

provide applications to literature ice nucleation experiments
1. Two similar organic substances act similarly in the way in Appendix B.
they approach the glass transition and thus have a simi-
lar fragility: Borg1 &~ Borgo-

Relative humidity, RH

PDRH

50 %

2.2 Estimation of water diffusivity in SOA

3 Results and discussion

2. The same two substances have a similar diffusion coef- )
ficient in the high temperature limitiorg1 ~ Aorg2- 3.1 Particle morphology

3. Adifference in glass transition temperatur&s gq) be- We investigate ige nucle_ation in gl_assy organic aerosols in-
tween the two substances indicates a difference in Vogefluced by changing ambient conditions during the updraft of

temperaturesT org) of the same direction and (relative) an air parcell. In updraft events, adiabatic coqling leads to
magnitude: a decrease in temperature and a corresponding increase of
relative humidity (RH). Humidification of air leads to water
To.orgr _ Tgorgt @ uptake into the particle phase, causing a humidity-induced
To.0rg2 - Tg.org2 phase transition that for glassy aerosol particles has been
termedamorphous deliquescen¢Mikhailov et al., 2009).
Thus, diffusivities within an organic substance can be esti—?rhis process Is often kineti(;ally limited by diffusion of watgr
mated by knowledge of its glass transition curve relative to an the particle pha}ge .(ZOb”St etal., .2011)’ so that a P"?‘T“C'e
known standard with similar chemical functionality. This ap- can _be out of equilibrium w_hen _the timescale of humidifica-
proach requires knowledge of three parameters for inferringtIOn Is shorter than that of diffusion.

water diffusivity over the full temperature and composition
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Amorphous deliquescence is a self-accelerating procesglassy cores even at relative humidities aboveyRide to
since water acts as a plasticizer in the organic matrixslow water diffusion.
(Mikhailov et al., 2009; Zobrist et al., 2011): water molecules
taken up by the particle reduce the particle’s viscosity and,3.2 Ice nucleation regimes
hence, increase bulk diffusivity locally, thus accelerating
the uptake of further molecules. The microphysical conse-Next, we investigate by kinetic model simulations the com-
quences of this mechanism are illustrated in Fig. 1, whichpetition between amorphous deliquescence and ice nucle-
shows the temporal evolution of particle morphology of ation during an atmospheric updraft. For our initial calcula-
a glassy organic aerosol particle exposed to a gradual intions we use sucrose as a proxy for organic aerosols since
crease in relative humidity (simulated atmospheric updraft,detailed physico-chemical parameterizations for water dif-
see also Movie S1). The quasi-equilibrium glass transitionfusivity, the RH-dependent equilibrium composition as well
of the aqueous organic, RHHis shown in grey. With “quasi- as glass transition data are available (Zobrist et al., 2011).
equilibrium glass transition”, we denote the conditions underThe heterogeneous ice nucleation onset {&gHor sucrose
which a binary organic—water system would undergo amor-was obtained from ice nucleation experiments by Baustian
phous deliquescence when humidification occurs sufficientlyet al. (2013) and is shown as brown dashed lines in Fig. 2.
slowly so that equilibrium between ambient RH and water Here we use the ice saturation ratfge as an indicator
activity is always maintained. Humidification may be fast of humidity because it scales with RH accordingSg. =
enough to cause a difference in phase state from equilibriumpiiq.o(7)/ pice(T) - RH, but is also a more direct indicator of
water activity, colour-coded from dark blue (low water activ- the supersaturation of icgiig,0 and pice indicate here the
ity) to light blue (high water activity), trails behind ambient vapour pressures over pure supercooled water and over ice,
RH due to kinetic limitations in water diffusivity (Koop et respectively.
al., 2011). Note that when using a constént,o, diffusion Figure 2a shows results obtained with KM-GAP simulat-
gradients appear less pronounced (cf. Fig. S2 and Movie S2)ng the updraft of 100 nm sucrose patrticles for a wide range
Hence, self-accelerating water diffusion leads to a sharpenef temperatures. Each simulated trajectory started at ice sat-
ing of the diffusion gradient that can be close to the molecularuration (Sice = 1), as is often the case for cloud chamber or
length scale (Zobrist et al., 2011). environmental cell experiments (Murray et al., 2010; Wang

Several morphological stages can be distinguished duringt al., 2012). Temperature was decreased so that the resulting
the humidification process in Fig. 1. Starting from a homoge-humidification rate was constant at 1% RH min corre-
neous, glassy particle (1), an increase in RH first leads to ligsponding to an atmospheric updraft of about 0.27H) $yp-
uefaction of a thin outer layer and emergence of a core-shelical of atmospheric gravity waves (Jensen et al., 2005). As
morphology (2). This liquid outer layer grows in equilibrium expected the FDRH of sucrose patrticles, indicated by the red
with ambient relative humidity and also extends towards thesolid line, occurs significantly above Rt all temperatures.
particle centre by diffusion of water into the glassy organic The intersection of Rkktwith RHy defines the upper temper-
matrix (3), leading to shrinkage of the residual glassy coreature limit for deposition nucleation. Below this temperature,
until the particle is fully deliquesced (4). Thus, during the a sucrose particle is a glassy solid whenygHs reached,
continuous amorphous deliquescence process two characteand hence deposition ice nucleation may occur. Above this
istic instants can be distinguished, each occurring at a differtemperature, the particle is partially deliguesced when ap-
ent humidity: we define theartial deliquescence relative hu- proaching RHet and the glassy core of the particle may act
midity (PDRH) as the point where a thin agqueous outer shellas an IN for immersion freezing. The upper limit of the im-
of the particle is homogeneously mixed and the shell's watermersion freezing regime is given by the intersection of,]H
activity is larger than that of the quasi-equilibrium glass tran- with the FDRH line. Above this temperature, particles are al-
sition. In this study we set the thickness of this surface shellready fully deliquesced once RH s reached. Hence, these
to 1 nm, corresponding to about five monolayers of water.particles do not nucleate ice heterogeneously and freeze only
We define thefull deliquescence relative humidiffFDRH) at the homogeneous ice nucleation limit (green dashed line;
as the point where the entire particle’'s water activity corre-Koop et al., 2000). Finally at 232 K, the homogeneous ice
sponds to that of a liquid (i.e. it is larger than that of the quasi-nucleation limit coincides with water saturation (solid black
equilibrium glass transition) and the water activity gradient line), and above this temperature the aerosol particles activate
from the surface to the particle core is less than 5 %. Noteinto cloud droplets consisting of supercooled water, thus rep-
that, in the case of a sufficiently slow updraft, both PDRH resenting the upper limit of the homogeneous ice nucleation
and FDRH would occur at R§d In fact, the KM-GAP simu-  regime.
lations suggest that, with updraft velocities typical of atmo- The delay between the nominal quasi-equilibrium glass
spheric conditions (e.g. 0.01-10m'$, PDRH often coin-  transition RH and the actual full deliquescence at FDRH is
cides with RH,. In contrast, FDRH often extends far into the governed by the competition between the humidification rate
liquid region of the phase diagram, indicating the importance(synonymous to updraft velocity) and timescale for water
of kinetic limitations and implying that particles can contain diffusion within the particle bulk. FDRH will shift towards
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A Depositon mmerson,_Feme o higher relative humidities when higher humidification rates
20~ T T T T e are employed, as shown in Fig. 2b. For example, increasing
19 W - the rate of humidification to 10 % RH i, a value corre-
- fﬁ-’fﬁ’fﬁ{{% - sponding to an updraft velocity of about 2 m'sand com-

<g = S T r monly reached in convective updrafts (Jensen et al., 2005),

8 totom T e - shifts the FDRH line upwards (solid dark blue line) and

% LR S N o, thus its intersection with the Rig line towards higher tem-

E " e e | peratures. Accordingly, decreasing the updraft velocity to

8 13- Fasg, - 0.02ms?, a value found in large-scale, synoptic updrafts

- (Jensen et al., 2005), leads to an FDRH (solid light blue line)
----- - much closer to the quasi-equilibrium glass transitiongRH

P Moreover, an increase in particle size delays the deliques-

1.1 Glassy region .
e e \Y

1.0 i 1 | P . L
220 225

195 200 205 210 215

Temperature (K) cence process (indicated by the solid purple line), since it

B 20 e increases the timescale of diffusion. The range of the immer-
e B r sion freezing regime thus strongly depends on ambient con-
o b st r ditions and is extended towards higher temperatures in fast

updrafts and for large particles.

Laboratory ice nucleation measurements with sucrose par-
ticles (Baustian et al., 2013) are used to validate our model
calculations of ice nucleation regimes in Fig. 2c. Baustian
et al. (2013) used optical microscopy in conjunction with a
cold stage to detect ice nucleation on glassy sucrose parti-
cles (4 um diameter) during humidification (1% RH mtp,

Dot Dby leading to the nucleation onsets shown in Fig. 2¢ (brown

L
230 235 240

Ice saturation ratio Sice

1.1+ Glassy region \
Lowo iy,

| Ll Ll
220 225

Ll |
210

10 PR R S Ll
195 200 205 215

Temperature (K) markers). A range of simulations mimicking the experimen-
C 20T T T T T tal conditions at different starting temperatures leads to a
[ W, o/0 Het icenucleation | continuous FDRH curve (solid blue line) over the entire tem-
18- e Saty,.. (Baustian et al. 2013) |- . . .
...... i, perature range. For details on the calculations see Appendix

o e |

vo L o e mcps e i B. The modelled FDRH curve correctly confines the region
""""" below which heterogeneous ice nucleation is observed in
the experiments. Based on our calculations, the experimen-
15 bt a2 tal data points below Ri(full brown circles) can be as-
o e Do o T signed to the deposition nucleation regime, whereas points
° L between Rl and FDRH (open brown circles) can be as-

15~

1.4

Ice saturation ratio Sice

1.1+

104 Glassy region = signed to immersion freezing. Additional analyses for valida-
09 s bbb b b Lo b o tion have been performed for other types of organic particles
Temperature (K) (Appendlx B, F|gS. Bl and BZ)

Figure 2. (a) Simulated regimes of heterogeneous and homoge-
neous ice nucleation in the humidification of sucrose particles.3.3 Biogenic and anthropogenic SOA
The red solid line indicates full deliquescence relative humidities

(FDRH) for 100 nm particles exposed to a humidification rate of o ) o
1% RH min! (~ 0.2 m s 1 atmospheric updraft). Example trajec- N order to apply our kinetic model to ice nucleation in SOA,
tories start at ice saturation, follow a constant dew point line andestimates oDy,o in SOA material have been inferred. Four

end at expected ice nucleation (hexagonal markers) with deposimajor SOA precursors were chosen to represent biogenic and
tion (red), immersion (orange), and homogeneous (green) freezinganthropogenic origin, respectively:pinene and isoprene, as

(b) Effects of different particles sizes and humidification rates onwell as naphthalene and dodecane. Each of these SOA is rep-
FDRH. The upper boundary for immersion freezing is extended toresented by a choice of marker compounds taken from the
high temperatures for large particle radii and high humidification |jterature (cf. Table S1). Water diffusivities are estimated us-
rates and is expected to occur up to 238 K for the most extreme scemg the scheme described in Sect. 2.2. The heterogeneous ice

nario (1 pm, 10% RHmin, purple solid line)(c) Application to 1o o ey (Rikds, brown dashed line) for SOA was ob-
the experimental conditions in Baustian et al. (2013), i.e. 4 um par-,_.
ticles humidified at a rate of 1% RH mit, leads to FDRH that tained frf’m laboratory measu'reme.nts.by Wang et al. (2(,)1,2)
is able to explain all observed experimental ice onsets (brown cir-a_md Schill et ‘?‘I' (2014) as derived in Fig. Al. Hygroscopici-
cles). The thermodynamic glass transition divides the experimentafi€s Of the various SOA were taken from Lambe et al. (2011),

data in events of deposition ice nucleation (closed circles) and imWho suggested thatg can be parameterized independently
mersion freezing (open circles). of SOA type as function of @C ratio. In all simulations,
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A JIr Qi NN W W W N N NS S S R aregiven |nTab|e82) Uncertaintyestimatesfor FDRH and
..... Full Deli FDRH H H H
............. W, SOA Ff;gi“jjgee';f;in;te ) RHjy of all four precursors c!asses are given in Fig. S4.
....... e {100 nm, 1 % RH/min) For the calculations in Fig. 3a, we chose an average ox-
17 oy —— DSaphthalene SOA idation state typically observed for SOA from the respec-
— Isoprene SOA tive precursor. The atomic oxygen to carbon ratig/ ©) in-

A \__ Hom ., podecene SOt creases upon chemical ageing, thereby affecting hygroscop-
L icity (Lambe et al., 2011) and glass transition temperature
(Fig. A2). The resulting effects of chemical ageing on mod-
e elled FDRH are shown fax-pinene and dodecane SOA as
Maeaigy ™., | examples in Fig. 3b and c, respectively. leopinene SOA
s (Fig. 3b), a higher @ C results in hardening of the organic
material with ageing, leading to an FDRH increase, whereas
L for dodecane SOA (Fig. 3c) a higher/@ results in soft-
ening, thus leading to earlier deliquescence and an FDRH
200 205 210 215 220 225 230 235 240 245 250 decrease'

Temperature (K) The observed effects can be explained by the competi-
tion between a simultaneous increase of hygroscopicity with
O/ C and an increasing glass transition temperature of the
pure organic matrix due to stronger molecular interactions
- in the highly oxidized organic material. A higher glass tran-
N sition value enhances the rigidness of the pure organic ma-
trix, whereas a higher hygroscopicity enhances the amount
of water taken up by the aqueous organic mixture at a given
humidity and thus its plasticizing effect.

' ' Figure 4 illustrates this competition by displaying esti-
200 210 220 200 210 220 230 240 mated characteristic timescales of water diffusion in 100 nm
Temperature (K) Termperature (K) diameter SOA particles at 220K as a function of hygroscop-

Figure 3. (a) Simulated humidification of SOA particles from the ICity («org) @and glass transition temperature of the pure or-
four different precursors-pinene, isoprene, dodecane and naphtha-ganic matrix (g org). Dotted contour lines show characteris-
lene. Naphthalene SOA (dark red) shows the latest deliquescencéic mass transport times associated with the diffusion coeffi-
whereas dodecane SOA (light red) liquefied rather early in the simucient Dn,o (Shiraiwa et al., 2011). Coloured oval shapes in-
lations. The two biogenic SOA estimates lie between both extremeslicate estimated ranges Qﬁrg and Ty,org for the four SOA

with pinene SOA (dark green) showing slightly later deliquescenceprecursor classes, for three different oxidation states each
than isoprene SOA. Intercepts (square markers) with a heterogeret Taple A1). The arrows pointing from the lowest to the
neous nucleation onset typical of SOA (brown dashed line) 'nd'catenighest oxidation state reveal that bathy and Ty org in-

uppertemperatureIlmlts_forlmmersmn freezing (arrow&mx|§)._ crease with O C. The slope of these arrows when com-
The effect of particle ageing also depends on precursor type: pinené

SOA (b) shows hardening upon increase in/ O (indicated by pared to the slope of the confcour lines indicates whether a
higher FDRH), whereas dodecane S@) exhibits softening (in- c0mMpound undergoes hardening (steeper slope of arrow) or
dicated by lower FDRH). Similarly, isoprene and naphthalene SOASOftening (shallower slope of arrow) during the ageing pro-

show only moderate hardening and softening, respectively (Fig. S5)c€sS. Apparently, both biogenic SOA types undergo harden-
ing upon ageing, whereas the two anthropogenic SOA types
undergo softening, with the strongest effects for pinene and

Ice saturation ratio S;.,

dodecane
Isoprene

naphthalene

PR R R B |
” Pinene SOA |

dodecane SOA.
particles of 100 nm diameter were humidified at arate of 1% The area between 1s and 1 h represents the timescale of
RH min—1. atmospheric updraft processes. For SOA in this range, dif-

Figure 3a shows the simulation results of FDRH for all fusion processes occur on the same timescales as typical air
four precursor types. Naphthalene SOA is observed to fullyparcel updrafts, and the predominant cloud formation pro-
deliquesce last due to the high estimated glass transition tencess depends strongly on atmospheric conditions. All four
perature and low hygroscopicity (cf. Table Al), followed by SOA types fall within or beneath this range, indicating the
a-pinene and isoprene. Dodecane SOA showed the earliestnportance of the actual updraft velocity for ice nucleation
deliquescence, reflecting the low glass transition temperaen glassy aerosol particles. But it is also obvious that SOA
ture of pure dodecane SOA ef 210K. By comparison of  particles from naphthalene are most likely to be subject to
FDRH with measured Rid;on SOA, compound-specific up- kinetic effects and may thus preferably act as IN.
per temperature limits for heterogeneous ice nucleation on
SOA particles can be determined (arrows.oaxis, values
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Water diffusion time scales in SOA (220 K, S;..= 1.45, d, = 100 nm)

SOA precursor type
340 - p yp
Naphthalene
O (0/C:0.3,0.5,0.7)
320
. a-Pinene
g O (0/C:0.3,0.5,0.7)
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200 AI' T I T I T T I".I T T T II T T T I T T T IA"v
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hygroscopicity Korg

Figure 4. Characteristic timescales of water diffusion in SOA as a function of hygroscopigiy,and glass transition temperatures of the

pure organic matrixy,org. Calculations have been performed at 220j¢e = 1.45 and for 100 nm particles. Oval shapes confine estimated
ranges incorg andTy,org for the four SOA types in three different oxidation states (Appendix A and Table Al). The grey area indicates the
timescale of typical atmospheric updrafts (1s to 1 h) and thus divides the plot into areas of quasi-equilibrium and non-equilibrium water
diffusion. Within the grey area, the relative speed of both processes depends upon the actual atmospheric conditions. The ageing process i
indicated by arrows pointing from regions of low/@ to regions of high @ C.

3.4 Model uncertainties soluble fractions may become important for ice nucleation
(see discussion in Sect. B2).
Volatilization of organic material has not been included

The model results presented in this study are subject to variin the calculations presented above since vapour pressures
ous types of uncertainty. Among these are uncertainties arisof typical SOA marker compounds are low under the low
ing from model assumptions such as the validity of first-ordertemperature conditions employed in this study (Huisman et
Fickian diffusion and the applied schemes for bulk mixing al-, 2013; O'Meara et al., 2014).
and surface softening (Sects. 2.1.2 and 2.1.3). At present Self-diffusion of SOA material has been neglected as dif-
there is a lack of fundamental chemical and physical knowl-fusion timescales of large organic molecules exceed those of
edge for describing these processes in aqueous binary or mutmall guest molecules in the SOA matrix by orders of mag-
ticomponent systems. We note, however, that the approachitudes (Koop et al., 2011; Shiraiwa et al., 2011).
taken here is in agreement with the sparse data on water dif- Minor model uncertainty comes from parameters deter-
fusivities in aqueous organic systems (Zobrist et al., 2011mining the volume concentration of organic molecules at a
Shiraiwa et al., 2013b; Lienhard et al., 2014; Price et al.,9iven organic mass fraction, i.e. average molar misg
2014). Model results obtained for aqueous sucrose (Fig. 2pf the organics and density of the agueous organic mixture
are expected to be reliable because the thermodynamic ar@f. Table S3). Variation by 100 g mot in Morg showed no
kinetic parameters of this benchmark system are well studie@ffect on model results; varyingorg by 0.1gcnm® showed
and agree within the literature (e.g. Zobrist et al., 2011; Priceonly a slight influence on aerosol deliquescence humidity on
et al., 2014); on the other hand, model results obtained fothe order of 1% RH.
SOA (Fig. 3) are subject to larger uncertainties as detailed in The arguably largest source of uncertainty is insuffi-
the following. cient knowledge of the thermodynamic input parameters re-
The model neglects liquid-liquid phase separation in thequired for the diffusivity estimation scheme(g, 7g,org, kGT,
aqueous organic phase (You et al., 2014) by assuming thef- Appendix A). In addition to the general assumptions made
all SOA components are miscible with water over the entirein that scheme and the uncertainties in the sucrose parame-
concentration and temperature range. We note that, for SOA€rization used within the diffusivity estimation scheme, un-
types that typically show only low @C ratios (e.g. SOA certainties in input parameters propagate into an uncertainty
from long-chain aliphatic precursors such as dodecane), inln Dr,0, Which we assess in Figs. S4 and S6. Figure S4
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shows the uncertainty for each specific SOA precursor and Low RH High RH

a particular ¢/ C ratio by propagating the maximum devi- Cloud S AN Very low T

ation estimates imorg and Ty org given in Table AL. Figure o o | {0 osquedeln O

S6 shows the full uncertainty towards single model input pa- ’@roge;~\ :Yo,,?;\\

rameters irrespective of precursor or oxidation state. Among \\f%,o‘ N \Sieze%;f\

thesekorg SEEMS t0 be the largest source of uncertainty as depositon ) %;,; S \fio%;j\

the model results are sensitive towakdg and its numerical freezing NG

value is subject to a rather large variability for atmospheri- immersion™ ’ /

cally relevant organic substances (Koop et al., 2011; Lambe Jreezing @ Low Tv

et al., 2011; Rickards et al., 2013). Due to a lack of consis- Humidifying . ‘ P T

tent experimental data, a constagly is used in this study Phase D o el u

to parameterize hygroscopicity over the entire concentration i ..citions | ® 835 core-shell morphologies liquid M

and temperature range. orying v ' o ||3
Laboratory experiments that directly probe diffusivity

within SOA at room temperature and also at low temper- © .00 o

ature are highly desirable, as have been done for sucrose co0®, 0@

and a few other single-compound proxies (Tong et al., 2011;| Particle

Zobrist et al., 2011: Bones et al., 2012; Lienhard et al., | ormation VOC oxidation + SOA formation

2014; Price et al., 2014). Moreover, experiment-based wa-

ter activity parameterizations over a large temperature range Emission Anthropogahlciin By Biogente crrissions

are needed, because at least some water-soluble organic

oligomers/polymers show a strong temperature dependenclg_ 5 Overvi ¢ . . | particl ‘.
of water activity for aqueous mixtures of constant composi- ¢ gure 5. VEIVIEW Ol processes In organic aerosol parucies a

. . . ecting atmospheric cloud formation. Particles form by oxidation
tion (Zobrist et al., ,2003_)' Such |mprovgments V\_IOUId reduceof volatile organic compounds (VOCs) originating from anthro-
the model uncertainty in future modelling studies substan-y,qenic and biogenic emissions. The dominating cloud formation
tially. process depends on particle phase state, which is a function of tem-

Another type of uncertainty arises from uncertainty in het- perature and humidity. Humidity-induced phase transitions between
erogeneous ice nucleation onsets. To date, little is knowrphase states may be kinetically limited and occur under formation of
about the exact microphysical mechanism by which amor-partially deliquesced particles with core-shell morphologies. Glassy
phous organics nucleate ice heterogeneously (Wagner et aRr partially deliquesced particles are able to undergo heterogeneous
2012; Marcolli, 2014; Schill et al., 2014). Reported ice nu- ice nucleation, occurring at lower relative humidity or higher tem-
cleation onsets of glassy particles span wide ranges and aRerature than homogeneous ice nucleation of liquid particles.
most likely substance or substance class-specific (Wilson et
al., 2012; Schill et al., 2014). Thus, further laboratory exper-
iments are needed that reveal details on the ice nucleatiothe active ice nucleation pathway: glassy solids can nucle-
mechanism and that allow predictions of ice nucleation abil-ate ice in the deposition mode, partially deliquesced particles
ity for a wide variety of substances. with core-shell morphologies may act as IN in the immer-
sion mode and liquid particles nucleate ice homogeneously,
at significantly higher ice supersaturation.

From the SOA types investigated in this study, aromatic
SOA or highly agedx-pinene SOA may persist in a glassy
Organic aerosols can induce cloud formation via many differ-state to the highest temperatures and humidities and may thus
ent pathways depending on ambient conditions and compofacilitate heterogeneous ice nucleation at temperatures of up
sition. At high temperature and high humidity, liquid organic to 225 K. Below 210K, SOA particles from all precursors
particles can act as cloud condensation nuclei (CCN). Atare expected to be in the glassy state required for heteroge-
lower temperatures, they facilitate formation of ice crystals. neous ice nucleation. Our microphysical simulations suggest
Figure 5 summarizes how the phase state and morphology af potential anthropogenic influence of IN from emission of
atmospheric organic aerosol particles may vary upon changearomatic VOCs and by providing high oxidative capacities
in ambient relative humidity (humidity-induced phase tran- in urban areas leading to an increase of ice nucleation in and
sitions). Upon humidifying, the phase state changes fromon glassy organic particles.
amorphous solid (glassy) over a partially deliquesced state Compared to typical atmospheric IN such as dust, soot
with a solid core residual coated by a liquid shell to a fully and biological particles, glassy organic particles require tem-
deliquesced liquid. Upon drying, the transition may occur via peratures below~ 230K to nucleate ice heterogeneously
an inverse core-shell morphology, i.e. a liquid coated by a(Hoose and Mdhler, 2012). This restriction confines their
solid shell. Consequently, the particle phase state determinestmospheric activity range to the upper troposphere—lower

4 Atmospheric implications of glassy organic IN

www.atmos-chem-phys.net/14/12513/2014/ Atmos. Chem. Phys., 14, 1289331 2014



12522 T. Berkemeier et al.: Water uptake and ice nucleation by glassy organic aerosols

stratosphere region. Our simulations confirm that the glassy This study outlines the basic physico-chemical relations
state is prevalent only up to temperatures of about 200—240 Kand makes a first attempt in quantifying temperature lim-
under typical atmospheric humiditieSide ~1), depending its for heterogeneous ice nucleation by four generic types
on composition. of SOA, but further laboratory and modelling studies are

In this study we show a strong interplay between diffu- needed to provide a comprehensive set of parameterizations
sion timescales in the atmosphere and atmospheric updrafo be used in atmospheric models. To assess the global im-

speeds: the stronger the updraft and the larger the particlportance of ice nucleation by SOA particles and to quantify

size, the more kinetic limitations delay the liquefaction of the associated aerosol effects on climate, studies with large-

glassy particles. These findings also imply that an ice nu-scale computational models are needed. As small-scale ki-
cleation onset determined in laboratory studies needs to baetic processes cannot be treated explicitly in these kinds of

interpreted carefully in order to apply it to realistic atmo- models, parameterizations are required that include depen-

spheric parameters, i.e. humidification rate, particle size andlencies on temperature, relative humidity, updraft velocity,
starting humidity. Kinetic limitations are already pronounced particle size and composition.

at the smallest atmospherically relevant updraft velocities
of 0.02ms . When humidification is fast (e.g. in convec-

tive updrafts), the glassy state may persist well above its
quasi-equilibrium boundaries. Our simulations on sucrose
and SOA particles suggest a shift of the humidity-induced
glass transition to higher temperatures by about 5K when
updraft velocities are increased by a factor of 10. Also, the
history of an organic particle has effects on its water uptake
properties: particles that were equilibrated at lower humid-

ity are expected to deliquesce at higher ice supersaturation.

In situations where particles are both equilibrated in dry air
(Sice < 0.9) and elevated quickly, upper temperature limits

for immersion freezing on glassy organics might reach much
higher values than the conservative estimates given in this
study. Thus, also ice nucleation in mid-altitude clouds may
be affected by this heterogeneous ice nucleation pathway.

Atmos. Chem. Phys., 14, 125132531 2014
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Figure A2. Predicted glass transition values of SOA marker sub-
stances as a function of QC ratio. The predictedy,org exhibits
Figure Al. Determination of heterogeneous ice nucleation onsets.a linear correlation with @ C for each of the four SOA systems.
For sucrose, data from Baustian et al. (2013) (blue circles) are fit-Solid lines are robust linear regressions using a bisquare weighting
ted. For SOA, deposition freezing data on naphthalene SOA fronfunction and shaded areas are confidence intervals atthevel.
Wang et al. (2012) (red downward triangles) as well as nucleationAnthropogenic aliphatic SOA constituents show the lowest values
data on agSOA from Schill et al. (2014) (pink upward triangles) are of Ty org and a weak dependence ory Q. In contrast, aromatic
used. The resulting linear regression fits (blue and red dashed linesJOA shows the highest glass transition values despite a rather low
lie significantly below the homogeneous nucleation limit and are average Q C ratio.

displayed along with their parameterizations.

Temperature (K)

Table Al. Assumed physical properties of SOA classes for use in
conjunction with the diffusivity estimation scheme.

Appendix A: Details on the estimation of bulk

diffusivities from glass transition and SOAClass ~ O/C  Tgorg(K) ket Korg
hygroscopicity data 0.3 2289106 25  0.084:0.012
a-Pinene 05 2785 7.0 25  0.120:0.020

0.7 328.14+12.8 2.5 0.156:0.028

0.6 258.2-22.2 25 0.1380.024
Isoprene 0.8 2872119 2.5 0.174:0.032

Al Justification of the method

Even though the estimation §chgme descnbeq in $§pt. 2..2 10 3164191 25 021680040
represents a rather crude estimation of water diffusivities, it
builds on basic physical principals: in solutions of chemically 03 2942t 57 25  0084:0.012
similar organic substances (like the mixture of highly func- ~ '@phthalene 00'5 sisd 88 25 0.128:0.020
. ) . o 7 3320:150 25  0.1560.028
tionalized organic species in SOA), the types of molecular
interactions are mostly hydrogen bonds and dispersion inter- 01 2103 97 25 00480004
actions, irrespective of the actual composition. Differences in Dodecane 0.3 2168 51 25 00840012
i ! ; 0.5 223.4+11.4 25  0.126:0.020
diffusive properties are to a substantial degree due to factors
such as molar mass and shape, both of which directly affect
the glass transition temperature (Koop et al., 2011). The way
by which the glass transition is approached is not affected
strongly by the SOA type, as all organic compounds rele-pend strongly on organic mass fraction, thus supporting as-
vant for SOA ardragile glass formers (Angell, 1985). The sumptions 1 and 2 in Sect. 2.2. The observed concentration
proposed method is consistent with the following previousdependence was described almost exclusively by a change in
studies. Ty, with only small trends it and minor variation irB, pos-
Rampp et al. (2000) used nuclear magnetic resonancsibly due to experimental error, thus supporting assumption
(NMR) spectroscopy to determine water diffusion coeffi- 3 in Sect. 2.2.
cients in different carbohydrate matrices (sucrose, allosu- Angell (1997) investigated the correlation of Kauzmann
crose, leucrose, trehalose) and fitted VFT parameters to theemperaturegi with Vogel temperature%p, and found their
temperature and concentration-dependent data sets. Overatjtio to be close to unity. The ratio & to 7o has been shown
similar VFT parameterd andB were found for these chem- to be confined to a narrow range betwee@7l< Ty/ Ty <
ically similar substances, even thoudly,o seemed to de- 1.82 for a wide variety of strongly different substances. This

Koop SOA - 270£21  25+1  01008332%8
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ratio seems to be correlated in magnitude to the substance’s The group “naphthalene” represents typical products orig-
fragility (i.e. VFT parameteB), with high fragilities imply-  inating from the oxidation of anthropogenic aromatic pre-
ing high Ty/ Tp ratios. Conversely, the assumption of simi- cursors. Note that for highly functionalized aromatic com-
lar fragilities (assumption 2) directly points towards similar pounds, UPPER predicts unusually high valuegtgrwhich
Tyl Ty ratios (assumption 3). Accordingly, deducing Vogel are inconsistent with observations. For example, phthalic
temperaturedp from glass transition properties seems rea- acid melts under decomposition (presumably anhydrate for-
sonable. mation) at 403K (Lide, 2005), whereas UPPER suggests a
melting point of about 539 K. For this reason, we used only
those naphthalene oxidation products for which literature
melting points are known, such as the substances given in
Saukko et al. (2012) and a number of compounds listed in
The proposed estimation scheme enables the prediction dfautzman et al. (2010). Note that for the same reason we
bulk diffusion coefficients only from knowledge of glass did not include oligomerization products to the “naphtha-
transition values for the desired RH range. The glass traniene” group. Oligomerization is however also expected for
sition curve can be described by three parameters: the glassromatic SOA, shown e.g. by Kalberer et al. (2004), which
transition temperature of the pure molecular compoundwould lead to highefy org (Koop et al., 2011). For these rea-
Ty,0rg the Gordon—Taylor constaritgT, of the aqueous or-  sons, our estimates for aromatic SOA materials may be re-
ganic mixture; and the hygroscopicityerg, for translating  garded as a conservative estimate.
composition into water activityly org €xhibits a linear cor- The group “dodecane” in Table S1 lists oxidized organ-
relation with melting pointTy,, also known as the Boyer— ics derived from the C12 straight-chain alkanes to represent
Beaman rule (Koop et al., 2011, can be estimated by the family of similar compounds originating from aliphatic
group contribution models with knowledge of the chemi- VOCs of anthropogenic origin. The list is a selection from
cal structure. We use the melting point prediction modelthe comprehensive chemical mechanism in Yee et al. (2012)
of UPPER (Unified Physical Property Estimating Relation- and three compounds from those suggested by Zhang et
ships) as presented by Jain and Yalkowsky (2006) and Jain etl. (2014).
al. (2004). The resulting glass transition values are presented in
Table S1 shows our choice of marker substances for fouFig. A2 as a function of atomic @C ratio, and a clear
different types of SOA along with molar mass, melting points positive correlation is observed within each group of com-
predicted with UPPER and predicted glass transition valuepounds. Such a correlation betwe&gorg and O/ C has
based on the Boyer—Beaman rule. The SOA groups were chdseen supported by receiyy measurements of mixtures of
sen to include SOA from the most commonly studied pre-«-pinene-derived oxidation compounds (Dette et al., 2014).
cursors and are derived from one specified precursor subin Fig. A2, the solid lines are obtained by linear regres-
stance each. The groupa-pinene” and “isoprene” repre- sions of the glass transition values using a bisquare weight-
sent SOA from biogenic origin, whereas “naphthalene” anding function and shaded areas are confidence intervals at the
“dodecane” are our choice for precursors of anthropogeniclo level. The chosen marker compounds occupy compound-
origin. specific ranges of @C values, which is in part due to a dif-
The group &-pinene” contains compounds characteristic ferent carbon number in the precursor molecule. To estimate
of photooxidation and ozonolysis of the biogenic SOA pre- a value characteristic for a mixture of the single compounds,
cursora-pinene, which has been chosen as a proxy for thewe choose three values of A ratios that are typical of the
different monoterpene VOCs responsible for biogenic SOArespective group and take at each of those values the cor-
formation. The list contains compounds with the highestrespondingTy org that arises from the linear fit. The errors
yields according to the MCM-based simulations of Shilling are then given by the extension of confidence bands at each
et al. (2009) as well as those of Zuend and Seinfeld (2012)point. The results are shown in Table Al.
who also included two dimer substances. Furthermore, we in-
cluded 3-MBTCA, a highly oxidized pinene derivative found A3 Estimation of Gordon—Taylor constantskgt
in ambient samples (Szmigielski et al., 2007) as well as ter-
penylic acid, a tracer for fresh SOA, along with two of its Gordon—Taylor constants are necessary to estimate the glass
derivatives (Claeys et al., 2009). transition temperatures of compound mixtures. Zobrist et
The group “isoprene” contains isoprene-derived com-al. (2008) determined Gordon—-Taylor constants for a vari-
pounds found in ambient and laboratory aerosol as suggestegty of atmospherically relevant substances and SOA proxies.
by Surratt et al. (2006) and references therein. These authotdowever, data are sparse when compared to the wide struc-
also proposed a high contribution of esterification productstural variety of compounds in SOA, and no clear correlation
with 2-methylglyceric acid as monomeric unit to SOA mass. can be drawn from the molecular structure. For this reason,
Table S1 lists these oligomers up to the tetramer level, wherd&oop et al. (2011) recommended the use of a mean Gordon—
predicted glass transition values start to level off. Taylor constant okgt = 2.5+ 1 (cf. Table Al). Figure S6

A2 Estimation of glass transition temperaturesTg org
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shows the temperature dependence of FDRH in calculation&5 Evaluation of the method

similar to Figs. 2 and 3, this time using the best guess pa-

rameters recommended in Koop et al. (2011). The uncerfor evaluation of the performance of the diffusivity estima-
tainw in FDRH that arises from the given input parametertion scheme, we compare estimated difoSiVity values with
ranges is shown (grey shaded), and also the specific unce¥alues obtained in experiments by Price et al. (2014). In
tainty from varyingkgT between 1.5 and 3.5 is highlighted these experiments,J@-H,0 exchange in an organic matrix

(orange shaded). at constant temperature and humidity is investigated by Ra-
man spectroscopy. Figure S3 shows the experimentally deter-
A4 Estimation of hygroscopicitieskorg mined Dy,o values for sucrose and levoglucosan in Price et

al., (2014) (blue and red markers) as well asiihgo param-

The hygroscopicity of a compound can be expressed by &terization from Zobrist et al. (2011) (blue solid lin&)y,o
single parametetorg, Which is strongly correlated to its de- in Jevoglucosan has also been estimated with the diffusivity
gree of oxidation (Petters and Kreidenweis, 2007; Lambe ekstimation scheme (red solid line), using input parameters
al., 2011). A typical value fokqrg in biogenic SOA particles  from Zobrist et al. (2008) Xy, org= 283.6 K, kT = 5.2). Wa-
collected in pristine rainforest environments is 0.1 (GunthEter activity has been parameterized using the parameters in
et al., 2009), which was also used by Koop et al. (2011) forTable S4. Experimental and estimated values coincide for the
their estimation of glass transition values in biogenic SOA. highest and lowest water activities but differ under medium

For estimation ofkorg, We use the parameterization of conditions due to the different curvature of the base param-
Lambe et al. (2011) that correlates the/ O ratio of sec-  eterization from Zobrist et al. (2011) that underlies all cal-
ondary organic material to its hygroscopicity, Eq. (A1). culations. However, diffusivities differ only within at most 2
orders of magnitude, which is a considerably small deviation
compared to the large set of approximations made here and
the difference between experimental techniques.

Figure S3 also shows the ranges of estimated diffusivity
coefficientsDy,o for two types ofa-pinene SOA: fresla-
pinene SOA (Q C = 0.3, orange dashed line) and aged

korg = (0.18-0.04) - O/ C+0.03. (AL)

Each SOA precursor class is assigned a typicalvalue
from previous investigations of marker compounds (cf. Fig
A2), and results are shown in Table Al. With the knowl-

edge offg,org kGT andkorg, the entire glass transition curves pinene SOA (Q C=0.7, green dashed line). Dark shadings
for the four SOA types can be calculated, as visualized in . . o X

. . _— confined by dotted lines indicate the range of uncertainty at
Fig. S4. Dashed lines and grey shaded areas indicate rangese. 4 di he i L d
of uncertainty a fixe O/ C, corresponding to the input uncertainties use

' for Fig. S4. Light shadings illustrate how an uncertainty in

O/ C of £0.1 translates into uncertainty iby,o and thus
accounts for the natural variability within SOA as complex

mixture.
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Figure B1. Comparison between calculation results of naphthaleneUndergo immersion freezing. This result is compliant with
SOA deliquescence and experimental ice nucleation and water upthe experimental values, none of which exceeds a nucle-
take data from Wang et al. (2012). For the numerical simulations,ation temperature of 235 K. Above 238K full deliquescence
aerosol particles are assumed to be 1 pm in diameter and are humidccurs before the ice supersaturation required for heteroge-
ified at a rate of 1% RH min!, corresponding to a cooling rate of neous ice nucleation (brown dashed line) is reached. Also,
about 0.1 K mirr! as used by Wang et al. (2012). homogeneous ice nucleation is not possible anymore below
the water saturation limit according to Koop et al. (2000;
green dashed line), leaving no remaining ice nucleation path-

Appendix B: Application of the model to ice nucleation way.
experiments in the literature

B2 Naphthalene SOA experiments
B1 Sucrose experiments

Wang et al. (2012) generated SOA by oxidation of naphtha-
Baustian et al. (2013) investigated sucrose particles depositeléne by OH in a potential aerosol mass (PAM) reactor, de-
on a quartz substrate and humidified inside an experimentgbosited the particles on glass slides and investigated the on-
flow cell. After cooling and drying below the glass transition, sets of water uptake and ice nucleation inside an ice nucle-
particles with an average diameter of 4 um were humidifiedation cell that was mounted on a microscope. Experimental
by cooling at a rate of 0.1 K mirt. Humidification was ini-  results are shown in Fig. B1 for three different SOA oxi-
tialized below ice saturationSie < 0.9). The resulting het- dation states: low @C (0.27) given in red, medium ©C
erogeneous ice nucleation onsets (brown circles) are show(D.54) in green and high ©C (1.0) in blue. For the compar-
in Fig. 2c along with the full deliquescence relative humidity ing model simulations, we employ our diffusivity estimation
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scheme with the glass transition parameterization for naphB3 Citric acid experiments
thalene given above. A humidification rate of 1% RH miin
was employed and temperature varied accordingly to mainMurray et al. (2010) observed the process of heterogeneous
tain a constant dew point. In Fig. B1, the lines of full del- ice nucleation on glassy aerosol particles by investigating cit-
iquescence relative humidity (FDRH) divide the measuredric acid particles in the AIDA cloud chamber. The exper-
heterogeneous ice nucleation onsets into two groups, irreimentally determined onsets of heterogeneous (orange dia-
spective of the degree of oxidation used in the simulation.monds) and homogeneous ice nucleation (green circles) are
Heterogeneous nucleation at or below 225K is consistenshown in Fig. B2 along with results of simulations mimick-
with simulation results (closed diamonds), whereas ice nuing the experimental conditions. In the calculations, we as-
cleation at or above 230K cannot be explained with the essumed a particle diameter of 150 nm and a humidification
timated water diffusion properties (open diamonds). Accord-rate of 12% RH min?, corresponding to a cooling rate of
ing to the model simulation, naphthalene SOA should bel-2Kmint. Humidification was initiated afice = 1 since
already deliquesced at temperatures and RH where ice ndhe cloud chamber walls were covered with ice during the ini-
cleation is still experimentally observed. The model simu- tial cooling process. We performed two series of simulations
lations thus Suggest that solid Compounds that remained ||fpr two different water activity parameterizations available
the otherwise fully deliquesced particle, possibly insolublein the literature. According to the parameterization in Lien-
products from naphthalene OH oxidation, nucleated ice hethard et al. (2012) (dashed lines), heterogeneous nucleation
erogeneously with lower efficiency. Such insoluble productsoccurs exclusively above the (equilibrium) glass transition
are not considered in the model. relative humidity RH and thus in the immersion freezing
The reliability of the method is confirmed by comparing regime. With the parameterization from Koop et al. (2011)
experimental and modelled water uptake onsets that showgolid lines), equilibrium glass transition and full deliques-
very good correlation. The modelled water uptake onset wagence occur at later stages in the humidification process. Ac-
defined as the point where the particle diameter had increaseéPrding to this data, only the experimental data point at about
by 100 nm to take into account the fact that experimental on206 K would have occurred in the immersion mode.

sets were determined by visible inspection under a light mi- At 212K, ice nucleation occurs only homogeneously in
croscope. Murray’s experiments, indicated by the much later ice nu-

cleation onset. The humidification run started with liquid
aerosol particles that showed retarded deliquescence, but
were not able to nucleate ice heterogeneously.
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