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Abstract. Amorphous (semi-)solid organic aerosol particles  All investigated SOA proxies were observed to act as het-
have the potential to serve as surfaces for heterogeneous i@ogeneous ice nuclei at tropospheric temperatures. Hetero-
nucleation in cirrus clouds. Raman spectroscopy and opticafjeneous ice nucleation on pure organic particles occurred at
microscopy have been used in conjunction with a cold stageSice = 1.1-1.4 for temperatures below 235 K. Particles con-
to examine water uptake and ice nucleation on individualsisting of 1:1 organic-sulfate mixtures took up water over a
amorphous (semi-)solid particles at atmospherically relevangreater range of conditions but were in some cases also ob-
temperatures (200-273K). Three organic compounds conserved to heterogeneously nucleate ice at temperatures below
sidered proxies for atmospheric secondary organic aeros®02 K (Sice = 1.25-1.38).
(SOA) were used in this investigation: sucrose, citric acid Polynomial curves were fitted to experimental water up-
and glucose. Internally mixed particles consisting of each ortake data and then incorporated into the Community Aerosol
ganic and ammonium sulfate were also investigated. Radiation Model for Atmospheres (CARMA) along with the
Results from water uptake experiments followed the shapepredicted range of humidity-induced glass transition temper-
of a humidity-induced glass transitiof(RH)) curve and  atures for atmospheric SOA from Koop et al. (2011). Model
were used to construct state diagrams for each organicesults suggest that organic and organic/sulfate aerosol could
and corresponding mixture. Experimentally derivigRH) be glassy more than 60 % of the time in the midlatitude up-
curves are in good agreement with theoretical predictionger troposphere and more than 40 % of the time in the trop-
of T4(RH) following the approach of Koop et al. (2011). A ical tropopause region (TTL). At conditions favorable for
unigue humidity-induced glass transition point on each statéce formation §ice > 1), particles in the TTL are expected
diagram,Té(RH), was used to quantify and compare resultsto be glassy more than 50 % of the time for temperatures be-
from this study to previous works. Values @f(RH) de-  low 200K. Results from this study suggests that amorphous
termined for sucrose, glucose and citric acid glasses werésemi-)solid organic particles are often present in the up-
236, 230 and 220K, respectively. Values]@f(RH) for in- per troposphere and that heterogeneous ice formation on this
ternally mixed organic/sulfate particles were always signif- type of particle may play an important role in cirrus cloud
icantly lower; 210, 207 and 215K for sucrose/sulfate, glu- formation.
cose/sulfate and citric acid/sulfate, respectively.
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1 Introduction aging in atmospheric aerosol particles has also been put forth
in several other recent studies (Bones et al., 2012; Cappa and
Organic compounds are ubiquitous in tropospheric aerosoWilson, 2011; Roth et al., 2005; Shiraiwa et al., 2011, 2012;
and often account for a large portion of aerosol mass (e.g.Vaden et al., 2011; Wang et al., 2012a).
Froyd et al., 2010; and Zhang et al., 2007). A growing The present work investigates state transitions in organic
body of literature has shown that certain types of organicaerosol and the impact of phase state on heterogeneous ice
aerosol may exist as amorphous glasses or semi-solids at a@ermation in cirrus clouds. Ice crystals form on or in am-
mospherically relevant temperatures and relative humiditiedient aerosol particles, termed ice nuclei (IN), which serve
(RH) (Bones et al., 2012; Murray, 2008; Mikhailov et al., as surfaces for ice nucleation and growth in the atmosphere.
2009; Saukko, 2012; Shiraiwa et al., 2011, 2012; Tong etice formation from liquid aerosol particles proceeds via a
al., 2011; Virtanen et al., 2010; Zobrist et al., 2008). Vis- homogeneous ice nucleation pathway (Koop et al., 2000)
cosity is the physical property most often used to distin-whereas heterogeneous ice nucleation is catalyzed by a solid
guish these phases. The term glassy solid is used to descritsirface, such as an insoluble aerosol particle (Pruppacher and
an amorphous material that lacks the long-range molecuKlett, 1997). Particle phase will therefore determine the path-
lar order of a crystal but behaves mechanically like a solidway(s) by which ice nucleation can proceed. If glassy aerosol
due to extremely high viscosity(10'2Pas, Angell, 1995; particles are present at conditions conducive to ice forma-
Debenedetti and Stillinger, 2001). In contrast, the viscositytion, they could potentially serve as heterogeneous IN via
of a liquid is on the order of 16 Pas and between 4@nd  the immersion, contact and depositional freezing modes. De-
102 Pa's for semi-solid substances (Shiraiwa et al., 2011)positional ice nucleation arises from the supersaturated va-
The transition between a semi-solid and glass is often depor phase. Immersion freezing occurs from a supercooled
fined according to a characteristic glass transition temperaqueous droplet whereas contact freezing occurs from the
ature (Iy), below which the viscosity of the substance is collision of an IN with a supercooled aqueous droplet. Cir-
> 10" Pas. rus clouds formed via a homogeneous mechanism will have
The formation of amorphous (semi-)solids and their inter- very different properties than those formed through a het-
action with water vapor have been reviewed by Debenedetterogeneous nucleation process. Due to a low level of scien-
and Stillinger (2001) and examined in the context of at-tific understanding, ice cloud formation is currently not well
mospheric aerosol by Koop et al. (2011) and Mikhailov et characterized in global models and represents a large uncer-
al. (2009). Predicting théy of atmospheric aerosol is non- tainty in predictions of climate change (Forster et al., 2007).
trivial because it is dependent on many factors includinglt is therefore important that we determine whether glassy
aerosol composition, temperature, RH, rate of change of temerganic aerosol exists at conditions favorable for ice cloud
perature and RH, and aerosol mixing state of the particlesformation, and if so, investigate ice nucleation on such parti-
Zobrist et al. (2008) have shown that while many inorganiccles.
salt solutions havéy values too low to be of importance in There are only a few previous studies of ice nucleation
the atmosphere, mixtures of inorganics and oxygenated oren particles known to be glassy (Murray et al., 2010; Wag-
ganics often havdy values that fall within an atmospher- ner et al., 2012; Wang et al., 2012a; Wilson et al., 2012).
ically relevant temperature range. They suggest that glassin cloud chamber experiments Murray et al. (2010) demon-
organic aerosol could influence water uptake and ice nuclestrated that heterogeneous ice nucleation on glassy citric
ation processes in the upper troposphere. A number of studiegcid particles occurs at lower ice saturation rati§g(7) =
have provided evidence that supports this hypothesis. KooPH,o/VPice(T'), Where Py,o is water vapor partial pressure
et al. (2011) have demonstrated that typical precursors foand VB is equilibrium vapor pressure of water over ice)
biogenic SOA (i.e.x-pinene and isoprene), when oxidized, than in aqueous citric acid aeroséit ~ 1.2 on glassy vs.
have Ty values within the range of atmospheric relevance. Sice ~ 1.6 for liquid). In a follow-up study using glassy or-
Murray et al. (2012) demonstrated the solid-like behavior ofganic aerosol with a range @} values, Wilson et al. (2012)
iodic acid solution droplets at low RH by applying mechan- observed heterogeneous ice nucleatiof@tvalues ranging
ical pressure. Particles shattered in a manner consistent witirom 1.2 and 1.6 for temperatures near 200 K. For the same
an ultra-viscous or glassy solid. Virtanen et al. (2010) andset of experiments, Wagner et al. (2012) describes a mech-
Saukko et al. (2012) have also inferred the solid-like behav-anism by which initial homogeneous freezing may create a
ior of SOA particles and proxies at ambient temperatures andubset of amorphous aerosol particles that could then serve
low RH using inertial impaction and particle bounce as anin-as highly efficient heterogeneous IN. Wang et al. (2012a)
direct measurement of viscosity. Saukko et al. (2012) foundnvestigated water uptake and ice nucleation on laboratory-
that bounce factor increased with further oxidation of SOA generated glassy naphthalene SOA. Both immersion and de-
particles, whereas increased concentrations of sulfuric acighosition mode freezing were observed on these samples be-
decreased particle bounce factor by lowering viscosity. Ev-Jow the homogeneous ice nucleation threshold.
idence that a glassy or amorphous aerosol phase influencesIn the present study, we have used Raman spectroscopy
water uptake, evaporation, diffusion, sorption and chemicaland optical microscopy to investigate how state transitions
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influence ice nucleation in organic aerosol particles over aand demonstrated water uptake that was not consistent with
range of atmospherically relevant conditions. The Ramarcrystalline deliquescence. Water uptake by an amorphous
system was used to probe water uptake and ice nucleatiosemi-)solid substance in a humid environment is referred
at the level of the individual micron-sized particle. State di- to as a moisture-induced phase transition or amorphous del-
agrams constructed from experimental results were used t@muescence (Mikhailov et al., 2009). Raman spectra of cit-
predict organic aerosol phase over a large range of temperic acid shown in Fig. 1 provide an example of differences
atures and RH. Ice nucleation experiments were performedbetween crystalline and amorphous deliquescence. Raman
to determine conditions under which glass-forming organicspectra of crystalline citric acid, for example the bottom
aerosol may serve as heterogeneous IN. Laboratory resultspectrum in the left panel of Fig. 1, have sharp peaks in the
were also incorporated into the Community Aerosol Radia-O-H and C-H stretching region between 3100-3600tm
tion Model for Atmospheres (CARMA) to estimate the frac- and 2900-3100 cnt. In contrast, Raman spectra amorphous
tion of time organic particles are likely to be glassy versuscitric acid particles (bottom spectrum in the right panel of
liquid in the midlatitude upper troposphere and TTL regions. Fig. 1) have single broad peaks in these same regions. Peak

broadening in the spectra occurs due to the disordered na-

ture of O-H and C-H bonds in the amorphous species versus
2 Experimental a well-ordered crystalline solid. Samples were held at room

temperature and 0% RH until spectral subtraction showed
Sucrose, glucose and citric acid are all soluble organicthat the water content of particles remained constant. Raw
species known to form glasses at atmospherically relevanspectral data was used for subtractions without background
conditions. These organics were chosen because they ha@@rrection however spectra were normalized using the inten-
similar functionality to soluble organic material commonly Sity of the C-H peaks prior to subtraction. Spectral subtrac-
found in tropospheric aerosol particles (Graham et al., 2003}ions from the water uptake experiment presented in Fig. 1
and have been used in previous investigations of glassyre shownin Appendix A, Fig. Al for reference. Glassy par-
aerosol (Bones et al., 2012; Murray et al., 2010; Zobrist etticles were never observed to effloresce, even when left for
al., 2008, 2011; Lienhard et al., 2012; Koop et al., 2011). more than 24 h at 0% RH.

Tropospheric aerosol often consists of organic material in- Crystalline samples could not be generated from atomized
ternally mixed with significant fractions of inorganic com- liquid particles due to inhibition of crystallization in concen-
pounds (e.g., Cziczo et al., 2004; and Murphy et al., 2006)trated organic solutions (Bodsworth et al., 2010). For exper-
Single-particle mass spectrometry has further shown thatments starting from crystalline species, a mortar and pestle
background aerosol near the TTk- (2-18km,~180—  Was used to grind the pure crystalline material at room tem-
200K) consists mainly of internally mixed oxygenated or- perature and humidity. A small amount of the finely ground
ganics and sulfates with an average organic mass fraction ghaterial was placed on a quartz substrate and gently tapped
50 % (Froyd et al., 2010). For this reason, internally mixed to free large crystals.
particles containing equal parts organic and ammonium sul-
fate were also investigated in this studly. 2.2 Water uptake and ice nucleation experiments

2.1 Particle generation Water uptake and ice nucleation experiments presented in
this study were performed using a Raman spectrometer
Aerosol samples were created by drying agueous organipaired with an optical microscope, temperature-controlled
aerosol generated via atomization. Particles were producednvironmental cell and chilled-mirror hygrometer. This ex-
by delivering a 10 wt% solution of each organic (or 10 perimental setup and methods have been previously de-
wt% 1:1 mixture with ammonium sulfate) to an atomizer scribed in detail (Baustian et al., 2010; Wise et al., 2012;
(TSI 3076) at a rate of 2mL min* using a Harvard appa- Schill and Tolbert, 2012b) and are therefore described only
ratus syringe pump. Particles were impacted directly onto eriefly here.
silanized quartz substrate (1 mm thick) in a flow of dryat Directly following preparation, samples were placed into
0.6 L min~L. The resulting particles had diameters between 1the experimental flow cell and conditioned in a dry environ-
and 10 um with an average size-o# um. All particles used ment at 298 K. An experiment began by introducing water
for investigation of water uptake in this study were betweenvapor into the N stream. RH inside the cell was continuously

3 and 8 um initial diameter. monitored using a Buck Research CR-1A chilled-mirror hy-
Samples were placed in an experimental flow cell andgrometer. Samples were held at 298 K until the humidity
exposed to an environment of dry,NRH = 0%, T = level desired for each experiment was reached and allowed

298 K). Particles were conditioned at 0% RH and con-to stabilize. RH was further increased by cooling samples at
sidered glassy, or at least to contain a glassy outer shelk rate of 30 K mirr®, until the RH environment over a sample
if the following criteria were met: Raman spectra showedwas~ 90 % of that required for deliquescence. After the ini-
that particles were noncrystalline, particles were sphericatial cooling phase, samples were held at one temperature and
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humidity level for>5 min to ensure temperature stabiliza- 3 Results and discussion
tion. A slow temperature ramp, cooling rate of 0.1 K min
was then initiated. This rate was chosen because it is simila\r3
to the cooling rate an air parcel might experience in mid and
low latitude cirrus clouds (Karcher and Strom, 2003). Sam-
ples were cooled continuously and monitored at least every
0.2 K, using both visual inspection and Raman spectroscopySpectra and images obtained during a typical deliquescence
until water uptake and/or ice formation was observed. Forexperiment are shown in Fig. 1. This experiment began with a
example, if the onset of water uptake was expected to occusample of crystalline citric acid monohydrate (deliquescence
between 50 and 60 % RH, a sample was cooled at 30 Ktin RH = 77 % at 298 K, Salameh et al., 2005). As RH over the
until RH above the particles was 45 %. After temperature sample increased deliquescence was observed. The left panel
equilibrium was established the sample was cooled at a raten Fig. 1 presents a few of the spectra and images obtained
of 0.1 K min—1 until the onset of water uptake was observed. during a crystalline deliquescence experiment at 252 K. Wa-
Spectral subtraction was used to specifically determine RHer uptake is marked by the appearance of a broad O-H peak
at the onset of water uptake (e.g., Fig. Al). in the range of Raman frequencies associated with liquid wa-
Sice Was also monitored and used to quantify the onset ofter (~3100 and~ 3600cnT?!). This change is subtle due
ice nucleation events. Values were derived experimentallyto overlapping peaks in this wavenumber range, therefore
from the ratio of P4,0 t0 VPice(T). PH,0 Was determined  spectral subtraction was used to precisely determine onset
from frost point values measured by a chilled-mirror hy- conditions for water uptake. Spectral subtractions for this
grometer (Buck, 1981). VR(T) was calculated using cal- experiment are given in Appendix A, Fig. Al. In this ex-
ibrated sample temperature and vapor pressure formulationgeriment the crystalline deliquescence began at 76.2% RH
from Murphy and Koop (2005). Uncertainties ip&ovalues  (Fig. 1, spectrum highlighted in blue). Deliquescence of the
listed throughout the manuscript(.05) reflect one standard citric acid crystal proceeded over a small RH interval (76.2—
deviation of uncertainty in the temperature calibration of the 79.5 %) as water was quickly absorbed into the bulk crys-
environmental cell. During experiments in which water vapor tal. This transition was accompanied by clear changes in
saturation with respect to ice was reached and/or surpassegarticle morphology as shown in the adjacent images. The
the sample was monitored for both water uptake (using Ranewly formed liquid droplets were then dried to 0% RH and
man spectroscopy) and the onset of ice nucleation (using 10Xvarmed to room temperature to create glassy aerosol parti-
optical magnification). For every experiment performed in cles.
this study the slow cooling phase (0.1 K mi) was initiated To demonstrate the distinct differences between crystalline
below saturation with respect to ic84 < 0.9). Afterice nu-  and amorphous deliquescence, spectra obtained during the
cleation was detected, the final step in every experiment wasecond humidity cycle, performed using the same (now
sublimation of the ice, revealing the particle responsible forglassy) particle are presented in Fig. 1 (right panel). The par-
nucleation. The IN was then inspected using both optical mi-ticle begins taking up water at much lower RH than it did dur-

.1 Deliquescence in crystalline versus amorphous
particles

croscopy and Raman spectroscopy. ing the first humidity cycle. The transition is again marked
_ _ by the appearance of a peak at the characteristic Raman fre-
2.3 Experiments from pure crystalline compounds quency for liquid water between 3100 and 3600 ¢niThe

) . ) . ) onset of water uptake in this example was observed at 30.9 %
For experiments starting from solid crystalline organic ma-pH and indicated by the small peak around 3400tm

terial an additional humidity cycle was needed to generatgriq 1, spectrum highlighted in red). Spectral subtraction re-
amorphous particles. Crystalline samples were placed in thgjts ysed to specifically determined the onset of water up-
environmental cell at room temperature and 0% RH. Wateraye are shown in Fig. Al. In contrast to deliquescence of the
vapor was added until the RI—! levels reached 90 % of the de“'crystalline particle, water uptake on the glassy particle be-
quescence RH of the_ crystalline compou_nd ar_nd the_zn the SaMyan at lower RH and proceeded gradually over a range of RH
ple was cooled continuously at 0.1 Kmihuntil deliques- a1 65 as humidity was further increased. Additional spec-
cence was observed. The resulting aqueous droplets Wekg, shown in this panel demonstrate how the particle contin-
dried to 0% RH and warmed to 298K to create glassy par-qq to take up water over a large RH range (30.9-72.5 %,
ticles. The sample was then subjected to a second humidity; 5 cooling rate of 0.1 K mint). Optical images presented
cycle to observe amorphous water uptake. with these spectra show that hydration was not accompa-
nied by a clear change in the size or structure of the amor-
phous (semi-)solid particle. Particle size did not significantly
change as RH was increased up to 72.5 %. Water uptake dur-
ing amorphous deliquescence can be kinetically hindered due
to particle viscosity and may even be accompanied by parti-
cle shrinking due to microstructural rearrangements and the
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Fig. 1. Raman spectra and images demonstrating crystalline (left) and amorphous deliquescence (right) of a citric acid particle at 252 and
257 K, respectively. The onset of water uptake for each experiment was determined using spectral subtraction and indicated by spectra
highlighted in blue and red. Spectral subtractions are given in Appendix A, Fig. Al.

collapse of porous gel-like structures within the glassy parti-cence, black markers indicate that depositional ice nucleation

cles (Mikhailov et al., 2009). was observed, and gray markers indicate that both water up-
_ take and ice nucleation took place on separate particles. In
3.2 State diagrams other words, gray markers denote that within the same field

Its f K , q of view, ice nucleation was observed on one particle while
Results from water uptake experiments were used to crealg, iy water was detected on other particles using Raman

state diagrams as a function of temperature and RH for eacepectroscopy. Experimentaly(RH) and Ty(RH)mix curves
;pecies(Figs. 2-4). This typg of diagramis usefulfor.predict—_(red and blue) were generated by fitting third order poly-
ing aerosol phase over a wide range of atmospheric condif,mia| equations to the experimental water uptake data for
tions. State diagrams include an ice melting cuf®)(glass  o4ch organic and mixture. The fits have endpoints aryfod
transition curve (§) and homogeneous ice nucleation curve pure water (RH= 100 %,T, = 136 K) at the low temperature
(Thom- Thomindicates where ice nucleation is expected to 0C-avtreme and correspond to experimentally determingaf

cur in liquid droplets based on the parameterization of Koopg ., pure dry organic component (Bodsworth et al., 2010:
et al. (2000) assuming a homogeneous ice nucleation rate 6f o ist et al., 2008) at 0% RH. Fit parameters for each ex-
5x10°cm3s~%. This type OfP'Ot is referred to asa state di- erimentalTg(RH) line presented in Figs. 2—4 are listed in
agram, rather than a phase diagram, because it includes bo pendix A, Table AL. For clarity, the portion of each curve
thermodynamically predicted phase transitions as well as ki'corresponding to experimentally determined data is shown
netically controlled phase changes (Murray, 2008). The inter-, 5 5olid line and the section of each curve extrapolated to

section point offy, and 7y curves represents a unique point o yhaints is dotted. Assuming equilibrium conditions, the re-

on each state diagram, knowng(Zobrist etal., 2008)lg,  gion below (or to the right of) labelefly(RH) curves repre-

however, is strongly dependent on RH so all results from thisge s conditions under which aerosol particles were glassy.

study are reported as a function of RH, using the notation, temperatures and RH above (or to the left of) Ty¢RH)
Tg(RH). o _ curves particles took up water and were liquid or semi-solid.
The left panels in Figs. 2, 3 and 4, present state diagramg)enending on particle viscosity, mass transfer of water into
constructed based on experiments with sucrose, glucose a’tﬂassy or semi-solid aerosol can be extremely slow. Above
citric acid, respectively. All square markers correspond totheTg(RH), however, water uptake is a self-accelerating pro-
experiments with pure organic species whereas triangles ingess”and ‘micron-sized particles tend to equilibrate with the

dicate the same transition for particles consisting of a Llsurrounding RH environment on timescales similar to the

mixture of organic and ammonium sulfate. In all f|gu_res, change in RH (10's to 100's of seconds) at room temperature
open markers designate the onset of amorphous deliques-

www.atmos-chem-phys.net/13/5615/2013/ Atmos. Chem. Phys., 13, 58528 2013



5620 K. J. Baustian et al.: State transformations and ice nucleation in amorphous (semi-)solid organic aerosol

300 .
280 —f
240—3 .

220

Temperature [K]

200

180

[ \ Sucrose water uptake [ ) [
s N @ Sucrose ice and water uptake + 418 =1
0 . N . ice

Y W Sucrose ice nucleation F

Y Sucrose/AS water uptake ~ 4 L

1 \ [ 0.8 - -
L R R N R R R R : L L L L B L DL |

100 80 60 40 20 0 200 205 210 215 220 225 230 235
RH [%] Temperature [K]

160

Fig. 2. State diagram for sucrose constructed using experimental data (left @gytBIH) (red) andlg(RH)mix (blue) lines were created by
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the method of Koop et al. (2011Jg(dry) = 335.7 K andkgT = 4.86 were used to calculafg(RH)koop for van't Hoff factors {org) 1.5, 2

and 2.5.Ty, is the ice melting curve and indicates whéyg, = 1. Black markers represent experiments in which depositional ice nucleation

was observed without water uptake. For experiments indicated by gray markers, ice nucleation was observed on one particle while liquid
water was detected on other particles within the same field of view. The right panel gives ice saturation ratios as a function of temperature for
each of the experiments in which ice nucleation was obseffiygg, in both figures indicates where homogeneous ice nucleation would occur

in liquid particles according to the parameterization of Koop et al. (2000) assuming a homogeneous ice nucleatiorxrbf® of5 3 s~1.

Fit parameters for experimentg}(RH) curves are given in Appendix A, Table Al.
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Fig. 3. State diagram and correspondisig. plot for all experiments in which glucose or glucose/ammonium sulfate was investigated. Other
symbols, lines and notation are the same as in Fig. 2. GIUEg#H)k ,0p CUrves (green) were calculated usifig{dry) = 296.1K and
kgt = 3.95 for van't Hoff factors {org) 0.5, 1 and 1.5.

(Tong et al., 2011). Water vapor diffusion into glassy aerosolfore calculations represent an upper limit for the timescale
at low temperatures is significantly slower, but can be en-of diffusion of water vapor into the particles examined. For-
hanced by orders of magnitude at increased RH (Zobrist etnulations from Zobrist et al. (2011) were used to estimate
al., 2011). the diffusion coefficient of waterl§n,o) into the particles
Following the method of Wang et al. (2012a), timescalesfor a range of conditions. Timescales for bulk diffusion into
for water vapor diffusion into particles were estimated for the particles were obtained following the methods of Shi-
pure sucrose particles to determine whether amorphous delraiwa et al. (2011)#(= d2/4n2DH20, wheret is time and
quescence could be expected to occur on experimentally and is particle diameter). Finally, viscosity of the particles was
atmospherically relevant timescales. Sucrose has the highesstimated using the Stokes—Einstein equation, which relates
Ty(dry) of the species investigated in this study and there-particle viscosity andy,0. DH,o calculated at the onset of
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Fig. 4. State diagram and plot of ice saturation ratios for all water uptake and ice nucleation experiments performed on citric acid and
citric acid/ammonium sulfate particles. Black circles in this figure represent ice nucleation on citric acid as observed during cloud chamber
experiments from Murray et al. (2010). Other symbols, lines and notation are the same as in Fig. 2. CiffiigRidoop curves (green)

were calculated usingig(dry) = 280.1 K andkgt = 3.18 for van't Hoff factors {org) 1.5, 2 and 2.5.

water uptake for experiments with pure sucrose was found t@and dRH/d" = 0.05% min?, they observed a moisture-
be on the order of 10?2 cm? s~ for all water uptake exper- induced phase transition in a micron-sized glassy sucrose
iments ( > 236 K). These diffusion coefficients correspond particle starting at RH= 35 % with substantial water up-
to timescales on the order of hundreds to thousands of sedake (considered the transition to liquid phase) by RH
onds (8 to 34 min) across the range of temperature and RHO %. Additional calorimetry experiments supported the fact
conditions for water uptake by 4 um sucrose particles. Thes¢hat the particle was glassy below31 % RH. For a humid-
results indicate that at humidified conditions amorphous deldity ramp rate of 1% min?, similar to the rate employed in
iquescence of the particles could have occurred ontimescaldgbe present study, Zobrist et al. (2011) observed the glass-
relevant for aerosol processing in clouds. Viscosities derivedo-liquid transition at 53 % RH, which is in good agreement
at the onset of water uptake for sucrose were all in the semiwith sucrose results presented in this manuscript. The study
solid regime, on the order of $®as. Bones et al. (2012) by Zobrist et al. (2011) highlights the fact that water uptakes
have demonstrated that Stokes—Einstein can be used to reabtained using the Raman technique may represent an upper
sonably predict the viscosity of sucrose particles between 1imit because RH for the onset of water uptake is expected to
and 1d Pas. Still, viscosities reported here should be consid-decrease as the humidification rate is decreased towards zero
ered estimates as the Stokes—Einstein equation may not holdull equilibrium conditions).
for concentrated species neig(RH). Using the semi-empirical method outlined in Koop et
Comparing the state diagrams constructed for each organial. (2011), the theoretical RH dependenceTgfwas esti-
species, pure sucros@é(RH) =236 K, Fig. 2) has the high- mated for each pure organic compound used in this study.
estTy(RH) of the six systems investigated here. At temper-Equation (1) was used to calculate water activity)(as a
atures ranging from 235 to 270K, sucrose particles (operfunction of van't Hoff factor (org) and number of moles of
squares) did not begin taking up water until 54—71% RH.water () and soluterorg).
Over the same temperature range, gluc@géRH) = 230K,
Fig. 3, open squares) began taking up water at between 40— . TNorg -1
72% RH and citric acid Tj(RH) = 220 K, Fig. 4, open ‘W= 1+’OV9E>
squares) from 22-68% RH. One consequence of a lower
Té(RH) is that citric acid particles were aqueous or semi- The Gordon—Taylor approach along with experimentally de-
solid over a wider range of conditions than the other twoterminedTy(dry) values and system-specific Gordon—Taylor
organic substances. Sucrose particles, on the other hand, reenstants kg7) from Lienhard et al. (2012) and Zobrist et

@)

mained glassy until much higher humidity levels. al. (2008) were used to calculdig for solute concentrations
from 0 to 1. Assuming equilibrium conditions, derivéy
3.3 Comparison ofTy(RH) results to other studies versus RH values are plotted using constant valuesqfgr

between 0.5 and 2.5. Theoreticg(RH) curves calculated
Zobrist et al. (2011) investigated water uptake by amorphousccording this method are shown along with experimental
sucrose particles using an electrodynamic balance. At 291 Klata in Figs. 2, 3, and 4 (green lines) for each pure organic
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compound. Examination of these figures show that theoreti- T Ll R T Lol
cal Ty(RH) swathes calculated using the Koop et al. (2011) )
approach are in good agreement with the experimental data 300 -
presented. This supports the hypothesis that water uptake 1
may be related t@g(RH). Polynomial curves that were fitted

to experimental data are also similar to theoretiGgRH)
swathes.

Figure 5 showsTy(RH) curves estimated by Koop et
al. (2011) using this same method for a range of atmospheric
SOA patrticles. It can be seen that our experimental data for g 1
the pure and mixed organics fit within the Koop parameteri-
zation. Thus, the organics and mixtures used in this study are
expected to be good proxies for atmospheric SOA. ]

Wang et al. (2012a) measured the onset of water uptake 1
for laboratory proxies and ambient SOA particles using opti- 1
cal microscopy for detection of water uptake. For compounds
with similar O : C ratios as those investigated in the present | |
work, they found higher water uptake onsets85 % RH at 100 %0 60 40 20 0
240K). The difference could be due to the specific organics RH (%)
investigated, particle size or due to different detection meth-
ods for the onset of water uptake. Although the Wang et al.Fig- 5 State diagram depicting experimentally determifig(RH)
(2012a) data is at the upper end of the Koop et al. pal,amg:urves from this study and the estimated rangdg{RH) for at-

eterization, their data also falls within the Koop et al. SOA mospheric SOA from Koop et al. (2011). This plot indicates that
range ! ’ the organics and mixtures investigated in this study may be good

proxies for atmospheric SOA.

rature (K)

Tem

200

—— Koop 2011 SOA Average
Koop 2011 SOA Full Range [
—— Pure Sucrose
—— Pure Citric Acid
—— Pure Glucose
--------- Sucrose/AS Mix —
--------- Glucose/AS Mix
--------- Citric Acid/AS Mix

3.4 Influence of ammonium sulfate on thely(RH) of

organic aerosol particles ) N ) )
that the range of possible conditions under which organic

Direct measurements of aerosol composition near the TTLa€rosol will be glassy in the upper troposphere is dependent
region suggest the majority of particles consist of partially ©n chemical composition, particle morphology and mixing
or fully neutralized sulfate mixed with oxygenated organics Stateé of the aerosol in addition to temperature, RH and dy-
(Froyd et al., 2010). Froyd et al. (2010) further reported thenNamics.
mass fraction of organic material in the sampled background
aerosol was ofters- 50 %. Thus, it is likely that the experi- 3.5 Ice nucleation from amorphous (semi-)solid aerosol
ments performed with organic-sulfate mixtures better repre-
sent the behavior of atmospheric particles found in the TTL.For each organic discussed above, there are certain con-
Triangles in each state diagram show results from experiditions under which heterogeneous ice nucleation was ob-
ments with aerosol particles consisting of lLinternal mix-  served. Ice formation was observed during experiments indi-
tures of organic material and ammonium sulfate. In everycated by either black or gray markers on each plot in Figs. 2,
case, the addition of ammonium sulfate shifts #g¢RH) 3 and 4. Black markers denote depositional ice nucleation on
curve of the organic substance towards IoWé(RH) values. glassy particles, whereas gray points indicate that both wa-
This type of shift was anticipated because inorganic specieser uptake and heterogeneous ice nucleation were observed
tend to have lowefly than organic species and will act as at nearly the same time on separate particles. Onset condi-
plasticizers, reducing the viscosity of a mixture compared totions for ice nucleation have been included as part of each
that of a pure compound (Saukko, 2012; Wilson et al., 2012;state diagram and are also given as a functiofigfin the
Zobrist et al., 2008; Koop et al., 2011). In the present studyright panel in Figs. 2, 3 and 4.
ammonium sulfate always lowefg(RH) but does not seem At the lowest temperatures, ice nucleation on glassy parti-
to affect all of the organic substances to the same degreeles prior to water uptake (black markers in every figure) was
For example, the ammonium sulfate has little effect on thetypically observed. This depositional mode ice nucleation oc-
Té(RH) of citric acid but lowers th@é(RH) of both sucrose curred at onsefice values ranging from 1.1-1.4 for temper-
and glucose by more than 20 K. In every system studied, thetures of 235 to 200K. For sucrose experiments the aver-
addition of ammonium sulfate shiftg(RH) towards lower  ageSice was 1.190.08, which is not significantly different
RH, so that aerosol particles are liquid over a larger range othan the same metric for citric acidife, ave= 1.18+0.08)
temperatures and RHs. The variable influence of ammoniunor glucose §ice. ave = 1.14+0.07) at temperatures below
sulfate on thely(RH) of these organic compounds implies 235K.
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The results for depositional mode ice nucleation presented The temperature at which ice nucleation was first observed
in this manuscript are similar to results from previous stud-either with or without water uptake for each system was
ies of ice nucleation using laboratory-generated proxies o234, 227 and 220K for sucrose, glucose and citric acid,
ambient SOA. Saturation ratios for depositional ice nucle-respectively. In these experiments onset freezing tempera-
ation on these species are in excellent agreement with reture trended with bottfy(dry) and O:C ratio of the pure
sults from Murray et al. (2010), who examined ice nucleationorganic compounds (Sucrosg(dry) = 335.7K, O:C=
on glassy citric acid aerosot150 nm) (Fig. 4, black cir-  0.92; Glucosely(dry) = 296.1K, O:C= 1.0; Citric Acid
cles, T = 190-207 K). Wilson et al. (2012) observed depo- Ty(dry) = 280.1K, O:C= 1.17, Bodsworth et al., 2010;
sitional freezing onsets betweéhe = 1.2-1.6 " <200K) Zobrist et al., 2008) but did not strictly follow molar mass
in cloud chamber experiments with raffinose, 4-hydroxy-3- (Sucrose 342.3g mot; Glucose 180.16 g mot, Citric Acid
methoxy-DL-mandelic acid, levoglucosan and a multicom-192.12gmot?1). O: C ratios for these three organic com-
ponent organic/sulfate mixture. Similarly, ice saturation ra- pounds span only a small range so it is not likely to explain
tios near 200K of 1.1& Sice < 1.57 were reported by Schill the difference in onset freezing temperatures for these exper-
and Tolbert (2012a) for depositional nucleation on monocar-iments. Wang et al. (2012a) who investigated organic com-
boxylic films. pounds with a wide range of O:C ratios observed deposi-

For experiments with laboratory-generated solid/glassytional ice nucleation onsets independent of O : C ratio.
naphthalene SOA, Wang et al. (2012a) reported depositional In summary, we find that glassy organic aerosol can act
ice nucleation with mean ice onsets betwsga= 1.35and  as suitable surfaces for ice formation. Heterogeneous ice nu-
1.52 atT <230K. Although mean ice onsets from Wang et cleation always proceeded at saturation ratios lower than the
al. (2012a) were generally higher than those observed in thhomogeneous nucleation threshold. The aveggefor all
present study, for several individual experiments ice onsetsystems studied here wasl.2 versusSice = 1.5-1.6 for ho-
as low asSjce = 1.23 were observed. Anthropogenic aerosol mogeneous nucleation whé&h< 235K.
containing a high fraction of organic material collected near
Mexico City heterogeneously nucleated iceSat between 3.6 Ice nucleation on internally mixed organic-sulfate
~1.15and 1.5 a' <230 K (Knopf et al., 2010). Wang et al. particles
(2012b) found similar results for organic-rich aerosol sam-
ples collected in both Los Angeles and Mexico City. For de-
positional ice nucleation, lower freezing onsets will gener- s
ally be observed for samples with higher total particle surface?4 %, Froyd et al., 2010) and some ice crystals are be-
area due to the increased probability of a highly efficient ice/l€ved to form via a heterogeneous nucleation process.

nucleation active site in the sample. Therefore, total exposed© N€lP explain these observations, ice nucleation experi-
surface area of aerosol could account for differences in obMeNts were also conducted using internally mixed organic-

served ice onsets for the various studies described here.  Sulfate particles. In this study, heterogeneous ice nucleation

For experiments indicated by gray markers, both water up_events were rarely observed on organic-sulfate particles at

) .
take and ice were observed at nearly the same time on sep- > 200 K. Tg(RH) of sucrose/ammonium sulfate samples

arate particles within the same field of view. Depending on'WaS depressed by 26 K compared to the pure organic. Mixed
whether IN particles were wet prior to ice formation, het- sucrose/ammonium sulfate particles took up water prior to

erogeneous freezing may have occurred either by depositiolf€ Nucleation over the entire range of temperatures investi-
or immersion modes. Using the Raman experimental setup i#2€d in this studyTg(RH)mix and open triangles, Fig. 2)
was not possible to determine whether water uptake occurre@nd ice nucleation was never observed. For both citric acid

prior to ice formation in these cases and therefore we canng®'d glucose mixed with ammonium sulfate, ice nucleation
rule out either freezing mechanism. These processes wer&@s only observed along with water uptake in a few experi-

only observed in tandem for particular experimental condi-MeNts (gray triangles, Figs. 3, 4) near the experimental limit
tions. Specifically, when RH levels for water uptake and ice®f ~ 200 K. The range ofice values for the onset of nucle-
formation were similar. Thus it is possible that we were ob- ation in these few experiments was, however, similar to those
serving a competition between water uptake and ice formaobserved for the pure organic glasses. This mechanism could

tion processes. A similar phenomenon was observed by wisé1€refore help explain heterogeneous ice formation in sub-
et al. (2012) when investigating deliquescence and ice nucle!iSiPI€ cirrus that are ever-present near the TTL~ 180
ation of NaCl hydratesSice for the onset of ice nucleation in 200K).

these experiments was always lower tlfapy, which rules

out a homogeneous freezing pathway. At higher or lower ex-

perimental temperatures either water uptake or ice formation

clearly dominates and this effect is not observed. The points

have been given their own color (gray) to make it clear that

results were distinct for these experiments.

Ice residues from subvisible cirrus often consist of or-
ganic/sulfate mixtures (average organic weight fraction
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3.7 Inhibition of ammonium sulfate efflorescence in cel water vapor concentration was reduced to ice saturation.
internally mixed particles This gave RH along each trajectory. From there, the frac-
tion of time that parcel conditions were above/belfyRH)
Ammonium sulfate solution droplets have been studied bywas used to predict the fraction of time particles would be
many groups and efflorescence is known to occur 86 % glassy. Fraction of time reflects the percentage of time an
RH independent of temperature (e.g., Bodsworth et al., 2010average particle was glassy following an air parcel along
and Martin, 2000). At low temperatures efflorescence of am-its trajectory. All particles were initially considered aque-
monium sulfate may however be suppressed or eliminated ibus and remained so until parcEland RH changed such
internal mixtures with high weight fractions of organic ma- that a glass transition would be expected. This method as-
terial (Bodsworth et al., 2010). During experiments in the sumes that every particle forms a glass belfy(RH) and
present study, crystallization was not observed in either orthat crystallization never occurs. Experimentally determined
ganic or sulfate components of internally mixed particles. T4(RH) curves for each species and mixture from this study
Several samples of internally mixed particles were exposedvere used to define particle state based on air parcel condi-
to 0 % RH for more than 24 h and efflorescence was never obtioning in the model. To extend results beyond the organic
served. Due to high viscosity of the glassy organic materialspecies investigated in this study, the model was also run us-
crystallization of the ammonium sulfate was eliminated. Thising the full range offg(RH) values estimated for atmospheric
observation supports results from Bodsworth et al. (2010)SOA by Koop et al. (2011). Results from all model trajecto-
who demonstrated that the addition of citric acid lowered theries were averaged and used to estimate the fraction of time
efflorescence RH, or in moderate concentrations at cold temparticles are expected to be glassy given conditioning in the
peratures (i.e., 0.3 mole fraction &t<250K), completely  TTL (185K < T < 220K) and midlatitude upper troposphere
eliminated efflorescence in ammonium sulfate. The data pre215K < T < 235K).
sented here, also supports their conclusion that the literature Figure 6 shows the fraction of time that glass-forming
efflorescence value for pure ammonium sulfate cannot alorganic/SOA aerosol particles are expected to be glassy
ways be used to predict conditions under which solid am-at typical midlatitude (left) and TTL (middle) conditions.
monium sulfate will exist in upper tropospheric aerosol. Solid/colored lines in each figure correspond to results for
pure organic species whereas colored/dashed lines indicate
results for organic-sulfate mixed aerosol. Koop High, Low
4 Atmospheric implications and Mid lines correspond to the high, low and average
expectedTy(RH) for atmospheric SOA based on Koop et
Experimental results have demonstrated that glassy organial. (2011) (depicted in Fig. 5). The fraction of time parti-
aerosol particles can serve as heterogeneous IN at tropales are predicted to be glassy for midlatitude conditions is
spheric conditions. In the atmosphere, particle phase will degreater than 60 % for every particle type. Despite higher tem-
pend on air parcel history and dynamics in addition to tem-peratures in the midlatitude upper troposphere, the fraction of
perature, RH and particle composition. Currently it is not time particles will be glassy is overall higher compared to the
known whether glassy aerosol particles are available for iceT TL. This is due to generally higher RH levels found at trop-
nucleation in the upper troposphere. ical latitudes. In the TTL, every particle type is predicted to
To estimate the relative importance of a heterogeneoude glassy more than 40 % of the time. Results for the lower
mechanism for tropospheric ice formation on glassy aerosolTTL show greater variability because convective detrainment
a model was used to estimate the fraction of time glasshydrates the air, lowering the glass fraction due to moisture-
forming SOA particles similar to investigated proxies would induced particle phase transitions. The fraction of time that
be glassy in the upper troposphere. The model CARMAaerosol is predicted to be glassy approaches 100 % for all in-
was employed following the same approach as Jensen etestigated scenarios at temperatures near and below 200 K.
al. (2010). Temperature, RHbjce and aerosol phase were Itis clear from these results that organic aerosol subjected to
monitored along a large number of TTL and midlatitude air conditions typical of both the midlatitude upper troposphere
parcel trajectories. During model simulations, a large collec-and TTL regions will likely spend a significant amount of
tion of diabatic back trajectories were launched at 82.6 hPahe time in a glassy state. This will, in turn, influence aerosol
on a regular grid throughout the tropics and midlatitude up-chemistry, aerosol radiative properties and cloud condensa-
per troposphere every week for a year. Trajectories were rution nuclei activity.
backward 90 days or until they hit convection. Only the sub- The same model was also used to determine whether
set of trajectories that hit convection prior to the 90 day limit glassy aerosol would be available to serve as heterogeneous
were used in this study. The model was then run forward inIN at conditions conducive for ice nucleation (i.e., when
time from the point of convective encounter to the starting Sice > 1.0). For this type of run the initidice minimizes the
point of the trajectories. At the time of convective detrain- glassy fraction because a significant portion of the aerosol
ment it was assumed thé&ite = 1, which set the initial water  will take up water at RH levels on the way to ice saturation.
vapor concentration in the parcel.Se exceeded 1.30, par- By subsetting the data fdfice > 1, there is generally higher
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Fig. 6. Fraction of time that organic and mixed organic-ammonium sulfate (AS) particles are predicted to be glassy for midlatitude upper
troposphere (ML) and TTL conditions (left and middle panels). Modeled results spanning the rafyRIdj values predicted for atmo-

spheric SOA by Koop et al. (2011) are also included in black. The right panel shows the fraction of time aerosol of each type will be glassy
at TTL conditions favorable for ice formatiofjfe > 1).

parcel RH and so the aerosol is more likely to be liquid or moisture-induced phase transitions in the aerosol particles.
semi-solid in phase for the “ice nucleation” scenario. For Results from experiments with mixed organic-sulfate par-
midlatitude “ice nucleation” trajectories (not shown here), ticles demonstrate the importance of aerosol mixing state
the fraction of time aerosol was glassy remained nearly zerdor predicting partitioning between the phase states of or-
for all cases except pure sucrose, glucose and Koop SOAanic aerosol. Pure organic particles and species with higher

with the highestTy(RH). Results from the TTL “ice nucle-

Ty(dry) values, such as sucrose, are more likely to remain in

ation” scenario are shown in Fig. 6 (right panel). At warmer glassy state over a larger range of atmospheric conditions.
temperatures the glass fraction ranges widely, suggesting that Internally mixed organic-sulfate particles with a high

particle composition and/dfy(RH) will strongly influence

weight fraction & 50%) of organic material will exist as

the fraction of the time it is glassy in the lower TTL. Attem- aqueous solutions a larger fraction of the time than pure or-
peratures below 200 K arnf.c > 1, pure organic aerosol and ganic aerosol of the same composition. For internally mixed

SOA with average to higlfy(dry) was glassy nearly 100% particles, amorphous organic material was also observed to
of the time, independent of aerosol composition. With the ex-suppress efflorescence of ammonium sulfate.

ception of the glucose/sulfate particles, internally mixed par-
ticles were glassy more than50% of the time at 200 K.

Partitioning between organic aerosol phase states will in
turn dictate the pathway(s) available for ice nucleation and

These results suggest that at conditions conducive to icénfluence water uptake. Results presented from the CARMA
formation in the TTL particles consisting of organics, or- model have shown that glassy organic aerosol particles are
ganic/sulfate mixtures or SOA are likely to be glassy a sig-likely present in both the midlatitude upper troposphere and
nificant portion of the time. Therefore heterogeneous ice nu-TTL regions. At temperatures 200 K, such as those found
cleation on glassy aerosol could be an important mechanisnm the TTL region, a pathway for heterogeneous ice forma-

for subvisible cirrus formation in the TTL.

5 Conclusions

tion on both organic and mixed organic-sulfate aerosol parti-
cles is likely available. When glassy aerosol is present, ex-
perimental results predict ice formation via heterogeneous
nucleation at ice saturation ratios betweet.2—1.4.

In this manuscript results were presented for water uptake
and heterogeneous ice nucleation on samples of pure and
internally mixed glassy organic aerosol over a wide range
of atmospherically relevant conditions. Experimental results
were used to construdiy(RH) curves for sucrose, glucose,
citric acid and mixtures with ammonium sulfate based on
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Fig. Al. Spectral subtractions corresponding to experiments shown in Fig. 1 demonstrate growth of the Raman O-H stretching peak (3100—
3600 cnT 1) associated with liquid water uptake during crystalline (left) and amorphous (right) deliquescence experiments with citric acid.
Onset of water uptake is observed in highlighted spectra (blue and red), which correspond to onset RHs of 76.2 % for crystalline deliquescence
and 30.9 % for amorphous deliquescence.

Table Al. Fit parameters fofy(RH) lines for all investigated aqueous organic glasses and mixtiresd + BX + CX2, whereX is
humidity from 0-100 % and is temperature in Kelvin. Parameters are listed along with uncertainties at the one standard deviation level.

Substances A B Cc R?

Sucrose 333.944.89 -0.30+0.18 —0.017+0.0017 0.99
Sucrose/AS 278.5% 5.47 —-0.99+0.23 -0.00374+0.0021 0.98
Glucose 293.26-5.61 0.12+ 0.19 —0.0164+ 0.0019 0.97
Glucose/AS 288.9%+4.01 -1.394+0.15 -0.0013+0.0013 0.99
Citric Acid 277.144+ 466 —0.334+0.18 —0.010+ 0.0018 0.97

Citric Acid/AS  282.59+8.99 —-0.75+0.33 —0.0066+ 0.0028 0.97

AcknowledgementsThis work was supported by the National Bodsworth, A., Zobrist, B., and Bertram, A. K.: Inhibition of ef-
Science Foundation (ATM0650023 and AGS1048536). Also thanks florescence in mixed organic-inorganic particles at temperatures
to T. W. Wilson, T. Koop, D. Knopf and D. J. O'Sullivan for use- less than 250 K, Phys. Chem. Chem. Phys., 12, 12259-12266,
ful discussions and advice during the preparation of this manuscript. doi:10.1039/cOcp005722010.
Bones, D. L., Reid, J. P., Lienhard, D. M., and Krieger, U. K.: Com-
Edited by: B. Ervens paring the mechanism of water condensation and evaporation
in glassy aerosol, P. Natl. Acad. Sci. USA, 109, 11613-11618,
doi:10.1073/pnas.12006911,08012.
References Buck, A. L.: New equations for computing vapor-pressure and en-
hancement factor, J. Appl. Meteorol., 20, 1527-1532, 1981.
Angell, C. A: Formation of Glasses From Lig- Cappa, C. D.and Wilson, K. R.: Evolution of organic aerosol mass
uids and Biopolymers, Science, 267, 1924-1935, spectra upon heating: implications for OA phase and partitioning
doi:10.1126/science.267.5206.192995. behavior, Atmos. Chem. Phys., 11, 1895-1911 idb5194/acp-
Baustian, K. J., Wise, M. E., and Tolbert, M. A.: Depositional ice  11-1895-20112011.
nucleation on solid ammonium sulfate and glutaric acid particles,Cziczo, D. J., DeMott, P. J., Brooks, S. D., Prenni, A. J., Thom-
Atmos. Chem. Phys., 10, 2307-2317, d6i5194/acp-10-2307- son, D. S., Baumgardner, D., Wilson, J. C., Kreidenweis, S.
201Q 2010.

Atmos. Chem. Phys., 13, 561%628 2013 www.atmos-chem-phys.net/13/5615/2013/


http://dx.doi.org/10.1126/science.267.5206.1924
http://dx.doi.org/10.5194/acp-10-2307-2010
http://dx.doi.org/10.5194/acp-10-2307-2010
http://dx.doi.org/10.1039/c0cp00572j
http://dx.doi.org/10.1073/pnas.1200691109
http://dx.doi.org/10.5194/acp-11-1895-2011
http://dx.doi.org/10.5194/acp-11-1895-2011

K. J. Baustian et al.: State transformations and ice nucleation in amorphous (semi-)solid organic aerosol 5627

M., and Murphy, D. M.: Observations of organic species and Murphy, D. M., Cziczo, D. J., Froyd, K. D., Hudson, P. K., Matthew,
atmospheric ice formation, Geophys. Res. Lett.,, 31, L12116, B. M., Middlebrook, A. M., Peltier, R. E., Sullivan, A., Thom-
doi:10.1029/200491019822004. son, D. S., and Weber, R. J.: Single-particle mass spectrometry

Debenedetti, P. G. and Stillinger, F. H.: Supercooled liquids and the of tropospheric aerosol particles, J. Geophys. Res.-Atmos., 111,
glass transition, Nature, 410, 259-267, #0i1038/35065704 D23s32, doil0.1029/2006jd00734@006.

2001. Murray, B. J.: Inhibition of ice crystallisation in highly viscous

Forster, P., Ramaswamy, V., Artaxo, P., Berntsen, T., Betts, R., Fa- aqueous organic acid droplets, Atmos. Chem. Phys., 8, 5423—
hey, D. W., Haywood, J., Lean, J., Lowe, D. C., Myhre, G., 5433, d0i10.5194/acp-8-5423-2008008.

Nganga, J., Prinn, R., Raga, G., Schulz, M., and Van Dorland,Murray, B. J., Wilson, T. W., Dobbie, S., Cui, Z. Q., Al-
R.: Changes in Atmospheric Constituents and in Radiative Forc- Jumur, S., Mohler, O., Schnaiter, M., Wagner, R., Benz,
ing, in: Climate Change 2007: The Physical Science Basis. Con- S., Niemand, M., Saathoff, H., Ebert, V., Wagner, S., and
tribution of Working Group | to the Fourth Assessment Report  Karcher, B.: Heterogeneous nucleation of ice particles on glassy
of the Intergovernmental Panel on Climate Change, edited by: aerosols under cirrus conditions, Nature Geoscience, 3, 233-237,
Solomon, S., Qin, D., Manning, M., Chen, Z., Marquis, M., Av- doi:10.1038/nge081,2010.

eryt, K. B., Tignor, M., and Miller, H. L., Cambridge University Murray, B. J., Haddrell, A. E., Peppe, S., Davies, J. F., Reid, J.
Press, Cambridge, 131-234, 2007. P., O'Sullivan, D., Price, H. C., Kumar, R., Saunders, R. W.,

Froyd, K. D., Murphy, D. M., Lawson, P., Baumgardner, D., and Plane, J. M. C., Umo, N. S., and Wilson, T. W.: Glass for-
Herman, R. L.: Aerosols that form subvisible cirrus atthe tropical mation and unusual hygroscopic growth of iodic acid solution
tropopause, Atmos. Chem. Phys., 10, 209-21816d194/acp- droplets with relevance for iodine mediated particle formation in
10-209-20102010. the marine boundary layer, Atmos. Chem. Phys., 12, 8575-8587,

Graham, B., Guyon, P., Taylor, P. E., Artaxo, P., Maenhaut, W., doi:10.5194/acp-12-8575-20,12012.

Glovsky, M. M., Flagan, R. C., and Andreae, M. O.: Organic Pruppacher, H. R. and Klett, J. D.: Microphysics of Clouds and Pre-
compounds present in the natural Amazonian aerosol: Character- cipitation, Reidel, D., Norwell, Mass., 1997.

ization by gas chromatography-mass spectrometry, J. Geophy®oth, C. M., Goss, K. U., and Schwarzenbach, R. P.: Sorption of
Res.-Atmos., 108, 4766, d&D.1029/2003jd00399@003. a diverse set of organic vapors to urban aerosols, Environ. Sci.

Jensen, E. J., Pfister, L., Bui, T.-P., Lawson, P., and Baumgardner, Technol., 39, 6638-6643, dtD.1021/es0503832005.

D.: Ice nucleation and cloud microphysical properties in tropi- Salameh, A. K., Mauer, A. K., and Taylor, L. S.: Implications of
cal tropopause layer cirrus, Atmos. Chem. Phys., 10, 1369-1384, Deliquescence in Food and Pharmaceutical Products Ninth Top-
doi:10.5194/acp-10-1369-20,12010. ical Conference on Food Engineering (CoFE 2005) Cincinnati,

Karcher, B. and Sém, J.: The roles of dynamical variability and OH, USA, 2 November 2005, 2005.
aerosols in cirrus cloud formation, Atmos. Chem. Phys., 3, 823—-Saukko, E., Lambe, A. T., Massoli, P., Koop, T., Wright, J. P,,
838, d0i10.5194/acp-3-823-2003003. Croasdale, D. R., Pedernera, D. A., Onasch, T. B., Laaksonen,

Knopf, D. A., Wang, B., Laskin, A., Moffet, R. C., and Gilles, A., Davidovits, P., Worsnop, D. R., and Virtanen, A.: Humidity-
M. K.: Heterogeneous nucleation of ice on anthropogenic or- dependent phase state of SOA particles from biogenic and an-
ganic particles collected in Mexico City, Geophys. Res. Lett., 37, thropogenic precursors, Atmos. Chem. Phys., 12, 7517-7529,
L11803, doi10.1029/2010gl043362010. doi:10.5194/acp-12-7517-2012012.

Koop, T., Luo, B. P., Tsias, A., and Peter, T.: Water activity as the Schill, G. P. and Tolbert, M. A.: Depositional Ice Nucleation on
determinant for homogeneous ice nucleation in aqueous solu- Monocarboxylic Acids: Effect of the O : C Ratio, J. Phys. Chem.
tions, Nature, 406, 611-614, 2000. A, 116, 6817-6822, ddin.1021/jp301772012a.

Koop, T., Bookhold, J., Shiraiwa, M., and&chl, U.: Glass tran-  Schill, G. P. and Tolbert, M. A.:. Heterogeneous ice nucleation
sition and phase state of organic compounds: dependency on on phase-separated organic-sulfate particles: effect of liquid
molecular properties and implications for secondary organic vs. glassy coatings, Atmos. Chem. Phys., 13, 4681-4695,
aerosols in the atmosphere, Phys. Chem. Chem. Phys., 13, doi:10.5194/acp-13-4681-2013013b.

19238-19255, 2011. Shiraiwa, M., Ammann, M., Koop, T., anddBchl, U.: Gas

Lienhard, D. M., Zobrist, B., Zuend, A., Krieger, U. K., and Pe- uptake and chemical aging of semisolid organic aerosol
ter, T.: Experimental evidence for excess entropy discontinu- particles, P. Natl. Acad. Sci. USA, 108, 11003-11008,
ities in glass-forming solutions, J. Chem. Phys., 136, 074514, do0i:10.1073/pnas.1103045108)11.

doi:10.1063/1.3685902012. Shiraiwa, M., Bschl, U., and Knopf, D. A.: Multiphase Chemi-
Martin, S. T.: Phase transitions of agueous atmospheric particles, cal Kinetics of NG Radicals Reacting with Organic Aerosol

Chem. Rev., 100, 3403-3453, d):1021/cr9900342000. Components from Biomass Burning, Environ. Sci. Technol., 46,
Mikhailov, E., Vlasenko, S., Martin, S. T., Koop, T., anddehl, 6630-6636, doi:0.1021/es3006772012.

U.: Amorphous and crystalline aerosol particles interacting with Tong, H.-J., Reid, J. P., Bones, D. L., Luo, B. P., and Krieger, U. K.:
water vapor: conceptual framework and experimental evidence Measurements of the timescales for the mass transfer of water in
for restructuring, phase transitions and kinetic limitations, At-  glassy aerosol at low relative humidity and ambient temperature,
mos. Chem. Phys., 9, 9491-9522, d6i5194/acp-9-9491-2009 Atmos. Chem. Phys., 11, 4739-4754, d6i5194/acp-11-4739-
20009. 2011 2011.

Murphy, D. M. and Koop, T.: Review of the vapour pressures of ice Vaden, T. D., Imre, D., Beranek, J., Shrivastava, M., and Zelenyuk,
and supercooled water for atmospheric applications, Q. J. Roy. A.: Evaporation kinetics and phase of laboratory and ambient
Meteorol. Soc., 131, 1539-1565, di):1256/qj.04.942005. secondary organic aerosol, P. Natl. Acad. Sci. USA, 108, 2190—

www.atmos-chem-phys.net/13/5615/2013/ Atmos. Chem. Phys., 13, 5828 2013


http://dx.doi.org/10.1029/2004gl019822
http://dx.doi.org/10.1038/35065704
http://dx.doi.org/10.5194/acp-10-209-2010
http://dx.doi.org/10.5194/acp-10-209-2010
http://dx.doi.org/10.1029/2003jd003990
http://dx.doi.org/10.5194/acp-10-1369-2010
http://dx.doi.org/10.5194/acp-3-823-2003
http://dx.doi.org/10.1029/2010gl043362
http://dx.doi.org/10.1063/1.3685902
http://dx.doi.org/10.1021/cr990034t
http://dx.doi.org/10.5194/acp-9-9491-2009
http://dx.doi.org/10.1256/qj.04.94
http://dx.doi.org/10.1029/2006jd007340
http://dx.doi.org/10.5194/acp-8-5423-2008
http://dx.doi.org/10.1038/ngeo817
http://dx.doi.org/10.5194/acp-12-8575-2012
http://dx.doi.org/10.1021/es0503837
http://dx.doi.org/10.5194/acp-12-7517-2012
http://dx.doi.org/10.1021/jp301772q
http://dx.doi.org/10.5194/acp-13-4681-2013
http://dx.doi.org/10.1073/pnas.1103045108
http://dx.doi.org/10.1021/es300677a
http://dx.doi.org/10.5194/acp-11-4739-2011
http://dx.doi.org/10.5194/acp-11-4739-2011

5628

Wang,

2195, doi10.1073/pnas.1013391108011.

Virtanen, A., Joutsensaari, J., Koop, T., Kannosto, J., Yli-Pirila, P.,

Leskinen, J., Makela, J. M., Holopainen, J. Kgsehl, U., Kul-

mala, M., Worsnop, D. R., and Laaksonen, A.: An amorphous
solid state of biogenic secondary organic aerosol particles, Na-
ture, 467, 824-827, ddi0.1038/nature09452010.

Wagner, R., Mhler, O., Saathoff, H., Schnaiter, M., Skrotzki, J.,

Leisner, T., Wilson, T. W., Malkin, T. L., and Murray, B. J: Ice
cloud processing of ultra-viscous/glassy aerosol particles leads to
enhanced ice nucleation ability, Atmos. Chem. Phys., 12, 8589—
8610, doi10.5194/acp-12-8589-2012012.

Wang, B., Lambe, A. T., Massoli, P., Onasch, T. B., Davidovits, P.,

Worsnop, D. R., and Knopf, D. A.: The deposition ice nucle-
ation and immersion freezing potential of amorphous secondary
organic aerosol: pathways for ice and mixed-phase cloud forma-
tion, J. Geophys. Res., 117, D16209, d6i1029/2012jd018063
2012a.

B., Laskin, A., Roedel, T., Gilles, M. K., Moffet,
R. C., Tivanski, A., and Knopf, D. A.: Heterogeneous ice
nucleation and water uptake by field-collected atmospheric

K. J. Baustian et al.: State transformations and ice nucleation in amorphous (semi-)solid organic aerosol

Wise, M. E., Baustian, K. J., Koop, T., Freedman, M. A., Jensen,

E. J., and Tolbert, M. A.: Depositional ice nucleation onto crys-
talline hydrated NaCl particles: a hew mechanism for ice for-
mation in the troposphere, Atmos. Chem. Phys., 12, 11211134,
doi:10.5194/acp-12-1121-2012012.

Zhang, Q., Jimenez, J. L., Canagaratna, M. R., Allan, J. D., Coe,

H., Ulbrich, I., Alfarra, M. R., Takami, A., Middlebrook, A.
M., Sun, Y. L., Dzepina, K., Dunlea, E., Docherty, K., De-
Carlo, P. F., Salcedo, D., Onasch, T., Jayne, J. T., Miyoshi,
T., Shimono, A., Hatakeyama, S., Takegawa, N., Kondo, Y.,
Schneider, J., Drewnick, F., Borrmann, S., Weimer, S., Demer-
jian, K., Williams, P., Bower, K., Bahreini, R., Cottrell, L.,
Griffin, R. J., Rautiainen, J., Sun, J. Y., Zhang, Y. M., and
Worsnop, D. R.: Ubiquity and dominance of oxygenated species
in organic aerosols in anthropogenically-influenced Northern
Hemisphere midlatitudes, Geophys. Res. Lett.,, 34, L13801,
doi:10.1029/2007gl029972007.

Zobrist, B., Marcolli, C., Pedernera, D. A., and Koop, T.: Do atmo-

spheric aerosols form glasses?, Atmos. Chem. Phys., 8, 5221—
5244, doi10.5194/acp-8-5221-2003008.

particles below 273 K, J. Geophys. Res., 117, DO0V19, Zobrist, B., Soonsin, V., Luo, B. P., Krieger, U. K., Marcaolli, C.,

doi:10.1029/2012JD017448012b.

Wilson, T. W., Murray, B. J., Wagner, R., dhler, O., Saathoff,

H., Schnaiter, M., Skrotzki, J., Price, H. C., Malkin, T. L., Dob-
bie, S., and Al-Jumur, S. M. R. K.: Glassy aerosols with a range
of compositions nucleate ice heterogeneously at cirrus tempera-
tures, Atmos. Chem. Phys., 12, 8611-8632,dhbB194/acp-12-
8611-20122012.

Atmos. Chem. Phys., 13, 561%628 2013

Peter, T., and Koop, T.: Ultra-slow water diffusion in aque-
ous sucrose glasses, Phys. Chem. Chem. Phys., 13, 3514-3526,
d0i:10.1039/c0cp01273@011.

www.atmos-chem-phys.net/13/5615/2013/


http://dx.doi.org/10.1073/pnas.1013391108
http://dx.doi.org/10.1038/nature09455
http://dx.doi.org/10.5194/acp-12-8589-2012
http://dx.doi.org/10.1029/2012jd018063
http://dx.doi.org/10.1029/2012JD017446
http://dx.doi.org/10.5194/acp-12-8611-2012
http://dx.doi.org/10.5194/acp-12-8611-2012
http://dx.doi.org/10.5194/acp-12-1121-2012
http://dx.doi.org/10.1029/2007gl029979
http://dx.doi.org/10.5194/acp-8-5221-2008
http://dx.doi.org/10.1039/c0cp01273d

