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Abstract. Ice formation in the atmosphere by homoge- 0.99,wher=0.11T398 572, Jpex1.07520x 10 cm2 572, and
neous and heterogeneous nucleation is one of the least U'k:G.Zfi‘?xlO“ cm~2. The experimentally derived ice nu-

derstood processes in cloud microphysics and climate. Hergjeation rates and nuclei spectra allow us to estimate ice par-
we describe our il’lvestigation Of the marine enVironmenttic|e production Wh|Ch we Subsequent|y use for a Compari_
as a potential source of atmospheric IN by experimentallyson with observed ice crystal concentrations typically found
observing homogeneous ice nucleation from aqueous NaGh cirrus and polar marine mixed-phase clouds. Differences
droplets and comparing against heterogeneous ice nuclen application of time-dependent and time-independent anal-

ation from aqueous NaCl droplets containing intact and fragyses to predict ice particle production are discussed.
mented diatoms. Homogeneous and heterogeneous ice nu-

cleation are studied as a function of temperature and wa-
ter activity, ayy. Additional analyses are presented on the ]
dependence of diatom surface area and aqueous volume dn Introduction

heterogeneous freezing temperatures, ice nucleation rates, | ol | i le in the radiative bal
ones iCe nucleation rate coefficientsie, and differen- Aerosol particles play an important role in the radiative bal-

tial and cumulative ice nuclei spectra(T) and K (T), re- ance of our Earth’s climate by directly scattering and ab-

spectively. Homogeneous freezing temperatures and corres-orbirlg short wave and long wave .radiation (Charlson etal., _
sponding nucleation rate coefficients are in agreement witht992; Andreae and Crutzen, 1997; Ramanathan et al., 2001;
the water activity based homogeneous ice nucleation thefAnderson et al., 2003; McComiskey et al., 2008). They can

ory within experimental and predictive uncertainties. Our &lS0 act as cloud condensation nuclei (CCN) and ice nu-
results confirm, as predicted by classical nucleation the €l (IN) further impacting climate by changing the radia-
ory, that a stochastic interpretation can be used to describiVe Properties of clouds (Twomey, 1974; Albrecht, 1989;
the homogeneous ice nucleation process. Heterogeneod¥vomey, 1991; Baker, 1997; Kaufman et al., 2002; Forster
ice nucleation initiated by intact and fragmented diatoms€t @l 2007; Baker and Peter, 2008). Ice crystals in partic-

can be adequately represented by a modified water actit!ar impact atmospheric processes in other ways including
ity based ice nucleation theory. A horizontal shift in water the initiation of precipitation with subsequent consequences

activity, Aaw net=0.2303, of the ice melting curve can de- for the hydrological cycle (Lohmann and Feichter, 2005).

scribe median heterogeneous freezing temperatures. IndividSe can nucleate homogeneously from an aqueous super-
ual freezing temperatures showed no dependence on avaif0!ed aerosol particle or heterogeneously by four modes:

able diatom surface area and aqueous volume. Determine@Position (the IN nucleates ice directly from the supersat-
at median diatom freezing temperatures dgrfrom 0.8 to urated vapour phase), immersion (the IN nucleates ice in a
supercooled aqueous aerosol particle), condensation (water

is taken up by the IN and freezes subsequently), and con-
Correspondence tD. A. Knopf tact (the impact of an IN with a supercooled aqueous parti-
BY (daniel.knopf@stonybrook.edu) cle nucleates ice) (Vali, 1985; Pruppacher and Klett, 1997).
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5540 P. A. Alpert et al.: Homogeneous and heterogeneous ice nucleation

While it is impossible to directly observe ice nucleation in cleating ability of Arctic aerosol particles collected on filter
situ (Hegg and Baker, 2009), heterogeneous ice nucleatiosamples was measured, suggested an ocean source of organic
is regarded as a possible formation mechanism for cirrusce nuclei, however, no conclusive evidence was provided to
(Heymsfield et al., 1998; DeMott et al., 1998; Seifert et al., specifically identify the organic ice nucleating agent (Rosin-
2003; Haag et al., 2003) and mixed-phase clouds (Rogerski et al., 1986). Finally in a very recent study, several rep-
et al., 2001b; DeMott et al., 2003; Verlinde et al., 2007). resentative Arctic and Antarctic sea-ice bacterial isolates and
Sea salt particles emitted from oceans constitute the mosa polar virus were shown to be very poor IN, nucleating ice
globally abundant aerosol type by mass. They are importanat expected homogeneous freezing temperatures (Junge and
for climate, principally due to their role in the atmosphere Swanson, 2008).
as a source for highly reactive halogen species in gas phase, A study by Knopf et al. (2010) demonstrated the capa-
liquid phase, and heterogeneous reactions (Vogt et al., 199@jility of Thalassiosira pseudonana marine planktonic di-
De Haan et al., 1999; Finlayson-Pitts, 2003; Sander et al.atom with a siliceous cell wall and an organic coating, to
2003). Sea salt aerosol particles can also act as CCN act as efficient IN in the immersion mode under typical tro-
low supersaturations with respect to liquid water comparedpospheric conditions. Here we provide new detailed anal-
with sulfate particles according todkler theory and thus, ysis and discussion on the findings by Knopf et al. (2010)
compete for water vapour in warm clouds despite their rel-and present new data on homogeneous freezing of aqueous
atively low particle concentrations in air (Ghan et al., 1998; NaCl droplets void of diatoms. In this and the recent Knopf
O’Dowd et al., 1999; Twohy and Anderson, 2008). Freez-et al. (2010) publication, we focus on diatoms for two rea-
ing of aqueous sea salt aerosol particles has implications fosons. First, they are a diverse group of unicellular marine and
heterogeneous halogen chemistry and mixed-phase and cifreshwater phototrophic organisms which are cosmopolitan
rus cloud formation processes particularly in colder, high-in distribution in surface waters and extremely abundant and
latitude climates. Sea salt residue in cirrus ice crystals wergroductive (Stoermer and Smol, 1999). Second, they have
consistently observed from aircraft measurements over théeen described from atmospheric samples just above sea
Florida coastline at altitudes around 13 km and indicate thdevel and at high altitudes (Darwin, 1846; Brown et al., 1964;
lofting of marine particles by convective systems (Cziczo Kawai, 1981; Hakansson and Nihlen, 1990). Bigg and Leck
et al., 2004). Freezing temperatures of micrometer sized2008) and references therein provide numerous examples of
agueous sea salt and NaCl aerosol particles occurs homogeaerosolized diatoms originating from the sea surface micro-
neously below 235 K and follows the water activity based ho-layer (SML). As a result of aeolian transport, marine diatoms
mogeneous ice nucleation theory (Koop et al., 2000b,a). Wénave been found on mountaintops in the Antarctic (Kellogg
extend these previous studies to also determine nucleatioand Kellogg, 1996; McKay et al., 2008) and as contaminates
dependency omy, ice nucleation rate coefficients, and the in snow located in Canada reached by Asian and Arctic air
stochastic behavior of the nucleation process. These conmasses (Welch et al., 1991). Diatom fragments identified as
bined experimental data serve to validate the water activityamorphous silica at concentrations of 20—28 I(air) were
based ice nucleation theory and aid in explaining in situ ob-collected from ground based sampling~&5 m on Amster-
servations and model studies of cirrus clouds impacted bydam Island, an isolated volcanic island in the Southern Indian
marine aerosol patrticles. Ocean (Gaudichet et al., 1989). Furthermore, airborne di-
Only a few studies have hinted that marine biogenic parti-atom frustules and diatom fragments are ubiquitous in marine
cles, i.e. phytoplankton and bacteria, may have the potentialntarctic regions (Chalmers et al., 1996). Diatom fragments
to nucleate ice at warmer temperatures than observed for hdiave even been shown to accompany African dust plumes in
mogeneous freezing (Schnell, 1975; Schnell and Vali, 1976the atmosphere (Harper, 1999), and aircraft measurements at
Fall and Schnell, 1985). Schnell (1975), for example, foundaltitudes of over one kilometer have recorded diatoms over
efficient IN in laboratory cultures of phytoplankton, however, continental land masses (Brown et al., 1964).
could not determine if the IN was actually the phytoplank- The fact that diatoms are present in the atmosphere sug-
ton, their excretory products, associated marine or terrestriagjests that they may participate in cloud formation processes.
bacteria, or some other nucleating agent. Schnell and ValWhile not specifically reporting on the IN efficiency of di-
(1976) showed that surface sea water contained IN assocatoms, Schnell (1975) and Schnell and Vali (1976) in fact
ated with phytoplankton however, they also could not con-found that regions of greatest atmospheric IN concentrations
clusively identify the IN. Fall and Schnell (1985) investi- measured by Bigg (1973) were above major oceanic wa-
gated biogenic ice nucleation using a culture of a marine diter mass convergence zones, i.e. the subtropical convergence
noflagellate speciddeterocapsa nieivhich contained a mix  zone and the Antarctic convergence zone. Characterized by
of terrestrial and marine bacterial species. A specific bac-upwelling of nutrient laden bottom waters, overturning, and
terium of terrestrial origin found in this mixed culture was mixing, these highly productive waters are dominated by di-
isolated and determined to possess an ice active gene, howtoms (Alvain et al., 2008).
ever, they could not identify the actual ice nuclei in the cul-  Periods of high biological activity associated with phyto-
ture (Fall and Schnell, 1985). A study in which the ice nu- plankton blooms can produce organic-rich aerosol particles
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as a result of bubble bursting and wave breaking processegeneous freezing of diatoms via the immersion mode with
(O’Dowd et al., 2004; Sciare et al., 2009; Sorooshian et al.respect to the modified water activity based ice nucleation
2009; Ovadnevaite et al., 2011). Although most of thesetheory (Zobrist et al., 2008; Koop and Zobrist, 2009). We
studies do not specifically identify aerosolized material, it also determined diatom surface area and aqueous volume de-
is well known that a variety of primary biological com- pendence on heterogeneous freezing temperatures. Addition-
ponents including diatoms and other phytoplankters, bacally, we quantify heterogeneous ice nucleation from intact
teria, viruses, transparent exopolymers, and colloidal gelsand fragmented diatoms immersed in droplets in terms of
are present in the SML and can be aerosolized (Blanchardime-dependent and time-independent approaches. A time-
and Syzdek, 1970; Blanchard, 1975; Aller et al., 2005;dependent analysis is used to derive heterogeneous ice nu-
Kuznetsova et al., 2005; Bigg and Leck, 2008; Wurl and cleation rates and a time-independent analysis to derive ice
Holmes, 2008). These biogenic particles may constitute aactive surface site densities, both of which allow for esti-
significant part of the atmospheric aerosol mass fraction inmations of atmospheric ice particle production. The atmo-
the submicron size range (O’Dowd et al., 2004). A very spheric implications of our findings are discussed.

recent study by Ovadnevaite et al. (2011) reports detection

of high contributions of primary organic matter in marine
aerosol of 3.8 ug m°, far greater than organic mass con-
centrations of on average 1.75 pgfnobserved in polluted . - .
European air masses advected out over the N.E. Atlantic2 1 Diatom characteristics and preparation

(Dall'Osto et al., 2010; Ovadnevaite et al., 2011). The high preparation off. pseudonantor ice nucleation experiments
organic mass detected by Ovadnevaite et al. (2011) was a%riefly described in Knopf et al. (2010) are more thor-
sociated with elevated chlorophyll concentrations in ocef';\nicougmy described below. Diatoms were grown under ax-
surface waters, consistent with phytoplankton bloom condi-gpic conditions in unialgal, clonal cultures in 0.2 um filtered,
tions. A seasonal variability of IN concentrations over the 5 iqclaved seawater with F/2 nutrient supplement (Guil-
oceans has been observed from filter measurements with thg, 1962) commonly used to grow diatoms (Fisher and
highest concentrations observed in mid-summer and Iowes\y\,er;te 1993) at temperatures from °I5 to 18°C and a
concentrations observed during winter months (Radke et al.q 4 , Iiéht/lO h dark cycle. Cells were harvested after one
1976; Flyger and Heidam, 1978; Borys, 1983; Bigg, 1996). yeek when concentrations reachetitf cells mL—2. Micro-
The mixed-phase Arctic cloud experiment (M-PACE) reports g ¢ inspection allowed determination of cell concentra-

. -1 . . .
a mean IN concentration of 0.8~ (air) in fall using &  tjons and to affirm that the diatom cultures remained axenic
continuous flow diffusion chamber (CFDC) (Verlinde et al., 4 every step in the preparation, conditioning, and ice nu-

2007, Prenni et al., 2009_). Springtime IN concent_rations iN¢leation experiments. Small samples of culture8.q mL)

the Arctic measured during the NASA FIRE Arctic Cloud \yere stained with acridine orange, a nucleic acid fluores-
Experiment (ACE) and Surface Heat Budget of the ArctiC cont gye, and counted utilizing epifluorescence microscopy
(SHEBA) program (Rogers et al., 2001a) were enhanced byyophie et al., 1977; Watson et al., 1977). Prior to appli-

a factor of 5 (-4 L.~ (air)) over those measured during fall c4tion in our experimentd,. pseudonanavere washed with

months (Prenni et al., 2009). Using similar IN measurementy 3 5t o, aqueous NaCl solution made up using millipore
techniques and air mass trajectory analysis, periods of elegater (resistivity> 18.2 M2 cm). Diatom cells were added to

vated primary production in surface waters could be related, gcong aqueous NaCl solution for droplet generation con-
to observed IN concentrations (Bigg, 1996; Rogers et al.cenrated to~3x 107 cells mL~2. These final solutions were

2001a; Prenni etal., 2009). _ either used immediately to generate droplets as described be-
Here we present a comparative analysis of homogeneoug,, qor stored for subsequent use &GSfor no longer than
and heterogeneous freezing of aqueous NaCl droplets with 4, - The potential for silica dissolution to impact the sur-

and without intact and fragmented marine diatoms, for¢,ce properties of diatoms was negligible during this storage
the remainder of the manuscript referred to as aqueoU$erind given the large mass of diatoms in suspension, which

NaCl/diatom droplets and aqueous NaCl droplets, respecyas more than two orders of magnitude greater than the sol-
tively. We investigated homogeneous freezing of aqueous,pie mass of si@

NaCl droplets with respect to the water activity based ho-

mogeneous ice nucleation theory (Koop et al., 2000b). Wep 2  Aerosol particle generation

use optical microscopy to individually observe thousands of

aqueous NaCl droplet freezing temperatures (Koop et al.Homogeneous and heterogeneous ice nucleation were ob-
1998; Knopf and Lopez, 2009; Knopf and Rigg, 2011). Op- served on 5000 individually generated aqueous aerosol parti-
tical microscopy also allows for direct measurements of in-cles in more than 50 separate experiments employing a novel
dividual droplet volume, and thus experimental determina-experimental ice nucleation setup (Knopf and Lopez, 2009).
tion of homogeneous ice nucleation rate coefficients of mi-Heterogeneous and homogeneous ice nucleation were deter-
crometer sized aqueous NaCl droplets. We examined heteranined from aqueous NacCl droplets with and without diatoms

2 Experiment
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and/or diatom fragments immersed inside. Monodispersediumidity of NaCl, (NH4)2SOy, LiCl and KySOy particles,
aqueous aerosol particles were generated using a piezeesulting in an uncertainty of less thai9.1 K.

electric driven single drop dispenser. Average droplet di- The conditioning procedure was as follows. Inside the
ameters ranged from 40-70um. 30-50 droplets per samACC, droplets were exposed to a specific RH and allowed to
ple were deposited in a gridded pattern on a hydrophobi+each equilibrium with the water vapour (Knopf and Lopez,
cally coated glass slide which served as the base plate of th2009). For an aqueous solution in equilibrium with water
aerosol cell as described below (Koop et al., 1998; Knopfvapour, RH is equal to water activityy (Koop et al., 2000b).

et al., 2002, 2003; Knopf, 2006; Knopf and Lopez, 2009; The error inay, was+0.01 due to the uncertainty ifyey and
Knopf and Rigg, 2011). Aerosol generation was conductedZy. Subsequently, the droplets inside the aerosol cell were
in a laminar flow clean bench to avoid contamination by am-sealed against ambient air with a cover slide and a greased

bient particles (Knopf and Lopez, 2009). aluminum foil spacer (Koop et al., 1998; Knopf and Lopez,
2009). The dimensions of the aerosol cell were designed in
2.3 Diatom surface area such a way that the number of water molecules in the gas-

phase were negligible compared to the condensed-phase wa-
Direct measurements of diatom surface areas were made fder so that upon cooling of the droplets, no changes in droplet
each aqueous NaCl/diatom droplet. Once a freezing exeomposition from water condensation resulted (Koop et al.,
periment was completed, the number of intact diatoms andl998; Knopf and Lopez, 2009).
fragments of diatoms immersed in an aqueous NaCl/diatom
droplet were determined using an optical microscope af-5 Ice nucleation experiments

500x magnification with transmitted light and polarizing fil-
ters. The average geometric diatom surface area was eg’_he aerosol cell was transferred from the ACC to a second

timated using SEM images to bel.2x10-8cr? corre- cryo-cooling stage attached to an optical microscope to ob-

sponding to a size of roughly 5um in diameter. Cell frag- S€V€ freezing and melting of droplets as described by Knopf

ments were estimated to be an order of magnitude smallef"d LoPez (2009). Temperature calibration of this cryo-stage

in surface area than whole diatom cells although this mayV@s performed by measuring the melting temperatures of

represent a lower limit of the actual surface area. The to'€Ptane (182.60K), octane (216.33K), decane (243.55K),

tal surface area contributed by diatoms inside each aqueOL%OdeFane (263.58K), and ice (273.15K) (Knopf et al., 2002,
NaCl/diatom droplet was then calculated by summing the2003; Knopf and Lopez, 2009). The temperature sensor for

number of immersed diatom cells and fragments and correthe stage indicated a linear temperature change for the range

sponding SEM derived surface areas. The vast majority o 170-280K to within Ies.fr,h;chanlo.l K. The droplets were
droplets contained whole cells and cell fragments, with onlyC00led at a rate of 10 Kmirt until all of the droplets in

1% of the droplets examined containing only fragments. Thethe aerosol cell froze. The cooling rate was rapid enough to

log-normal distribution of diatom cells immersed in aque- v0id €ffects from mass transport of water vapour from liquid
ous NaCl/diatom droplets (not shown) had a mode of 3 celigo ice particles, but not so fast as to significantly lower freez-
per droplet. 90% of all investigated aqueous NaCl/diatomi"d temperatures (Koop et al., 1998; Bertram et al., 2000;
droplets contained fewer than 25 diatom cells per droplet and<NoPfand Lopez, 2009). The heating rate to observe melting

. . l .
only 5% of the droplets contained more than 37 whole cells Of i€ was 0.5Kmin™. For each aerosol sample, freezing
and melting was observed for a maximum of 3 repetitions. A

digital camera with imaging software recorded freezing and
melting temperatures in addition to measurements of droplet
diameter and the number of cells per droplet on a hard drive

Promptly after particle generation, aqueous NaCl or aque , ,
ous NaCl/diatom droplets were placed inside an aerosol conf©" Subsequent analysis. Droplet diameters were corrected

ditioning cell (ACC) (Knopf and Lopez, 2009; Knopf and fOr non-sphericity.

Rigg, 2011). The temperature of the dropleftg, was con-

trolled using a home made cryo-cooling stage coupled to any  Results and discussion

optical microscope (Knopf and Lopez, 2009). The ACC was

pUI'QEd with a controlled hum|d|f|8d2{\ga8 flow with a con- 3.1 Homogeneous freezing of aqgueous NacCl drop|ets
stant dew pointTgew. The water partial pressure was derived

from the measurefiyew (Knopf and Lopez, 2009) with an ac- Figure 1 summarizes melting and homogeneous freezing of
curacy of+0.15 K. The relative humidity (RH) experienced about 2500 aqueous NaCl droplets as a function of temper-
by the droplets in the ACC was controlled by adjustifycat ature, T, and wt % anda, determined at particle prepara-
constantTyew. Ty Was in the range of 291-296 K depending tion conditions. The corresponding raw data is shown in
on the desired RH. Calibration of the ACC was performed ac-Fig. 2 and will be discussed below. Direct measurements
cording to Knopf and Lopez (2009) by measuring the melt- of a, for aqueous NaCl droplets in the supercooled tempera-
ing temperature of ice particles and deliquescence relativéure regime do not exist (Koop, 2004), and thermodynamic

2.4 Aerosol particle conditioning
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Table 1. Summary of ice nucleation parameters evaluated at median freezing temperatures for homogeneous and heterogeneous ice nucle
ation given in the top and bottom panel, respectively. Median heterogeneous freezing and mean melting temperatures of intact and fragmente«
diatoms were taken from Knopf et al. (2011). All other values were obtained from this study.

aw 0.984 0.970 0.953 0.924 0.900 0.874 0.851 0.826 0.806
TNaClk 232.8 230.6 2285 2225 216.4 2126 209.8 2035 200.5
nK°°p(aW) K 233.9 2316 2287 2232 2179 2113 2043 1959 188.9
TNaClg 271.6 270.3 268.6 2658 2615 259.6 257.3 2546 252.6
Sice(TN3CY 145 146 146 150 151 151 150 151 150
Jhom(TNhx10Pem3s~1 352 207 1.00 166 140 256 126 331 0.44
aw 0.984 0.969 0.951 0.926 0902 0873 0.850 0.826 0.800
TdiaK 2423 2411 2386 2340 2320 2249 2247 2207 216.6
1diaK 271.6 2705 268.7 2657 2635 259.3 257.3 2545 253.9
Sice(T1) 133 132 133 135 134 138 135 135 135
one T3 571 013 017 013 011 011 006 013 0.07 0.8
Tnet 913 x 10# em=2 571 151 044 150 039 070 064 216 075 1.14
k(198 x10% cm2 K~ 75 23 87 26 22 20 60 51 95

K (T3 10% cm—2 9.1 2.1 6.4 2.9 3.0 7.7 8.3 7.0 9.7

models for aqueous NaCl only providg, for a range of the variations in the melting temperatures are smaller than
concentrations at 298.15K (Clegg et al., 1998), thus we asfor the corresponding freezing temperatures. This is primar-
sume that aqueous dropla} determined at the preparation ily due to the stochastic nature of the ice nucleation process,
conditions does not change with decreasth@<oop et al.,  although, the presence of different droplet sizes and possi-
2000a,b). The ice melting curvew®(7), is the activity of  ble events of heterogeneous ice nucleation could contribute
water in solution in equilibrium with ice (Koop et al., 2000b; to the difference (Koop et al., 1998; Knopf and Lopez, 2009;
Koop and Zobrist, 2009). Within our experimental uncer- Knopf and Rigg, 2011).

tainty, Fig. 1 indicates good agreement of our experimentally Figure 2 summarizes all observed ice nucleation events
determined mean melting temperatu@,%:”‘c', with a\i,se(T) from aqueous NaCl droplets, where each panel corresponds
(Koop et al., 2000b; Murphy and Koop, 2005; Koop and Zo- to a differenta,, value at particle preparation conditions. The
brist, 2009). Within experimental and theoretical uncertain-frozen fraction of dropletsf, was calculated from observa-
ties, our experimentally derived median homogenous freeztions by f = Nice/ Niot, Where Njce is the number of frozen

ing temperaturesTfNaC', are in good agreement with pre- particles as a function df, and Nyt is the total number of
dicted freezing temperatures. The predicted homogeneouanalyzed droplets. These data points manifest a cumulative
freezing curve was adjusted for the droplet diameters emdistribution as a function of. The uncertainty off indi-
ployed in our experiments (Koop et al., 2000b; Koop and cates the range within a temperature increment of 0.2 K. The
Zobrist, 2009).Tf'\'acI for ay of 0.806 shows slightly warmer probability density histogram (PDH) binned in 1.0K incre-
temperatures than predictions. This may be explained by thenents was normalized W with the increment size chosen
formation of NaCIl2H,O (Koop et al., 2000a) which may to better visualize the distribution of freezing frequencies.
have affected the freezing process. The melting of all crys- We applied a normal distribution to describe the stochas-
talline particles prepared a}, = 0.806 was visually different  tic nature of homogeneous ice nucleation and tfiy&oop

to the melting of crystalline particles prepared at highgr et al., 1997; Pruppacher and Klett, 1997). As discussed pre-
The observed melting temperatureqgt= 0.806 may indi-  viously in detail, the probability of observing nucleation
cate the melting of the eutectic mixture at the temperaturesvents from the binomial distribution is approximated by the
of 252 K (Koop et al., 2000a). Another explanation for the Poisson distribution using Stirling’s formula under typical
slight deviations ofoNaC' from the homogeneous freezing conditions for homogeneous nucleation of aqueous aerosol
curve at loway may be thats, does change in the super- particles (Koop et al., 1997). If a large number of nucleation
cooled region, particularly for highly concentrated NaCl so- events are observed>100, then the binomial distribution
lutions. Freezing and melting temperatures shown in Fig. Ireduces to a normal distribution (Ross, 1996; Koop et al.,
for the investigated,, are given in Table 1, in additionto cor- 1997).

responding ice saturation ratios evaluated at median freezing

temperaturesSice(nNaC'), and predicted freezing tempera-

tures, T} °°(ay). The data displayed in Fig. 1 indicates that

www.atmos-chem-phys.net/11/5539/2011/ Atmos. Chem. Phys., 11, 5539-5555, 2011
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280 e 280 nucleation events that occurred compared to the few hetero-
270 O | P geneous ice nucleation events.
SO P Here, we derive homogeneous ice nucleation rate coeffi-
260 | [ E {260 . : . P
~Ch ~ cients, Jhom, for aqueous NaCl droplets with varying initial
280 [T e T 1 s aw- The analytical approach and corresponding interpreta-
% 0 1 20 tion of Jhom has been explained in detail previously (Koop
S o etal., 1997; Zobrist et al., 2007). In a chosen temperature in-
g o 17 terval, AT, different numbers of freezing events will occur.
% 20} {220 We derived/hom(T?) as the average homogeneous ice nucle-
F ol 1o ation rate coefficient at the mean temperatdie of thei-th
temperature interval. This derivation employed all experi-
200t N mental data, including the data points outside of the 10th and
190 | " 100 90th percentiles, using the following formula,
- s, L
1801.0 0.5;75 O..95 0,5;25 0f9 0.8.75 0..85 0.8.25 0‘8 0.771’:80 Jhom(Ti) - .nn_uc" (2)
A tigr* V!
© ok 2 * where i . is the number of nucleation events that occur

within the i-th temperature intervak/y is the total obser-
Fig. 1. Median homogeneous freezing temperatures and correvation time in the-th temperature interval, arid accounts
sponding mean melting temperatures for aqueous NaCl droplets arfor the individual droplet volumes available at the start of
shown as filled and open squares, respectively, as a functiap of the temperature intervally,, those of which remain liquid
and wt %. The error bars for the freezing temperatures indicatehroughout the-th interval and those which freeze within
the 10th and 90th percentile and error bars for the melting temperyis interval. The produo’{m- Viis given by the sum of the

atures indicate one standard deviation. Uncertaintys +0.01. ontribution from the droplets that remain liquid and those
The narrow dashed line represents the ice melting curve (Koop an hat freeze according to

Zobrist, 2009). The wide dashed line and the dash-dotted lines indi-
cate the eutectic temperature and the solid-liquid equilibrium curve AT nhue 1
of NaCl-2H,0, respectively (Linke, 1965; Clarke and Glew, 1985). f,. V' = _Vl.i +Z_ (Ti _Ti ) [ )
- . . iq st nuc j liq,j’
The solid line represents the predicted homogeneous freezing curve r =’
(Koop and Zobrist, 2009). The two dotted lines represent an uncer- . . . ;o
tainty of the homogeneous freezing curve due to an uncertainty infVherer is the experimental cooling ratgy, is the total vol-
aw of £0.025 (Koop, 2004). It is assumed thagg of the aqueous ~ Ume that remains liquid until the end of the temperature in-
droplets does not change with temperature (Koop et al., 2000b,a). terval, andTr%ch. and Vig.; are the freezing temperature and
corresponding volume, respectively, of tjigh droplet nu-
cleating ice within the-th interval. Derivations off,om(7")
The red solid curve in Fig. 2 is a fit of to a normal cu-  employ AT =0.2 K corresponding to our total experimental

mulative distribution function (CDF) according to error in determining the temperature. As discussed above,
experimental heterogeneous ice nucleation events cannot be
1 T—u . . -
fit = > 1—erf oy (1) avoided when studying homogeneous nucleation (Knopf and
(o}

Lopez, 2009), however, this effect is not critical for deriving
wherex ando are the mean and standard deviation fitting Jhom@s a function of” due to the goodness of the fit in Fig. 2
parameters that describe the distribution. Figure 2 indicate@nd the insignificant number of heterogeneous compared to
that our observed freezing events are in very good agreemeftomogeneous freezing events as previously discussed.

with Eqg. (1). Deviations of observed ice nucleation distri- ~ Figure 3 shows experimentally deriveflom as a func-
butions from fsx were mostly found at higher temperatures tion of 7 and initial aw. Jhom Vvalues for givena, which

due to possible heterogeneous freezing events. Howevegxtend to higher temperatures and do not show a strong in-
the number of heterogeneous ice nucleation events were togrease with decreasing temperature, are most likely affected
few compared withVyot to provide any significant weight- by heterogeneous freezing events. For example, the freezing
ing to the fit. Deviations of observed ice nucleation distribu- data for aqueous NaCl droplets witk, = 0.900 in Fig. 3
tions from the fits for lower temperatures occur for aqueousdoes not show a strong increase Jfm for temperatures
NaCl droplets with lowest,, of 0.806—0.851. This is likely —between 220-226 K, and remain almost constant at values
due to our experimental uncertainy. In an analysis (not below 1Gcm™3s~1. However, Jnom values increase signif-
shown here) in which only the data within the 10th and 90thicantly from 220K to 214K as the homogeneous freezing
percentiles were employed to obtajf, corresponding val-  limitis approached. Also shown in Fig. 3 are theoretical pre-
ues foru ando were found not to be affected significantly. dictions of Jnom applying the water-activity based homoge-

Again this was due to the larger number of homogeneous ic&eous ice nucleation theo%KOOp for each initialay, (Koop

om
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Fig. 2. Summary of all observed homogeneous ice nucleation events as a funciigranfi 7. The frozen fractiony, of droplets in 0.2 K
temperature increments is represented by blue circles. Error bars indicate the rghireaofemperature increment of 0.2 K. Yellow bars
show the probability density histogram (PDH) binned in 1.0K increments. For each pgrehd the total number of analyzed droplets,
Ntot, are given. The values for the PDH are given on the)ledixis andf on the righty-axis.

etal., 2000b; Koop and Zobrist, 2009). Within the theoretical 3.2 Heterogeneous freezing of aqueous NaCl droplets
uncertainty,/,ooP agrees with the experimental data. A po- containing diatoms
tential exception aréhom values obtained far,, = 0.806 for

which J,°°" under predicts our observations. This may be

Median heterogeneous freezing temperatures of aqueous

o i dia
due to the occurrence of heterogeneous ice nucleation evenf@C! droplets containing diatom® pseudonanal;™, and

. . ia
and/or the unknown behavior of supercooled aqueous Nadforrespondlng mean melting temperatuify;’, are shown

solutions, especially at this lowj, value. It should be noted in Fig. 4 as a function oty and droplet composition (Knopf

that the uncertainty of tha, based homogeneous ice nucle- ?t al., 2010). The droplet composition was calculated us-

ation theory foray, = 0.800, is given ast0.05 in ay, which ing the E.'AIM model (C!egg etal.,, 1998) an_d qssuming tha}t
translates tat12 orders of magnitude uncertainty in predic- aw remains copstar;}awnh .temperature. W'thm.th; expert-
tions of Jhom (Koop, 2004). Jnom evaluated atTfNaC' given mental uncertainty ¢ are in good ggreement WithlS&(T)

in Table 1 remains the same to within one order of magni-(KOOp ?t aI.,_ 2000b; Kolé)p ano!{ Z?bgggozbqos). The g%mt())get-
tude. This translates into a corresponding constant shift i gggs_reelz;?gdcfurve( oop € a.’CI | 'f oop and £0 I‘ISt,
water activity,Aay, as suggested by the water-activity based ) 'S plotted for comparison. tlearly, freezing occurs a
homogeneous ice nucleation theory (Koop et al., 2000b). De—mUCh higher temperatures for agueous NaCl/diatom droplgts
viations between the observed and predictgg, values for (Knopf ?t al., 2010) compared'to predicted homogeneous Ice
aqueous NaCl droplets may be attributed to the unknown bepgcleatlon _temp_eratures. At highy, corresponding to more
havior ofay, in the supercooled temperature regime (Knopf dilute solutions, ice nucleation temperatures_ are enhanced by
and Rigg, 2011). Thehom presented here can be employed ~10 Kcompared to the_ homogeneous freezing temperatures.
to further constrain the water-activity based homogeneouéA‘t low aw, ice nucleation proceeds at temperatures) K

ice nucleation theory (Koop et al., 2000b; Knopf and Lopez,abov%igredicteq hqmogeneoug free;ing tempera.turﬁg.
2009: Knopf and Rigg, 2011). and7;""* shown in Fig. 4 for the investigateg, are given in

Table 1, in addition tGice(7;49).
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Fig. 3. Experimentally derived homogeneous ice nucleation rate ay
coefficients Jhom (circles), and theoretically predicteflom values 5 10 15 20 24
(dashed lines) (Koop et al., 2000b) shown as a functidh afidayy. wt%

Black, purple, blue, green, red, teal, magenta, gray, and lime colors _ _ )

correspond to aqueous NaCl droplets with initiglof 0.984, 0.970,  Fig. 4. Median freezing temperatures and mean melting tempera-

0.953, 0.924, 0.900, 0.874, 0.851, 0.826, 0.806. The uncertainty fofures of aqueous NaCl/diatom droplets are shown as filled and open

predictedJyom due to an uncertainty iy of £0.025 is indicated ~ Sduares, respectively as a functiorigfand wt %. The uncertainty

as dotted lines fony of 0.984 and 0.806. for the freezing temperatures are given by the 10th and 90th per-
centiles and the uncertainty in the melting temperature represents
one standard deviation. The errordy is =0.01. The thick solid

The experiments above were repeated using the saméhe represents the ice melting curve shifted &y, het=0.2303,

aqueous diatom solution, but filtered using a 0.1 um filter toand t_he thin solid line |§the homogeneous frt_ae2|_ng curve (Koop and

remove diatoms and possible fragments. This procedure reoPrist: 2009). Other lines are the same as in Fig. 1.

sulted only in homogeneous ice nucleation indicating that the

diatoms cause heterogeneous ice nucleation in the immersion

2ap} 30 =0.984, R?=0.333 a, = 0.969, R =0.025 a, = 0.951, R® = 0.033
mode at elevated temperatures and not dissolved organic ma- g ep 242 AT,
terial associated with the diatom. 2441 g PR psel. %/

Previous work suggests that heterogeneous immersion 242r Aﬁ\f e
mode nucleation can be described by a horizontal shift of the [ .l Yok ot "3
ice melting curve Aaw het, Similar to the derivation of ho- TR~ A TR

mogeneous ice nucleation temperatures (Koop et al., 2000b;, 240} a,=0.926, R*= 0122 240 a, = 0902, R® = 0.242 235} a, = 0.673, R* = 0.095

Koop and Zobrist, 2009). Following this approach, we derive g .| ... 2361 ; .
= >

L \%\ 232

228

a heterogeneous freezing curve given by .
2 224f
f.het [ £ } :

Ay e(T) ZG\I,(\;e(T)‘i‘Aaw,het- (4) 2 2028 : 208 bl 220

. f.het . 15’7 1(3’6 1;'7 13’5 1<JJ'7 13’6
The ngyv freezing curveyy (T), was constructed by fit- yal 8= 0850, R2=0020 230]- sy = 0.026, R = 0.050 a0'=.0.800, R¥ = 0,001
ting ;%% to Eq. (4) leavingAaw,het as the only free pa- o . 2L e
rameter. The best fit yield&ay, nhet= 0.2303 to describe 228 ;;" o X0 a8k &
792, The data presented in Fig. 4 indicates ti8f is in il g 2p  Baw | ET
good agreement with the modified water-activity based ice F 218 £’ i
nucleation theory for predictions of heterogeneous immer- /b oo e

sion freezing if similar uncertainties as made for predictions
of homogeneous freezing are assumed (Koop, 2004). For
aw<0.85, de'a show a slight trend to higher freezing temper- Fig. 5. Heterogeneous freezing temperatures of aqueous
atures compared to the predictions. Nevertheless, the overalNaCl/diatom droplets shown as dots are plotted as a function of
good agreement chdia with a\f,\’,het(T) described byAay het droplet volume f_or each investigated water activity. The_solid lines
indicates that heterogeneous ice nucleation induced by intacgPresent best fits to the data. The coefficient of determinafitn,
and fragmented diatoms can be adequately described by thefdicates the quality of the corresponding fits.

modynamic quantities (Zobrist et al., 2008; Koop and Zo-

brist, 2009).

3
Volume / cm
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To quantify the heterogeneous freezing behavior of di-
atoms via the immersion mode, we consider two analyti-
cal approaches, a time-dependent (Bigg, 1953) and a time-

a,=0.984, R”= 0.093 a, = 0.969, R? = 0.058 a, = 0.951, R® = -0.003

246 . 242k

I | S | zor vy independent (Dorsey, 1948). The time-dependent approach
. tE Ll 234k : follows classical nucleation theory which maintains that het-
sl tisal S ol tisal erogeneous ice nucleation, like homogeneous ice nucleation,

107 10° 10° 10 107 10° 10° 10 107 10° 10° 10 X R . . ;

o paol 2w =092 R = 0281 a,=0.902, R%= 0113 232 = 0.873, R?= 0,009 is dominated by molecular kinetics. Water molecules in an

3 iy 2361 CE o . aqueous phase randomly cluster and break apart on the sur-

= L o ety . r PR N .

g % ol : ; 3 face of an IN, and each cluster that forms has a probability

g z2p Ry S i of growing large enough in time to become the center of a

© 228 228} - sk s critical ice embryo and subsequently trigger bulk phase ice
W PP PP B T H .

107 10° 10° 10° 107 10° 10° 10° 107 10° 10° 10° nucleation (see e.g. Pruppacher and Klett, 1997). The time-
230}, 3 = 0850, R =0.016 soal 270828 R=0.039 sk 2708, R®=0.036 independent approach maintains that the dominant influence
- ) . : of heterogeneous nucleation is the presence of surface inho-

F s o 224} -

28 mogeneities which act as preferred sites, or “active sites”, of

2af :;l?:i.‘r 2200 T |jpha: AR critical ice embryo formation and thus, ice nucleation (Vali,
220 T 216f . 210k - 1971, 1994; Pruppacher and Klett, 1997). These active sites

214F -

107 10° 10° 10" 107 10° 10° 10° 107 10° 10° 10° are then destined to become IN at site-specific characteristic
2 . . . .
Surface Area/ cm temperatures. Thus, ice nucleation is triggered by the appear-

ance of active sites as a function of temperature on the sur-

Fig. 6. Heterogeneous freezing temperatures of aqueou : : : :
: - ace of particles immersed in aqueous droplets (Vali, 1971).
NaCl/diatom droplets shown as dots are plotted as a function o? P q P ( )

diatom surface area for each investigated water activity. The soli : :
. ' . - ~7"3.2.1 Time- ndent analysi
lines represent best fits to the data. The coefficient of determlnatlor(?,3 e-dependent analysis

R, indicates the quality of the corresponding fits. Here, we quantify heterogeneous ice nucleation due to in-

tact and fragmented diatoms employing a time-dependent ap-

Figure 5 shows all observed heterogeneous freezing tenProach. As indicated in Fig. 6, heterogeneous freezing tem-

peratures from Fig. 4 as a function of aqueous NaCl/diatomP€rature dependence on diatom surface area was less than
droplet volume andy,. A linear fit to the data in Fig. 5 in- the scatter in the data. We therefore derive heterogeneous

dicates for the most part no or very weak correlations pe-ice nucleation rates independent of diatom surface area as a
tween observed freezing temperatures and droplet volum&Nction of 7" anday,. However, in the case where ice nucle-

as determined from giveR2 coefficients(R2<0.2) except ation is found to depend on diatom surface area outside the
for aw = 0.984 and 0.902. Over the experimentally accessed@nge probed in our experiments and/or diatom surface areas

range of volumes and,, the freezing temperatures do not are available from field samples, we additionally provide sur-
depend significantly on the volume of the droplet face dependent heterogeneous ice nucleation rate coefficients

Figure 6 shows the heterogeneous freezing temperaturedS & function of” anday. _ _
of aqueous NaCl/diatom droplets as a function of estimated Ve follow a previously described analysis (Koop et al.,
diatom surface area for all investigateg. Similar to Fig. 5, 1997; Zobrist e@ al., 2007). to calcullate the time-dependent
linear fits to the data and correspondiRg coefficients were ~ NEterogeneous ice nucleation rate given as
determined. The&k? coefficients indicate that there is no cor- R
relation between diatom surface area and freezing temperashe((T') = ?—“C (5)
ture except very weak correlation for droplets with initigl ot
of 0.926. In summary, the surface area dependence was le
than the scatter in the data which was approximately 4—6 K.

Figure 7 summarizes approximately 2500 observed het-

Ahdzl, is given by

"%uc
erogeneous ice nucleation events as a function ahday. 4 = AT (”iot‘”ﬁuc) + Z} ( - Triqu), (6)
The cumulative distribution angd in addition to the PDH for r =

heterogeneous freezing, were determined as described above ,

for homogeneous ice nucleation of aqueous NaCl dropletswhereniy is the total number of liquid droplets at the start

The PDH and cumulative distributions for heterogeneousof thei-th temperature interval. The remaining variables are

ice nucleation due to diatoms immersed in aqueous NaCthe same as in Eq. (3).

droplets show striking similarities to the ones derived from Measurements of diatom surface area and observations of

homogeneous nucleation of aqueous NaCl droplets withouheterogeneous freezing events allowed us to derive heteroge-

diatoms shown in Fig. 2. neous ice nucleation rate coefficienfge. Following a pre-
viously described analysis (Koop et al., 1997; Zobrist et al.,

www.atmos-chem-phys.net/11/5539/2011/ Atmos. Chem. Phys., 11, 5539-5555, 2011
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Fig. 7. Summary of all observed heterogeneous ice nucleation events as a funetipawd 7. The frozen fractionf, of droplets in 0.2 K
temperature increments is represented by blue circles. Error bars indicate the rghgeaofemperature increment of 0.2 K. Yellow bars
show the probability density histogram (PDH) binned in 1.0 K increments. For each pgnahd the total number of analyzed droplets,
Niot, are given. The values for the PDH are given on theyledikis andf on the righty-axis.

2007), Jhe!(T?) is the average heterogeneous ice nucleationinstances, values abnhet and Jhet for different ay, overlap

rate coefficient for a given temperature interval which can beeach other. This behavior may be due to a temperature depen-
described as dence of or uncertainty iay. According to classical nucle-
ation theorywnetandJnet reflects an exponential dependence

i
Jhet(TH) = ln”¢ ©) on temperature (Pruppacher and Klett, 1997) suggesting that

ot A’ heterogeneous ice nucleation due to intact and fragmented
The producti,,- A’ is derived according to dl_atoms f(_)llows a tlme-dependent freezing process, in line

with classical nucleation theory.
.. AT . Thug . . . N .
top Al = — fiq +Z;<Tslt—T$qu> - 8) 3.2.2 Time-independent analysis
j=1

Atime-independent approach (Vali, 1971) can also be used to

Afiq is the total diatom surface area in the droplets that re-quantify heterogeneous ice nucleation due to intact and frag-
mains liquid until the end of the temperature interval and mented diatoms. This mechanistic explanation commonly
Afiq’j is the diatom surface area of thieh droplet that nucle-  referred to as the singular approach, maintains that the freez-
ates ice within thé-th temperature interval. Other variables ing process is dominated by an active site on the surface of a
are the same as in Egs. (3) and (6). For calculatiapnef T') particle which triggers ice nucleation at a specific character-
and Jhe!(T), AT =0.2K reflects the experimental tempera- istic temperature.
ture uncertainty. Following a previously described analysis by Vali (1971),

Figure 8a, b presentsnet andJpet, respectively, for the in-  we derive differential and cumulative nuclei spectra to quan-
dividually analyzed ice nucleation events presented in Fig. 7ify a time-independent approach for explaining heteroge-
as a function ofl anday. Figure 8 demonstrates thatet neous ice nucleation due to diatoms. The differential nuclei
and Jhet increase exponentially with decreasifig In some  spectra for thé-th temperature intervak(7"), is defined as
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210 215 220 225 230 235 240 245 250 Figure 8c presents(T) andK (T) for the individually an-
T T e T T @ alyzed ice nucleation events presented in Fig. 7 as a function
of T anday,. Figure 8c demonstrates that") for most data
increases exponentially with decreasifgAs previously de-
scribed k(T) is the differential spectrum fok' (7') and thus
it follows from Eqgs. (9) and (10) that(T) =dK(T)/dT.
Sincek(T) shows an exponential behavidk,(T) also in-
creases exponentially with deceasing temperature for ice nu-
cleation events at specifigy. In some instances, values of
k(T) and K (T) for differenta,, overlap each other. Similar
to the time-dependent approach, this behavior may be due to
a temperature dependence of or uncertaintyin

-2 -1
S

i
(=]

Jhet /cm
1
1S)

3.2.3 Water activity and heterogeneous ice nucleation

Figure 4 indicates that the water activity criterion can also
be used to predict median freezing temperatures of het-
erogeneous ice nucleation (Koop and Zobrist, 2009). Ta-
ble 1 giveswhet, Jhet and K(7T) evaluated at the me-
dian freezing temperatures shown in Fig. 4. On average
and over the range of investigateg values,whet(de'a) =
01170587, Une( T8 = 1.07535x 100 cm=2s72, and
K(T8%) = 6.2733x10*cm™2 for aqueous NaCl/diatom
droplets, where the plus and minus errors indicate the range
in values. The narrow range aket, Jhet and K (T') along
the freezing line indicates that the shifte}® curve shown
Fig. 8. Experimentally deriveda) heterogeneous ice nucleation in Fig. 4 is representative of these freezing rates and nuclei
rates,mnet, (b) heterogeneous ice nucleation rate coefficiedts; spectra. This further supports the contention that immersion
and(c) differential and cumulative nuclei spectig?’) andK (T), mode freezing can be parameterizedMayy net. Here, we re-
respectively, for aqueous NaCl/diatom droplets shown as a functiorport that a shift ofAaw, het= 0.2303 describes heterogeneous
of T'anday. In (c), thek(T) and K (T) are given as open circles jce nucleation temperatures for immersion freezing where
and do:ted lines, rgﬁpectivclely. Black, purglte, blue, greﬁn,crle(;j, telaltwhet(dela) =011 §1, Jhet(dela) —1.0x10%cm=2 5—1, and
magenta, gray, and lime colors correspond to aqueous NaCl drople dia _2 :
con%aininggdigtoms with initial, of 0284, 0.929, 0.951, 0.926? R (1% = 6.2x10f cm~2. Further studies are necessary to
0.902, 0.873. 0.850, 0.826, 0.800. mvestlggte whethebpet, ]het, andK (T) can be similarly pa-
rameterized as a function afy, as for the case of homoge-
neous ice nucleation (Koop et al., 2000b).
the ice active surface site density for a unit surface area of a
sample

k/cm?K*t

210 215 220 225 230 235 240 245 250
Temperature / K

) 4 Atmospheric implications
; 1 n
k(T') = — T, )
tot AT
whereAjy, is the total diatom surface area in the droplets thatThe results of the homogeneous freezing experiments re-
remains liquid at the start of theth temperature interval  ported here allow for a better constraint of predictigm
(Vali, 1971). A cumulative nucleus spectrum as a function from aqueous NaCl droplets and can be used to narrow the

of temperaturek (7*), can be evaluated from experimental yncertainty in the theoretical predictions of the water activ-

4.1 Homogeneous ice nucleation

data by numerically integrating Eq. (9) frofi®to T* yield- ity based homogeneous ice nucleation theory (Koop et al.,

ing 2000b; Koop, 2004; Koop and Zobrist, 2009; Knopf and
T Rigg, 2011). This is significant because an uncertainty of

K(T" :ZM (10) 0.025 inay can lead to changes ithom of up to 6 orders
Tdia Atot of magnitude or 8 K in temperature (Koop, 2004; Knopf and

. . _ _ ~ Lopez, 2009; Knopf and Rigg, 2011). In addition, the deriva-
whereK (T") includes the S|teslwh|ch_ hagl become ice activetion of J,om allows for estimation of ice particle produc-
for temperatures warmer thafi. Derivations ofk(T) and  tjon rates from derived homogeneous nucleation according

K(T) employAT =0.2K. t0 P = Jnom- Vparticle WhereVparicieis the amount of total
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liquid volume of aerosol per ctnof air. We assume sea fragments would be expected to fall within this size range
salt concentrations, estimated here from field observationsvhich could explain the correlation with IN concentrations
of aerosol particle concentrations in the free troposphere ameasured by Bigg (2001). Lastly, a very recent study found
10cnT 3 (Cziczo et al., 2004; lkegami et al., 1994, 2004; a unique organic marine aerosol mass concentration of up
Brock et al., 2011; Hara et al., 2006), with mean dry diam-to 3.8 ug n2 in an aerosol plume passing over highly pro-
eter of 200nm and a wet diameter of 480 nm at 90 % RHductive surface waters in the North Atlantic off Mace Head
(zZhang et al., 2005; Lewis and Schwartz, 2006), and apply{Ovadnevaite et al., 2011).

ing Jhom= 106 cm3s1 at a temperature of 215K (Fig. 3), From the above discussion, we estimate a conservative
P could reach 0.035 ice particles £ (air) min~1. Ice lower limit of airborne diatom fragment concentrations of
crystal concentrations in cirrus clouds usually fall between0.1L~1 (air). In cases of high biological production and
10 and 100 2 (air) (Dowling and Radke, 1990; Heymsfield strong wave activity, this number may be 2 orders of mag-
and McFargquhar, 2002; Haag et al., 2003; Strom et al., 2003)nitude higher. The major contribution of primary organic
Thus, after 30 min at these atmospheric conditions, approximatter to sea spray aerosol have been found to be in the sub-

mately 1 ice crystal per liter of air could form. micrometer size range (O’'Dowd et al., 2004; Ovadnevaite
et al., 2011) and thus, we assume a maximum size of a di-
4.2 Heterogeneous ice nucleation atom fragment to be 1 pum. This provides an upper estimate

for the corresponding surface dependent ice particle produc-
As far as we are aware, neither spatial and temporal contion. We expect that these estimates will vary with additional
centrations nor corresponding determination of surface areafeld collected data.
of aerosolized diatoms are available. In fact, we are only In the case that ice nucleation induced by intact or frag-
aware of two studies which have reported airborne diatommented diatoms is assumed to be independent of surface area,
concentrations. A study by Tormo et al. (2001) observed air-we can derive ice particle production rates as a functidh of
borne diatoms in excess ofd¥ L~ (air) in summer outside and RH,P/%(T,RH), as
the city of Badajoz, SW Spain, about 100 m away from the
Gevora River. We would expect that airborne concentrationsPhet (7 RH) = @het(T, RH) - Nparticle (11)
of qllatoms would _be greater over marine waters where Wav"?/vhereNpamde is the total diatom concentration per unit vol-
action can result in greater generation of sea spray and bu ime of air andwhet is determined from Fig. 8a for giver
ble bursting aerosols when compared with rivers. In fact, & nd RH.
study in which fiIter_ samples were collected from a 9m high If available diatom surface area is accounted for in the de-
tower ona 55m high cliff (.)ff.the cqast on Amsterdam !s- scription of heterogeneous ice nucleation then,
land (a tiny remote volcanic island in the Southern Indian
Ocean some 3000 km from any continent) found concen-Pri]%?(T,RH)zJhet(T,RH).Spa,tide, (12)
trations of marine biogenic particles characterized as amor-
phous silica diatom fragments, ranging fror20-28 -2 of ~ and
air (Qaud!chgt e.t al., 1989). Wh|le not speqﬂcally report.- PI8(T) = K (T,RH) - Sparicle (13)
ing size distributions, ambient insoluble particles from their
air samples had mean diameters0{0.8+0.7) um (Gau-  Jnhe7T,RH) and K (T,RH) are determined from Fig. 8b, c.
dichet et al., 1989). Brown et al. (1964) found a diversity SparicleiS the total diatom surface area per unit volume of air.
of viable airborne algal species in concentrations as high agollowing the arguments presented above, we assume that
411 (air), suggesting that this number would be greater ifthe diatom fragments are a square plate with side length of
nonviable algae were additionally counted. Concentrationsl um resulting in a surface area of 2fiper diatom particle
of marine bacteria in air originating from ocean waters is es-and therefore, 210~° cnm? L~ of air given diatom concen-
timated to be on the order of 10 (air) (Burrows et al., trations of 0.11 (air). Equations (11) and (12) describe
2009b), which can provide an upper limit on airborne di- time-dependent ice particle production whereas Eq. (13)
atom concentrations assuming similar processes that lead tgields ice particle production as a function of temperature
aerosolization of diatoms. If, however, diatom fragments arereflecting the fundamental differences in the description of
aerosolized or whole diatoms are fragmented in the atmothe ice nucleation process.
sphere, i.e. during dust transport (Harper, 1999), then con- We now estimate ice particle production for the two fol-
centrations can actually exceed those of bacteria, given thdbwing scenarios: (i) Ice formation at conditions typical for
one whole diatom would be broken into smaller and more nu-Arctic mixed-phase clouds. (ii) Ice formation at typical cir-
merous fragments. IN concentration-at5°C taken in air  rus cloud temperatures of about 220 K.
over the Arctic Ocean show a positive correlation with par- Assuming diatom concentrations of 0.1 (air) and
ticle sizes between 50 nm and 120 nm (Bigg, 2001), smalleilRH = 95 %, we derive forT = 240K and corresponding
than sizes of viable airborne bacteria that are typicaym  whet=0.11s1, P/°®®=0.7 ice particles ! (air)min—L.
(Shaffer and Lighthart, 1997; Burrows et al., 2009a). Diatom This indicates that all available diatoms would nucleate ice
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within seconds. Assuming the ice nucleation process tdormation. On the other hand, this does not apply when em-
be surface dependent and applyifigi= 1.0x10*cm 251 ploying a time-independent approach for ice particle produc-
and K = 6.2x10%cm™2, the corresponding",ﬂcef is equal tion resulting in ice crystal numbers lower than typical ob-
to 0.001 L= (air) min~! and 0.0001 L? (air), respectively. ~ servations.

From this example, it follows that the time-dependent anal- From these estimates, it remains unclear whether it is
ysis will always yield higher ice particle numbers with time more appropriate to apply either a time-dependent or time-
at fixed temperatures (or small updraft velocities) comparedndependent approach for determination of ice crystal pro-
to analysis using the time-independent approach. Typicatluction or if a combination of the two would be more ap-
ice crystal concentrations observed in Arctic mixed-phasepropriate (Pruppacher and Klett, 1997; Marcolli et al., 2007;
clouds are~0.1-10L"1 (air) (McFarquhar et al., 2007; Vali, 2008). For a given temperature, the difference between
Fridlind et al., 2007; Verlinde et al., 2007). Thus, if a minor the two theoretical approaches is about 2 orders of magni-
fraction of background sea salt particles contains diatoms otude. While this seems small compared to typical uncer-
fragments of diatoms, then a significant amount of ice crys-tainties in ice nucleation rate predictions, the cloud micro-
tal production could be attributable to diatoms if ice nucle- physical evolution would proceed in significantly different
ation follows a time-dependent mechanism. IN concentra-directions depending on which nucleation mechanism is as-
tions in polar regions can be greater in summer than thossumed to be taking place. Of course this discussion serves
in winter and fall months (Bigg, 1996; Rogers et al., 2001b; only as an example and is simplified compared to the actual
McFarquhar et al., 2007; Prenni et al., 2009), and can coinprogression within the cloud formation process. We there-
cide with phytoplankton blooms in the surface waters belowfore recommend taking advantage of cloud system resolving
(Bigg, 1973; Schnell, 1975; Schnell and Vali, 1976). This models with a high time resolution @fcher and Lohmann,
seasonality may be attributable to aerosolized diatoms acting003; Phillips et al., 2009) to evaluate the sensitivity of time-
as IN. dependent and time-independent ice crystal production uti-

At T = 220K and RH=85% (Haag et al., 2003; Strom lizing the results presented here for heterogeneous ice nu-

et al., 2003) applying the same diatom concentration for Cir_cl_eation due to marine biogenic particles as represented by
rus cloud formation assuming ice nucleation does not depen&"atoms'

on surface area, we derivéner=0.5151 and P/°® = 3.06

ice particles 1 (air) min~1. This indicates that all available
diatoms would nucleate ice within seconds. Accounting for
the surface dependence of the ice nucleation process, we ¢
employ Jhet= 1.8x10°cm2s ! and K = 1.1x10° cm2

Summary

EHnomogeneous and heterogeneous freezing of ice from
PRy C e o micrometer-sized aqueous NaCl droplets with and without
which yield corresponding@yg; =0.022L= (aiymin~=and  ia1oms have been analyzed in the temperature range of 180
Ppi; =0.0022 L1 (air), respectively. As in the previous 1o 260K and for water activities of 0.8 to 0.99. The freez-
example, for a fixed or slowly decreasing temperature, theng of about 5000 individual droplets has been investigated
time-dependent nucleation description will always result injq, this study.
higher ice crygtal concentrla}tions. Thus,' predic'tions of iC€ The median homogeneous freezing temperatures agreed,
crystal production are sensitive to the choice of either a time+jihin experimental and theoretical uncertainties, with pre-
dependent or time-independent approach. dictions of the water-activity based homogeneous ice nucle-
Typical ice crystal concentrations observed in cirrus ation theory. The experimentally derived homogeneous ice
clouds due to heterogeneous ice nucleation can be exaucleation rate coefficients were in agreement with predic-
pected to be greatly affected by depletion of water vapourtions of the water-activity based theory and can be employed
subsequent to ice crystal formation according to theto further constrain that theory. Corresponding ice particle
Bergeron-Wegener-Findeisen process (Bergeron, 1935; Weproduction rates were derived from experimentally obtained
gener, 1911; Findeisen, 1938), rapid ice particle productiothomogeneous ice nucleation rate coefficients.
through riming according to the Hallett-Mossop effect (Hal- The median heterogeneous freezing temperatures due to
lett and Mossop, 1974; Mossop and Hallett, 1974), and thentact and fragmented diatoms were well represented by the
presence of other IN. Thus, ice crystal concentrations in cir-modified water-activity based theory, where a horizontal shift
rus clouds impacted by heterogeneous ice nucleation are ibby Aaw het=0.2303 of the corresponding ice melting curve
defined and remain largely uncertain (Cantrell and Heyms-describes the experimentally derived freezing data. Diatom
field, 2005). As previously mentioned, cirrus clouds typ- surface area and aqueous volume were determined for every
ically have ice crystal concentrations of 10—100¢L(air). droplet investigated. Under our experimental conditions, het-
Our calculations indicate that a time-dependent approacterogeneous freezing temperatures neither depended on the
will result in rapid ice crystal production rates so that after droplet volume nor on the available diatom surface area. The
approximately 5 to 10 min at a constant or slowly changingheterogeneous ice nucleation rate evaluated at median freez-
temperature, diatoms could significantly impact cirrus clouding temperatures, represented by the shifted melting curve,
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is 0117338571, Assuming that ice nucleation depends on Bigg, E. K. and Leck, C.: Cloud-active particles over the cen-
surface area we derive heterogeneous ice nucleation rate co- tral Arctic Ocean, J. Geophys. Res., 106(D23), 32155-32166,

efficients and time-independent cumulative nuclei spectra doi:10.1029/1999JD901152, 2001.
as 10+é'é$x104 cm2s1 and 62+‘31'?x104 cm2, respec-  Bigg, E. K. and Leck, C.: The composition of fragments of bubbles

. - . . . bursting at the ocean surface, J. Geophys. Res., 113, D11209,
tively. Assuming diatom concentrations of 0.11, corre- d0i:10.1029/2007jd009078, 2008,

sponding ice particle production rates indicate that intaCtBlanchard, D. C.: Bubble scavenging and water-to-air-transfer of

and fragments of diatoms can efficiently form ice crystals
under typical tropospheric conditions. Ice particle produc-

organic material in the sea, Adv. Chem. Ser., 145, 360-387,
1975.

tion assuming a time-dependent nucleation mechanism is aBlanchard, D. C. and Syzdek, L.: Mechanism for water-to-air trans-

ways greater at slow updrafts or slowly changing temper-

fer and concentration of bacteria, Science, 170, 626—628, 1970.

atures when compared with a time-independent nucleatiofBorys, R. D.: The effects of long range transport of air pollutants
process. High resolution cloud system resolving models can on Arctic cloud active aerosol, Ph.D. thesis, Dept. Atmos. Sci.

be used to evaluate the sensitivity of ice particle production Colorado State Univ,, Ft. Collins, USA, 1983.

dependent or time-independent analyses.
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