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Abstract. In this paper, the effect of the morphological modi- ber in the upper troposphere than cubic hematite particles.
fication of aerosol particles with respect to heterogeneous ic®verall, our results suggest that the surface irregularities and
nucleation is comprehensively investigated for laboratory-associated active sites lead to greater ice activation through
generated hematite particles as a model substrate for atiroplet freezing.

mospheric dust particles. The surface-area-scaled ice nucle-
ation efficiencies of monodisperse cubic hematite particles

and milled hematite particles were measured with a series

of expansion cooling experiments using the Aerosol Inter-1  Introduction

action and Dynamics in the Atmosphere (AIDA) cloud sim-

ulation chamber. Complementary offline characterization of The chemical and physical surface structure of an aerosol
physico-chemical properties of both hematite subsets werdarticle can greatly influence its microphysical characteris-
also carried out with scanning electron microscopy (SEM),tics such as hygroscopicity (e.g., Twohy and Anderson, 2008;
energy dispersive X-ray (EDX) spectroscopy, dynamic |ightShiIIing et al., 2007), chemical reactivity (e.g., Di Cosimo
scattering (DLS), and an electro-kinetic particle charge de-et al., 1998), optical properties (Linke et al., 2006), and ice
tector to further constrain droplet-freezing measurements ofucleation efficiency (e.g., Schill and Tolbert, 2013; Chap-
hematite particles. Additionally, an empirical parameteriza-ter 9 of Pruppacher and Klett, 1997). More specifically on
tion derived from our laboratory measurements was imple-IC€ nucleation properties, Méhler et al. (2006) and Kulka-
mented in the single-column version of the Community At- i and Dobbie (2010) postulated that surface roughness and
mospheric Model version 5 (CAM5) to investigate the model irregularities may lead to an enhancement of ice nucleation
sensitivity in simulated ice crystal number concentration onrate of dust particles by water vapor deposition on dust sur-
different ice nucleation efficiencies. From an experimentalface- It has been known that surfaces that show a structural
perspective, our results show that the immersion mode icdnatch to the crystal lattice of hexagonal ice (e.g., Agl with
nucleation efficiency of milled hematite particles is almost NHal) may facilitate nonpolar proton-disordered ice prop-
an order of magnitude higher at35.2°C <7 <—33.5°C agation and ice formation (Jacquemain et al., 1991). It has
than that of the cubic hematite particles, indicating a sub-0een also discussed that the surface’s physical and chemi-
stantial effect of morphological irregularities on immersion cal properties may play a major role in the initiation of ice
mode freezing. Our modeling results similarly show that the CTystals in mixed-phase clouds and ice clouds (Mason, 1971;
increased droplet-freezing rates of milled hematite particlesCZiczo etal., 2013), yet our current understanding of ice nu-

lead to about one order magnitude higher ice crystal num<£leation properties of various aerosols is still rudimentary, in
part due to the fact that changes in composition, size, and
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surface morphology are often inherently related during an
aerosol’'s atmospheric lifetime and aging process (Hiranuma
etal., 2013).

Previous laboratory studies have revealed that electric
fields promote the formation of ice-like aggregates and even-
tually induce ice nucleation (Ehre et al., 2010; Anim-Danso
et al., 2013; Gavish et al., 1992). For instance, upon cooling& L L1 1 1
water freezes preferentially on positively charged pyroelec- g 020
tric surfaces due to the prevalent interaction between lonef %127
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electron pairs of water's oxygen atoms and the charged sur-2 s
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faces may coincide with a disrupted ice-like structural match, 0.00.51.01.52.02530 0.0051.015202530
resulting in deteriorated freezing activity (Anim-Danso et al., Area Equivalent Diameter, um Area Equivalent Diameter, ym
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The importance of surface structure and irregularities to- o
wards ice nucleation were recently investigated by Croteau et 0.51.01.52.0 2.5 3.0 051015202530
al. (2010). The authors performed molecular dynamic sim- Volume Equivalent Diameter, pm Volume Equivalent Diameter, pm
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ulations to investigate water adsorption on an irregularly £ ¢ 30— G. H.
shaped clay mineral surface, which includes a series of nar-2 5, ] g'
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strong water affinity and apparent multilayers of water at the § o
edges of these trenches where ice onset may preferentialhZ .

occur may be due to the interaction between water and clay E‘Odo'z 1015 é'o 25| 3-? a-odo-z 10 1;52-0 ?-5|3-?

lattice compared to flat surface. These simulations help to Y ameter, am e et
understand the surface structures that may assist in ice nu-

cleation; however, systematic laboratory studies performedig. 1. SEMimages ofA) a cubic hematite particle ar(B) a milled
under controlled conditions that can be used to further conhematite particle. Number frequencies estimated by SEM for each

strain and verify these molecular simulations are missingSuPset of hematite particles are showr{@) and(D). Particle size
In conjunction with aerosol—cloud interactions, ice nucle- distributions measured in the AIDA chamber are show(Eand

ation enhancement in the presence of abundant water ve{!: )- DLS measured size distributions are also show{@pand(H).

por would lead to more but smaller ice crystals, exerting
higher albedo (Lohmann and Feichter, 2005). Hence, a sufgcleation efficiency of the dust proxy in upper tropospheric
face morphology-dependent parameterization that accurateli.q ¢jouds.
describes experimental results may be important to improve
our climate change models.
In this study, we took an integrated approach that consist2 Method
of experimental and cloud modeling investigations, to deter-
mine ice nucleation properties on hematite particles, with2.1 Sample preparation

and without the presence of surface irregularities. We as- i ) , )
sumed hematite particles as surrogate for the natural minChemically homogeneous cubic hematiteBg) particles

eral dust particles. Surface-area-scaled ice nucleation activi/eré produced following the procedure prescribed in Sug-

ties of different types of hematite particles were determinedMOt0 and Sakata (1992). Briefly, iron hydroxide, Fe(@H)
experimentally at atmospherically relevant conditions using®Va@s initially produced by agitating a mixture of sodium
the Aerosol Interaction and Dynamics in the Atmospherefydroxide (NaOH) and ferric chloride (Fegl solutions
(AIDA) cloud chamber. The degree of morphological irreg- (100mL Of,5'6 M .and 100mL of 2.0M, respeptlvely). The
ularities, both in terms of size and surface charge, was as'€sulting hglghly viscous gel form of Fe(Ogtith an ex-
sessed by in situ light scattering instruments as well as of €SS Of F&* was subsequently aged and freeze-dried to form
fline microscopy and spectroscopy techniques. In addition, & Powder of equally sized hematite particles{(um di-
modeling sensitivity evaluation was performed with the sim- @Meter, see Fig. 1a). Next, a subset of these original cubic
plified one-column version of the Community Atmospheric hgmatlte partlc.les was milled by agitating th?m W'th immis-
Model version 5, CAMS5 (Neale et al., 2010), which allowed cible 100 pm diameter bronze beads, rgsultlng in surface ir-
assessing the role of surface modification upon the overall ic&€9ularities (cracks and/or edges, see Fig. 1D).
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To assess the effect of surface milling, we used thecise discussion is provided here. The AIDA chamber consists
Brunauer, Emmett and Teller (BETpMbsorption technique  of an 84 n? aluminum vessel in a thermally insulated hous-
(Brunauer et al., 1938) and measured the bulk surface aremg and is outfitted with instruments for heterogeneous ice
per given mass (i.e., specific surface arggst, m>g~1) of nucleation studies of a wide variety of aerosols (e.g., Mohler
both cubic and milled hematite particles. The BET techniqueet al., 2003, 2006; Mangold et al., 2005). Continuous cooling
reflects the most direct measurement of bulk surface area thas simulated within the vessel by mechanically pumping and
is analogous to the ratio of surface area per given mass. A&xpanding the air in the vessel. During a typical expansion,
higher specific surface area of the milled hematite particlesconstant pumping speed results in cooling rates decreasing
is indicative of the freshly introduced surfaces and presum<{rom initially about 5°C min—1 to below 0.1°C min~! while
ably also localized features (e.g., edges). Additionally, sur-the chamber pressure reduces from 1000 mb to 800 mb. Part
face charge properties and dynamic light scattering size obf the chamber wall is coated with an ice layer, maintain-
suspended hematite particles (1-10 mg hematite in 1 mL ofng almost ice saturated conditions in the stirred chamber
triple-distilled water) were investigated using a StabiSizer before the start of the pumping expansion. Thus, water su-
instrument (Microtrac Europe GmbH, PMX 200CS) to ex- persaturation conditions occur shortly after pumping expan-
amine a possible relation between surface morphology andion begins, which is directly accessible from in situ tunable
charge properties. The StabiSiZdras been widely used for diode laser (TDL) water vapor absorption and gas tempera-
many applications in particle analysis (e.g., Gaware et al.ture measurements. As soon as water saturation is exceeded,
2013; Titze et al., 2010). The detailed methods and its applipresumably the majority of the aerosol particles in the cham-
cations are described elsewhere for studying particle size usher acts as cloud condensation nuclei in our experiments and,
ing dynamic light scattering (DLS, Ukhatskaya et al., 2013) therefore, become immersed into water droplets. From that
and surface charge properties as an electro-kinetic particlpoint on, immersion mode ice nucleation of specific aerosol
charge detector (Biver and Shotyk, 2013), so only a brief departicles can be measured solely as a function of the tem-
scription will be given here. The hydrodynamic diameter of perature along with water saturation line (Connolly et al.,
hematite particles was measured at a scattering angle 8f 18@009). An in situ scattering intensity measurement for the
at a temperature of Z%. A 750 nm laser beam was focused optical detection of ice was also conducted by the SIMONE
onto a 10mgmEt?! hematite suspension through a sapphire(i.e., German acronym foS8treulicht-Intensitatsmessungen
window, and the scattered light intensity was recorded andzum optischen Nachweis von Eispartikehroughout the ex-
directly related to colloidal size distribution from the inten- periments. The instrument-performance and technical details
sity fluctuations induced by the particles’ Brownian motion. are described in Schnaiter et al. (2012). Briefly, a horizon-
The particles’ interfacial potential was electro-kinetically tally aligned continuous wave semiconductor laser is used to
characterized by charge-pH titration based on the creatiomprobe light scattering of particles at the center location of the
or extinction of surface charges (i.e., Bransted—Lowry acid—AIDA at a wavelength of 488 nm. By changing the scattering
base reaction) by incrementally adding 0.01 M aqueous HCplane at the laser head, scattering signals either in forward or
or NaOH solutions to the hematite suspension. The measurdsackward direction can be detected. At the backward direc-
ment of the charge properties is based on the particle adtion, scattering intensities perpendicular and parallel to the
sorption to the PTFE (polytetrafluoroethylene)-Teflon ves-linear polarization state are evaluated and counted per sec-
sel wall. A swaying piston in the vessel creates an alternatond. At droplet- or ice-activation in the AIDA, a quick re-
ing solvent stream over these immobilized particles that desponse in the intensities is observed. Further, an apparent in-
forms their flexible space-charge cloud and generates oscilerease in depolarization ratio (the ratio of those two intensi-
lating dipoles. These dipoles are detected as an oscillatingjes i.e., perpendicular/parallel) is a direct indicator of the ap-
streaming potential between two electrodes. In addition, thepearance of nonspherical components and their contribution
absolute number of charges can be determined by titration téo enhanced light scattering. Hence, the precise timing for the
zero potential with a 10-10"*mol L~ solution of oppo-  formation of aspherical ice crystals can be recognized based
sitely charged polyelectrolyte particles of anionic poly-vinyl on the depolarization ratio, and the simulated cloud phase
sulfate (PVS) or cationic poly-diallyl dimethyl ammonium (pure ice, mix phase, or liquid phase) in the AIDA is quanti-

chloride (PDADMAC). tatively identified. For our study, a depolarization ratio below
0.05 denoted the presence of unactivated aerosols (Fig. S1).
2.2 AIDA immersion mode freezing experiments During expansion cooling, the WhitE-Light Aerosol Spec-

trometer (WELAS) and optical particle counters (PALAS,
To investigate the immersion mode ice nucleation efficiencySensor series 2300 and 2500) were operated at a vertical
of hematite particles, we conducted a series of controlledsampling tube from the AIDA vessel in order to measure the
expansion cooling experiments using the AIDA cloud sim- number and size distribution of ice crystals. The WELAS in-
ulation chamber. Detailed experimental procedures of thestrument has been routinely used in previous studies at the
immersion mode AIDA runs are described elsewhere (e.g.AIDA facility, and a full description of the WELAS probe is
Steinke et al., 2011; Niemand et al., 2012), and only a con-available in Benz et al. (2005).
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Two types of the AIDA experiments were performed. 2.3 Model and simulation
First, we examined the immersion mode freezing of cubic
hematite particles. These cubic hematite particles were infor the modeling study, we used the single-column mode of
jected into the AIDA cloud chamber by the Small-Scale Pow-the CAM5 model (Neale et al., 2010) to examine the sensitiv-
der Disperser (SSPD, TSI, Model 3433), and homogeneouslty of simulated ice crystal number to the two aforementioned
distributed by a mechanical fan deployed on the bottom oftypes of hematites as ice nucleating particles. One advantage
the AIDA vessel. Directly followed by the measurement of of using a single-column model is that the performance of the
aerosol size distribution with an Aerosol Particle Sizer (APS,physical parameterizations at a certain column over 100 km
TSI, Model 3321), the expansion measurement was carriethorizontal length scales can be evaluated in isolation from
out in a temperature range ef38°C <7 <—28°C, and ice  other columns. To drive the single-column model, ECMWF
onset was recorded. Next, for the second set of experimentgi.e., acronym for European Centre for Medium Range Fore-
we injected milled hematite particles into the AIDA chamber casts) analyses were used to derive the large-scale forcing
by the Fluidized Bed Aerosol Generator (FBAG, TSI, Model terms, including vertical profiles of the horizontal advective
3400A). Accordingly, the series of expansion experimentstendencies of atmospheric state variables as well as the large-
were conducted in the same temperature range to assess theale vertical velocity (Zhang et al., 2001). The model con-
immersion mode nucleation efficiency of the milled particle sists of 30 vertical layers and the time step is set to 10 min.
subset. We note that the AIDA chamber was usually cleaned he cloud case observed from the United States Department
completely after each expansion experiment and then refille@f Energy’s Atmospheric Radiation Measurement facility lo-
with dry synthetic air to 1000 mb for the following experi- cated at the Southern Great Plain (SGP) site near Lamont,
ment. An exception to this was one expansion for the milledOklahoma was chosen to test INAS parameterizations. The
subset (INUIT02_54). For this particular expansion experi-Simulation was performed for the period from 29 March to
ment, the immersion ice onset was evaluated for the leftovedl May 2010. Only model outputs in April are included in
milled hematite particles from a previous expansion due tothe analysis. In a pair of two idealized simulations, cubic
the dominance of deposition mode freezing during the firstand milled hematite particle concentrations are prescribed as
expansion. Fortunately, dominant immersion mode freezing200 L-1, which is the average dust concentration simulated
was observed and recorded in the second subsequent expebly the CAMS5 model over SGP in springtime. The size and

ment. surface area of both types of hematite particles are prescribed
Afterwards, the ice nucleation ability was quantified as thewith the mean surface area of hematite particles, which is
ice nucleation active surface site (INAS) density,(m—2), equivalent to having the mean particle diameter of 1pum
representing the number concentration of ice crystsis:| based on the spherical assumption. The ice nucleation rate is
cm~3) normalized to the total surface area of aerosghd; derived from experimentally determined INAS densities as

m? cm~3) as a function of temperature (e.g., Hoose and Méh-a function temperature (see Egs. 1-3) and is only applied in

ler, 2012; Niemand et al., 2012). One caveat is that a unithe limited temperature range 85.2°C <7 <—33.5°C) for

form distribution of active sites over the given particle sur- mixed-phase clouds. We also limited droplet freezing in our

face area is assumed, since there has been no direct mesimulations below the mass mixing ratio of fkg-cloud

surement of ice nucleation at a particular site on the partiliquid per kg-air. In order to separate the impact of hematite

cle surface. Ourota) Was derived from the direct size dis- from that of other ice nucleating aerosols, we switched off

tribution measurements of the aerosol in the AIDA cham-all other ice formation mechanisms: in situ homogenous and

ber measured by an APS prior to the expansion experimenfyeterogeneous ice nucleation in pure ice phase clouds, het-

or from offline BET measurementiiora geT- More specif-  erogeneous freezing of natural dust particles, and cloud de-

ically on the former one, the aerodynamic diameter of thetrainment from shallow and deep convection.

APS was converted to a volume equivalent diameter assum-

ing a unit slip correction factor and using a dynamic shape

factor of 1.0 for cubic hematite particles and 1.2 for milled 3 Results and discussions

hematite particles in order to calculate the geometric total

surface areadota,geo (Peters et al., 2006). To obtain the lat- 3.1 Aerosol characterization

ter one, the geometric total mass concentratibff geo

gem3) is multiplied by BET specific surface (i.e., Prior to each AIDA experiment, hematite particle sam-

nsBET = Nice/ (Miotal,geo X SBET) = Nice/ AtotalBET)- Thus, ples were directly collected from the AIDA chamber on a

we obtained two different INAS densities, namely geomet-47 mm Nuclepor® substrate (Whatman, 0.2 um pore size fil-

ric area-baseds geo (i.€., Nice/ Atotalged and BET-inferred  ter 111106). Particles were then imaged by scanning electron

nsBeT (i.€., Nice! Atotal BET)- microscopy (SEM, FEI, Quanta 650 FEG) to assess the gen-
eral coverage of particles on the substrate and their overall vi-
sual appearance. Representative images of cubic and milled
hematite particles are shown in Fig. 1a and b, respectively.

Atmos. Chem. Phys., 14, 2315324 2014 www.atmos-chem-phys.net/14/2315/2014/
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A total of 1169 and 234 cubic and milled hematite parti- and max. positive-0.52+0.05nn72) than that of cu-
cles were analyzed, respectively, by the scanning electroic hematite ones (max. negativel.39+0.03nnT2 and
microscope, and particles were distributed according to theimax. positive= 0.36+ 0.03 nn12), verifying relatively high
size and the bin width of 0.05um diameter (Fig. 1c, d). An charge potential of the milled particles. It is noteworthy that
area equivalent diameter was calculated from the scanningigh storage capacity of charges due to protonated and depro-
electron microscope’s projected area with an assumption ofonated hydroxyl groups (Fe-OH) and oxo-groups (Fe-O-Fe)
cubic shape. Scanning electron microscope images showeaf iron oxide surface has been previously found by others,
agglomerates of milled and cubic hematite particles. Anal-and the typical charge density of Fe-OH of a metal oxide
ysis of these images was carried out, and we observed thaurface has been reported as 2—10ADi Cosimo et al.,
milled particles are more prone to agglomeration than cubic1998; Schindler and Stumm, 1987).
particles, presumably due to regranulation of milled, small Another feature in Fig. 2 is that the isoelectric point (i.e.,
pieces. Nevertheless, chemical homogeneity within singlehe pH at which the particle surface carries zero charge po-
particles was confirmed by energy dispersive X-ray (EDX) tential) of milled hematite particles shifted towards a slightly
spectroscopy composition analysis, and EDX spectra of cuhigher pH when compared to cubic hematite particles. This
bic and milled hematite particles were statistically similar atimplies that the surface of milled hematite particles is more
the 90 % confidence limit (not shown here). The degree ofbasic than that of cubic ones, probably due to the presence
surface irregularities as a result of milling was further con- of a relatively higher fraction of the basic groups (i.e., Fe-O-
firmed by APS measurements that showed enhanced numbé&ie) and/or due to a change in the coordinative environment
concentrations of small particles in the AIDA chamber prior of the functional groups and their enhanced chemical activity
to the expansion experiment (Fig. 1e, f). The geometric totalat surface kinks and edges (Schindler and Stumm, 1987). To
surface areasiotal geo, i the range of volume equivalent di- conclude, a distinct difference in the surface chemical prop-
ameters from 0.2 to 9.6 um for particular experiments wereerties of milled and cubic hematite particles was found and
determined as 578.2 fam—2 (cubic) and 143.0pAtm=2  ice might have nucleated at the active sites, which may coin-
(milled), resulting in a total surface area concentration ratiocide with a higher charge density on milled hematite particles
of ~4.0. In addition, we compared these total surface areqgMazeina and Navrotsky, 2007). These results may support
measurements to other offline measurements using the BEprevious molecular dynamic simulations such as in Croteau
method and DLS. The measured BET surface ar8gsrf et al. (2010). A more quantitative analysis is required to re-
are 2.2mMg ! and 3.7mMg! for cubic and milled parti- late surface chemical and physical properties of atmospheri-
cles, respectively. Higher specific surface per unit mass otally relevant dust (e.g., natural dust) to ice nucleation activ-
milled hematite particles are related to the increase of freshlyty.
exposed surface, edges and perhaps localized defects (e.g.,
cracks and steps). We note that the BET surface accounts f@.2 Influence of surface morphology from AIDA
localized topography and is typically larger than simplified experiments
spherical estimation, resulting in a lower value of INAS den-
sity if employed (Hoose and Méhler, 2012). The surface arearhe results of a total of four expansion cooling experiments
concentration ratio of cubic to milled hydrodynamic particle are presented and interpreted in the context of contribution
size per given mass{10 mg mL1) as obtained by the DLS  of surface irregularities. Two sets of AIDA experiments were
analysis was 3.9 (Fig. 19, h), which is in a good agreementinalyzed, including two expansions for each cubic and milled
with in situ measurements from the AIDA chamber, thus val- hematite particles. Figure 3 summarizes all four AIDA ex-
idating the milled state of hematite particles. periments and illustrates the effect of surface irregularities
Figure 2 shows the comparison of interfacial potentialsby milling on ice nucleation properties expressed in INAS
as a function of pH for milled and cubic hematite obtained density. We observed the immersion mode ice nucleation ac-
with the Brgnsted—Lowry reaction. The charge potential oftivity, ns geo, Of hematite to be dependent on temperature; i.e.,
milled hematite particles is maximized at pH 2.4 (427 mV), ns geo increases with decreases in temperature as previously
which is relatively high compared to the maximum poten- observed (e.g., Steinke et al., 2011; Niemand et al., 2012).
tial of cubic hematite particles (257 mV at pH 2.8). We We note thahs geo Of hematite is generally about two orders
note that further acid titration beyond these maxima of po-of magnitude smaller than that of natural dusts (Niemand et
tentials resulted in an abrupt decrease in potential due t@l., 2012). We also observed that, as postulated in Moéhler
the elevated potential compensation by free ions. Abso-et al. (2006), the milling process significantly enhances the
lute number of charges were measured by polyelectrolyteoverall ability of ice nucleation by more than an order of
titrations with PVS and PDADMAC. The detailed formula- magnitude at-35°C. The observed differences may be at-
tion and parameters used to calculate charge densities atgbuted to the role of various surface features as a result of
reported in Table S1 of the Supplement. From that mea-milling, such as higher charge density associated with the
surement, we also observed higher charge densities of thpresence of different functional groups on the milled sur-
milled hematite particles (max. negatix8.13+ 0.05 nnt 2 face, or increased active site densities due to newly exposed
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Figure 4 shows the simulated time evaluation of ice crystal

o nd ed ; mbination of the two. Furthermor number concentration and ice water content. Likewise, the
surtace and edges, or a co ation ot In€ two. FUMNEIMOor€y; ., jated monthly mean vertical profiles over the same re-

Egtmh g tsﬁt%eo Z?SSZEET;;? sgrk:ft:gﬂg Phlgflerbf_(;r;:;m;il_ed gygion are shown in Fig. 5. The ice nucleation rates used in our
‘matite part w mp e cublc (Fig. )modeling simulations j€, for cubic hematite particles and
It is noteworthy that we did not examine the influence of ' €

m i -l i i _
one characteristic individually while keeping the other sur- Jnetfor milled ones; s7) are derived from experimentally de

face properties constant. Nevertheless, milled hematite ha;ée rmined temperature-dependent geometric area-based INAS

the same crystal structure as cubic hematite and, thus, o rensmes as

data show that a simple mechanical modification can increas JEAT)

ns geo by an order magnitude. Tjn? (T)}

We note that a quantitatively small contribution of early het

deposition mode ice nucleation (i.e., ice formation due to

the direct deposition of water vapor) before the full water c _ —6

droplet activa?ion at-33.5°Cis rou?in(gly observed for both Msged ) = 1.072x 10°+1.777x10

cubic and milled subsets (Fig. S1). For clarity, the contri- x exp(—0.969xT), )

butions of deposition mode ice crystals (up to 27 % of to-

tal ice crystals formed in an expansion) were excluded from 4

the INAS density estimation. We also limit our analyses to Nsgeo(T) = 2.523x 10°+2.605x 10

the temperature range of heterogeneous ice nucleation and x exp(—0.889x T'), 3)

the measurement period where the ice probes were oper-

ated above their minimum detection limit. Hence, the con-whereT is the temperature®C), nggeo(T) is the geomet-

tributions from homogeneous ice nucleation observed belowic area-based INAS density of cubic hematite particles

—35°C (Figs. S1, S2) and the time interval coinciding with (m=2), ng‘geo(T) is the geometric area-based INAS density

measured ice crystal concentration below the WELAS detecof milled hematite particles (), Ameanis the mean sur-

tion limit (<0.1cnm3) were excluded. Thus, we evaluated face area of a single hematite particte .1 x 10712m2),

the droplet-freezing efficiency of hematite particles within and Az is the evaluated time step. Ice nucleation induced

the limited temperature range ef35.2°C <7 <—33.5°C. by hematite particles appears mostly at around 400 hPa, be-
cause it can only happen in the limited temperature range
—35.2°C<T <—33.5°C. Ice number predicted in the cubic
hematite case varies from less than one per liter to a few per

_ [ nsged™)
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Fig. 4. Simulated time evolution ofA) ice crystal number concentration (color scaled:lb.and(B) mass mixing ratio of cloud ice (color
scaled; g n3) over the ARM-SGP site in April 2010. Top panel shows the result of a simulation with cubic hematite particles and middle
panel shows that of the milled hematite particles. Bottom panel shows the absolute difference between these two simulations.

liter. During most of the time, the milled hematite case pre-(i.e., cloud droplets, ice crystals, raindrops and snow). Our
dicts much higher ice number concentrations than the cubigesults show that even though the ice nucleation efficiency
case, due to its higher INAS density, owing probably from differs only in a small temperature range for the two types
surface morphology (edges, cracks and steps) or chargingf hematite particles, it has an important impact on the sim-
state. Due to the convective transport and sedimentation pradlated ice number and mass concentrations from 200 hPa to
cesses, ice crystals can be redistributed higher than 250 hP&0 hPa. Hence, the response of the model to the change in
and lower than 700 hPa before they evaporate or convert tace nucleation efficiency was successfully demonstrated. For
snow. Between 200 hPa and 500 hPa, the simulated ice nunfuture analyses, we suggest a modeling study examining the
ber for the milled hematite case is on average one order oéffect of milling or other characteristic surface morphology
magnitude higher than for the cubic hematite particles. As aon the ice nucleation efficiency of atmospherically relevant
result, the ice water path increases significantly in the milledclay mineral patrticles (e.g., illite, kaolinite, and feldspar) and
hematite case (Figs. 4b, 5b). It should be noted that in theseomparison of simulated INAS densities to the AIDA mea-
idealized model simulations we intentionally switched off all surements with ground powder samples.

other ice formation processes, so the simulated ice number

concentrations are not realistic and cannot be compared to

observations. We also note that the model application in this  Conclusions

study only demonstrates the effect of using different INAS

densities for a given aerosol population on the ice crystal_aboratory and modeling studies were performed to ex-
number concentration. Nevertheless, the sensitivity showramine the role of surface morphology upon ice nucle-
in Fig. 4 indicates that the change of nucleation rate due tation on hematite particles that heterogeneously freeze at
the properties of the surface in the milled particles is fully —35.2°C <T < —33.5°C. Two different forms of laboratory-
confirmed, and can further lead to significant changes ofgenerated hematite particles were used in this study. Milled
ice cloud formation process in the upper troposphere. Aparhematite particles were generated by mechanically agitating
from ice nucleation, our model simulations consider complex1 um diameter cubic hematite particles with 100 um diame-
ice microphysical processes as well as temporal evolutiorter bronze beads, and its immersion mode ice onset was first
of mass and number densities of four hydrometeor classeguantitatively measured using the AIDA cloud simulation

www.atmos-chem-phys.net/14/2315/2014/ Atmos. Chem. Phys., 14, 221324 2014
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0 ! ! 0 . L Overall, the influence of surface morphology of hematite
1A e Milled B. —mee-Milled [ i i ; i i
] I particles upon the ice nucleation efficiency was verified by an
——Cubic ——Cubic | . . .
L o0 L experimental study, and the influence of enhanced ice nucle-
R S I ation activity was demonstrated by a modeling approach. We
; note that the conclusions from the current study are limited
I to the idealized droplet freezing of known composition and
i size, and a quantitative analysis for a wide range of different
particle types and experimental conditions are required for a
complete understanding of the relative importance of active
sites over aerosol size and chemistry. The modeling studies
] I beyond the single-column analysis presented in this study,
1000 e w i 3 “’0"10_5 v . i specifically estimating corresponding longwave cloud forc-
NUMICE (#/1) IWG (g/m3) ings, are needed to examine the influence of active sites on
overall heterogeneous ice-nucleating properties, which con-

Fig. 5. Simulated monthly mean vertical profile (&) ice crystal  strain the aerosol—cloud interactions and cloud model param-
number concentration (L) and(B) ice water content (g m3) over eterizations.

the ARM-SGP site in April 2010.

x\
H - 400
&

- 600

Pressure (hPa)

hamb h bel o . . Supplementary material related to this article is
chamber at the temperature belo#8°C. An isometric ex- available online athttp://www.atmos-chem-phys.net/14/

periment was conducted on cubic hematite particles. The Ob2315/2014/acp-14-2315-2014—supplement pdf
served ice nucleation activity of milled hematite particles in- '

ferred by the INAS density, either related to the geometric

or the BET-derived specific surface area, was up to an order

of magnitude higher than that of the original cubic hematite

particles. Thus, the characteristics of the surface as a result gfcknowledgementsThe authors gratefully acknowledge financial
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This supplementary information provides additional details in the measurement of
absolute number of charges by polyelectrolyte titrations with PVS and PDADMAC (Table S1) as
well as representative AIDA adiabatic expansion experiments (Figure S1 and S2).

Below, we briefly describe an experimental procedure to estimate maximal charge
densities of hematite particles. First, we generated the maximal interface potentials in hematite
suspensions by adding 0.01 mol L™ NaOH or HCI solution. Compensations of the developed
charges in the suspensions were directly followed and carried out by additing the oppositely
charged polyelectrolyte solution (PVS or PDADMAC) to zero potential to identify the absolute
number of surface charges. With measured and known parameters summarized in Table S1, we

calculated the maximal charge surface densities, a (hm™), according to

Coq -V N,
m'ABET

a— (S1)

where Ceq i the polyelectrolyte charge equivalent concentration (mol L), V is the titrated
volume to isoelectric point (L), Na is the Avogadro’s constant (mol™), m is the hematite mass (g)
and Ager is the BET specific surface area (m? g™%). We note that 1 mol L™ of polyelectrolyte
concentration compensates 400 charges.

Figure S1 displays the time-series of ice crystal concentration (Nic) as well as liquid
droplet concentration (Naropet), temperature (T), relative humidity with respect to ice and water
measured by the TDL, and particle phase inferred by particles’ backscattered intensities to the
incident polarisation state of the laser light during the immersion mode freezing experiment for
cubic hematite and milled hematite particles shown in Manuscript Figure 2 (INUIT04_13 and
INUITO4_15, respectively). It is noteworthy that the observed early increases in depolarisation
ratio before the full droplet formation at water saturation are the indicator of deposition mode
freezing (Figure S1 A. iv. and B. iv.). As prescribed in Manuscript Section 3.2, the contributions
of depositional ice formation to the total ice crystals formed through an expansion (up to 27%)
was too small to inhibit new ice formation in the immersion mode after reaching to the water
supersaturation condition (i.e. no indication of water depletion until homogeneous freezing

emerges). Therefore, the ice crystals formed through deposition mode freezing were simply
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subtracted from the total number of ice crystals measured within heterogeneous freezing regime
to compute ns solely accounting for the immersion mode ice nucleation.

Figure S2 illustrates the size distributions of particles, droplets, and ice crystals measured
by the WELAS. Observed size growth initiated around 100 s was triggered by droplet formation.
Particles above 20 um diameter were counted as ice crystals. The contributions from
homogeneous ice nucleation appear below -35 °C. Soon after that point, abrupt increase in
depolarisation ratio and quick decease in water saturation were observed, which implies the
presence of pure ice cloud (Figure S1).



67  Table S1. Summary of parameters used to calculate the charge densities, a (nm™), of cubic and
68  milled hematite particles. PVS and PDADMAC solutions were used to obtain maximal positive
69  and maximal negative charge densities, respectively.

70

Hematite Ceqy 10°mol LV, 10°%L m, 103 g Ager, m2 gt a, nm*
Cubic

. 1+0.009 1.91+0.01 10.1£0.1 2.240.1 0.36+0.03
(max. positive)
Cubic

. 10+0.090 1.15+0.01 10.1+0.1 2.240.1 1.39+0.03

(max. negative)
Milled

. 1+0.009 1.83+0.01 8.210.1 3.740.1 0.52+0.05
(max. positive)
Milled 1+0.009 7.02+0.01 8.210.1 3.740.1 3.13+0.05

(max. negative)
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Figure S1. Typical experimental profiles, including i. ice crystal concentration (Nic) and liquid
droplet concentration (Ngropet), ii. temperature (T), iii. TDL, and iv. SIMONE measurements, of
the AIDA immersion mode ice nucleation experiment for A. cubic hematite particles

(INUITO4_13) and B. milled hematite particles (INUIT04_15). Note that the red lines represent
interpolated data. The lpackpar in Panel A.iv and B.iv denotes backscattered light scattering

intensity parallel to the incident polarisation state (log-scaled).
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80
81  Figure S2. Time-series of the WELAS size distribution of the AIDA immersion mode ice

82  nucleation experiment for A. cubic hematite particles (INUIT04_13) and B. milled hematite
83  particles (INUIT04_15).



