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Abstract. Atmospheric mineral dust particles can alter cloud CCN-active after atmospheric processing should be revis-
properties and thus climate by acting as cloud condensaited. Calcium sulphate and calcium oxalate are two realistic
tion nuclei (CCN) that form cloud droplets. The CCN ac- proxies for aged mineral dust that remain non-hygroscopic.
tivation properties of various calcium mineral dust parti- The dust's apparent hygroscopicity will be controlled by its

cles were studied experimentally to investigate the conseehemical mixing state, which is determined by its mineral-

quences of field observations showing the segregation obgy and the chemical reaction pathways it experiences dur-
sulphate from nitrate and chloride between individual ageding transport.

Asian dust particles, and the enrichment of oxalic acid in
Asian dust. Each mineral's observed apparent hygroscop-

icity was primarily controlled by its solubility, which de- 1 |ntroduction

termines the degree to which the mineral’s intrinsic hygro-

scopicity can be expressed. The significant increase in hyAtmospheric aerosols affect the formation, growth, and life-

groscopicity caused by mixing soluble hygroscopic materialtime of clouds by acting as cloud condensation nuclei (CCN)
with insoluble mineral particles is also presented. Insolu-that provide seeds for cloud droplet formation (McFiggans et
ble minerals including calcium carbonate, representing freshal., 2006). Increased number concentrations of CCN can in-
unprocessed dust, and calcium sulphate, representing atmerease cloud brightness (Twomey, 1977), change cloud life-
spherically processed dust, had similarly small apparent hytime (Albrecht, 1989), and suppress (Lohmann and Feichter,
groscopicities. Their activation is accurately described by2005; Rosenfeld et al., 2001) or enhance precipitation (Pet-
a deliquescence limit following the Kelvin effect and cor- ters et al., 2006; Rosenfeld et al., 2008). The interactions
responded to an apparent single-hygroscopicity parametetf aerosols and clouds remain the largest uncertainties in
«, of ~0.001. Soluble calcium chloride and calcium ni- our ability to understand and predict the effect that anthro-
trate, representing atmospherically processed mineral dugiogenic activities have on regional and global climate change
particles, were much more hygroscopic, activating similar to(IPCC, 2007). A particle’s ability to absorb enough water

ammonium sulphate witk~0.5. Calcium oxalate monohy- such that it activates and becomes a cloud droplet is gov-
drate (=0.05) was significantly less CCN-active than oxalic erned primarily by the particle’s size and its soluble hygro-

acid (=0.3), but not as inactive as its low solubility would scopic chemical content (McFiggans et al., 2006). Therefore,
predict. These results indicate that the common assumptiothe size-resolved chemical composition and mixing state of
that all mineral dust particles become more hygroscopic ancitmospheric aerosols, and a detailed knowledge of how dif-
ferent compounds interact with water, are required to accu-
rately predict how a realistic aerosol population will undergo

Correspondence taK. A. Prather cloud nucleation (Andreae and Rosenfeld, 2008; McFiggans
BY (kprather@ucsd.edu) etal., 2006).
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Most inorganic salts present in aerosols (e.g. {NSOy, Calcite (CaCQ(s)) is generally regarded to be the most
NacCl) are hygroscopic and CCN-active at sub 100 nm diam-chemically reactive mineral component in aeolian dust par-
eters and typical cloud supersaturations. However, the roldicles (Laskin et al., 2005; Tang et al., 2004; Usher et al.,
of insoluble and slightly soluble inorganic salts should also2003). It is present at significant levels (at least 5-10% by
be considered and studied for their CCN activation propertiesnass) in the surface soils of most of the major global dust
(Kelly et al., 2007). The conversion of insoluble salts to more sources, including the Northern Saharan and Arabian deserts,
soluble compounds through heterogeneous and multiphasihe Gobi and Taklimakan deserts in Asia, and the Thar desert
reactions is of particular interest. Mineral dust particles arein India (Claquin etal., 1999). These compose the largest and
the most atmospherically relevant example of these types omost persistent dust sources, referred to as the “dust belt”.
inorganic systems. To date, only a few laboratory studiesCaCQ can be found in the form of individual mostly-calcite
have been reported of the CCN properties of model mineraparticles, and also as calcite nanofibers distributed through-
dust particles (Gibson et al., 2006). Koehler et al. (2007)out mineral dust particles (Jeong and Chun, 2006). Its strong
measured the first CCN activation curves of an authentic dusalkaline nature causes it to react readily with acidic gases
sample, salt-rich playa dust from Owens (dry) Lake in Cal-including HNG;, HCI, and SQ. This converts calcium car-
ifornia. Recently Koehler et al. (2009) reported the hygro- bonate to other calcium salts such as calcium nitrate, calcium
scopicity of three other mineral dust samples and concludedahloride, and calcium sulphate, respectively. The conver-
that they could be described by a hygroscopicity parame-sion of insoluble calcium carbonate particles to deliquescent
ter of 0.0k« <0.08. Vlasenko et al. (2005) reported that calcium nitrate through reaction with nitric acid vapour was
Arizona test dust had very small subsaturated hygroscopidirst demonstrated in laboratory experiments by Krueger et
growth. A few studies have recently been reported probingal. (2003, 2004) and has also been observed in recent field
the role that ambient mineral dust particles play in contribut-studies (Laskin et al., 2005; Matsuki et al., 2005; Shi et al.,
ing to aerosol hygroscopicity and CCN formation (Carrico 2008). Gibson et al. (2006) demonstrated the large effect that
et al., 2003; Perry et al., 2004; Roberts et al., 2006; Shi ethis conversion has on the CCN activation of laboratory cal-
al., 2008). Twohy et al. (2009) recently demonstrated thatcium mineral particles; the critical supersaturation of 100 nm
Saharan dust particles commonly act as CCN over the eastalcium nitrate particles was 0.11% compared~t0.55%
ern North Atlantic. Mineral dust particles are also some of for atomized 100 nm calcium carbonate particles. Mineral
the most efficient ice nuclei (DeMott et al., 2003; Stith et dust populations can also indirectly affect CCN number pop-
al., 2009). Their freezing properties are strongly dependentlations through physical processes, for example by altering
on mineralogy (Eastwood et al., 2008; Zimmermann et al.,gas-particle partitioning, or coagulating with existing CCN-
2008), and can be altered by the addition of secondary comactive particles (Lee et al., 2009).
pounds from atmospheric processing. The addition of soluble material such as nitric and sul-

Mineral dust close to the source region is composed of gohuric acids and their ammonium salts, and the conversion of
large and variable mixture of different minerals. This can carbonates to more soluble compounds during atmospheric
include insoluble aluminosilicate clays (e.g. kaolinite, mont- processing of mineral dust particles is commonly believed to
morilinite, illite), metal oxides (e.g. hematite, silica), car- increase the CCN activity of these particles (Fan et al., 2004;
bonates (e.g. calcite, dolomite), and sparingly soluble gyp-Gibson et al., 2006; Levin et al., 1996; Perry et al., 2004;
sum (CaSQ@2H,0), as well as soluble halite (NaCl) salts Roberts et al., 2006; Sullivan et al., 2007a). From our single-
(Claquin et al., 1999; Jeong, 2008; Krueger et al., 2004;particle measurements of atmospherically processed mineral
Shi et al.,, 2005; Sullivan et al., 2007a). These mineraldust particles during ACE-Asia, we observed that nitrate and
components often undergo chemical reactions during atmosulphate were not found in relatively large amounts in the
spheric transport, such as reactions withp@pto produce  same individual dust particles (Sullivan et al., 2007a). We
sulphate, HCI(g) producing condensed-phase chloride, anttypothesized that this segregated mixing state of secondary
nitrogen oxides such as N@), HNOz(g), and NOs(g) to acids could impart very different physicochemical properties
produce nitrate compounds (Krueger et al., 2004; Sullivanto individual aged dust particles, particularly in terms of their
et al., 2007a, b; Usher et al., 2003). Reaction of dust withinteraction with water, due to the large solubility differences
organic compounds such as carboxylic acids is also possiblbetween some sulphate and nitrate salts. Oxalic acid was
(Falkovich et al., 2004; Sullivan and Prather, 2007). Mineral also found to be enriched in the Asian mineral dust parti-
dust particles can also accumulate soluble material througleles and we hypothesized that the formation of complexes
internal mixing with sea salt particles during cloud process-between oxalate and divalent cations such & Cauld re-
ing (Sullivan et al., 2007b), and condensation of compoundsduce the solubility of the dominant fraction of water solu-
including ammonium nitrate and sulphate. Kelly et al. (2007) ble organic carbon (Sullivan and Prather, 2007). We explore
recently reported theoretical calculations predicting a wideboth of these hypotheses herein through laboratory studies
range of CCN properties due to the differing water solubleof the CCN activation properties of various pure calcium
fraction of the various components of mineral dust. minerals as proxies for fresh and completely processed cal-

cium carbonate particles. The important effect of water and
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metastable hydrate formation on the hygroscopicity of cal-tem (TSI Model 3081 DMA and Model 3010 CPC) was used
cium minerals produced by the particle generation method ido verify the mode diameter of the size-selected aerosol.
the focus of a related manuscript (Sullivan et al., 2009).

2.3 CCN counter (CCNCc) operation and calibration

2 Experimental methods The CCNc is a miniature continuous-flow streamwise
_ thermal-gradient CCN chamber constructed at Scripps Insti-
2.1 Aerosol generation tution of Oceanography based on the design of Roberts and

Nenes (2005). Briefly, the aerosol sample is introduced into
Commercially available calcium salts were used to generthe centre of the growth column surrounded by a sheath of
ate particles for these experiments. They included CGaCO filtered humidified air. A linear thermal gradient along the
(Solvay, uncoated ultrafine So&lSl, unstated purity), column’s continuously wetted wall produces a well-defined
CaSQ (Aldrich, 99%), Ca(NQ): (Alfa Aesar, 99.0+%), and controlled water supersaturation. This supersaturation is
CaCb-2H,0O (Aldrich, 98+%), CaG0O4-H,O (Alfa Aesar,  primarily a function of the column’s thermal gradieatT()
99+%), and GO4H> (Aldrich, 99+%). The wet-generation and the total flow rate. Particles that are able to absorb water
method involved atomization of aqueous solutions usingand grow to optical diametets1 um are detected by an op-
high purity Nb at 2-3Lpm, and then passing the aerosoltical particle counter (OPC) at the end of the column and are
through three silica gel diffusion driers to reduce the RH counted as CCN. The aerosol flow rate is 15.0 sccm while
below 5%. Ca(N@)2, CaCb, and GO4H> solutions were  the sheath flow is adjusted to produce a total flow of 100.0
made by adding 0.15g powder into 150 mL milli-Q wa- sccm. A bypass flow of 400 sccm is used to increase the ini-
ter (>18.2 M2). Dry generation, used for Cag0CaCQ, tial sample flow to the top of the column and reduce particle
and CaGOy4-H50, involved placing several grams of pow- |osses.
der in an Erlenmeyer flask with a Teflon-coated stir bar. A Calibration of the CCNc's supersaturation (SS) as a func-
piece of Teflon tubing was passed through a silicone stoption of column temperature gradiendX) was performed
per with a plastic pipette tip fitted on the end. When nitro- monthly using dried ammonium sulphate particles atom-
gen gas was passed through the tubing a jet of gas was pr@zed from a 1.0 g/L solution of ammonium sulphate (Sigma,
duced and directed at the powder, while the stir bar or vor-99.999%) and determining activation diameter as a function
tex shaker agitated the dry powder. The suspended aerosgf columnd7T. Kohler theory using thermodynamic data
was sampled through a 3/®.d. stainless steel (s.s.) tube from the aerosol inorganic model (AIM) was used to calcu-
at the top of the flask and then directed into a second Erlentate the supersaturation that corresponded to each activation
meyer flask through as.s. tube with a right angle bend. Thejiameter, assuming spherical particles, to createl/theS
aerosol was transferred to-al7 L s.s. residence chamber to calibration curve. Our choice of thermodynamic data for am-
which dilution nitrogen gas of 2.0-8.0 Lpm was added. Themonjum sulphate corresponds to a single-parameter hygro-
aerosol sample was drawn from two 3(8d. s.s. tubes that scopicity ofk=0.61 (see below). The linear fits of SS to col-
protruded slightly into the chamber and then combined intoymn 47 typically hadR%2>0.995. Column temperature gra-
one flow. dients of 2.0 to 159C generated SS of approximately 0.08

to 1.1%.
2.2 CCN activation curve measurement

, 2.4 Data analysis and fitting
For both generation methods the dry aerosol was sent to a
d|ffer'ent|al moplllty analyzer (DMA, Mo.del 3081, TSl Inc.) CCN activation curves were generated either by scanning
for size selection. The aerosql was first pass_e_d '_[hrough Across dry particle diameteDf;y) at a fixed SS, or by scan-
Kr-85 bipolar neutralizer to achieve charge equilibrium. _An ning SS (through changingf’) at a fixed dry diameter. Both
aﬁrOSﬁlffample ﬂOfW rate of 1.0 or 1.5Lpm .washuser:j/, with lathe CCNc and CPC record 1-s averaged data, which were av-
sheath flow rate of 10.0 or 15.0Lpm. A 10:1 sheath/samp eeraged to one minute for calculation of the CCN/CN ratio.

flow ratio was used whenever po_SS|bIe; however a IowerFor both SS and size scans we determined the critical acti-
sheath/sample flow ratio was required to select particles a3ation diameter Dac=

large as 500 nm. The pseudo-monodisperse aerosol was th%r} first scaling all rati
S?”t to a flow splitter ?jmlj transferred to a condensa(';lon ?argfatio, for large sizes/high supersaturations. The contribution
cle counter (CPC, Model 3010 or 3007, TS Inc.) and & cloudy,q 1 jarger multiply charged particles was then accounted

condensation nuclei counter (CCNc). A small excess aerosollOr following Rose et al. (2008). A Boltzman sigmoid curve
flow of ~0.2 Lpm was vented through a HEPA filter to elim-

. ; -7 of the form

inate any large pressure or flow imbalances. Conductive sil-

icone tubing was used to transport the aerosol and minimize A1 — Ao

wall losses. A scanning mobility particle sizing (SMPS) sys- Y = 14 e—xo)/dx A2 1)
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was used to fit each activation curve, wheiie the CCN/CN  « enable calculation of the expected supersaturation — wet
ratio, A1 is the minimum valueA; is the maximum value, diameter relationship (“Bhler curve”):

dx is the rate of change, and, is the midpoint between 3 3

A1 and A;. The data were fit such that, corresponded S(D) = D7 — Ddry exp(ﬁ> 3)

to the CCN/CN ratio of the multiply charged particles at D3 — Dgry(l_ «) D)’

small sizes/supersaturations, afilis set to the scaled max-

imum CCN/CN ratio of~1.0. Thus,x, corresponds to the wheresS is the water saturation ratio over the aqueous droplet,
CCN/CN=0.5 midpoint typically used to define the critical D is the droplet diameter, and=2.1x10""m is a con-
supersaturation or activation diameter of the singly-chargedstant evaluated for a surface tension of 0.0723 rtpure
particles of interest. We note that this technique is more acWater) and temperature of 298.15K; the exponential term
curate for SS scans, because the fraction of multiply chargedf the Kelvin term from the Khler equation. Unless oth-
particles larger than the selected dry diameter is constan@rwise stated we assume a surface tension of pure water in
for all points, and the assumption of constant composition@ll cases when deriving. The maximum in the curve de-
with size, implicit in diameter scans, is not as important. SSscribed by Eq. (3) is identified as the critical saturation ratio
scans are slower than size scans, however, because the c#r activation of the chosen dry diameter (critical supersatu-
umn must equilibrate to the new temperature gradient, andation, sc=S-1). The best-fit hygroscopicity parameter that
thus size scans were used for some experiments. The contrilescribes the observed behaviour of test particles can be de-
butions of multiply charged particles to the activation curve termined using Eq. (3) by computingdKler curves for iter-

in size scans can be explicitly calculated using the inversiorations ofk until the modelleds. for a selected dry diameter
proposed by Petters et al. (2007). Although we did not useMatches the experimentally observed

that method to reduce all of our size-scan data, we verified Kappa increases with increasing hygroscopicity, from 0 to
via spot checks that our simpler method did not give signifi-& maximum of~1.4; NaCl hasc=1.28, for example. We de-

cantly different results from the full inversion. note thex value that is derived from measuredDqry pairs
and Eq. (3) as apparent hygroscopicity, xapp while the
2.5 Error analysis xvalue that is obtained from Eq. (2) is the intrinsic hygro-

scopicity, orkintr, for an aqueous particle. Apparent and in-
The major sources of uncertainty in determining the CCN ac-trinsic hygroscopicities are equal when the particle is fully
tivation properties, critical supersaturation)(and dry (ac- dissolved at the water content relevant to CCN activation.
tivation) diameter Dgry), are primarily due to the calibra- Particles composed of compounds with limited solubility can
tion of the CCNc’s supersaturation, and errors in selectingreduce the observedsy, belowkiny. Similarly, surface ten-
a monodisperse aerosol with the DMA. The SS uncertaintysion effects can causeppto differ significantly fromeingr.
was estimated from the linear fit of the CCNc calibration as It is important to properly distinguish between the roles
3%. Uncertainty in size selection was estimated as 5%, in-Of solubility and hygroscopicity. While hygroscopicity de-
cluding variations in particle shape factor and flow rates, andermines the ability of a particle to absorb water, only the
from SMPS measurements of the size-selected aerosol. THeompound's dissolved mass fraction contributes to hygro-
error reported for the fitted hygroscopicity parametefsee  Scopic growth. Insoluble components lower therequired
below), was estimated from one standard deviation ofkthe for activation by increasing the particle’s diameter and thus
values determined from the individugt Dgry pairs for each ~ reducing the Kelvin term in Eq. (3), but cannot participate
system. in hygroscopic growth. Therefore, particles composed of in-

trinsically hygroscopic but insoluble compounds will exhibit

a very small apparent hygroscopicity and poor CCN activ-

3 Results and discussion ity. As many of the minerals used in this study have limited
solubility in water, we applied an extension of Eq. (3) pro-
3.1 Hygroscopicity parameter posed by Petters and Kreidenweis (2008), where the follow-

ing equations are used to compute
We have expressed all of our experimental data in terms of
the hygroscopicity parameter, introduced by Petters and _
Kreidenweis (2007), which describes a particle’s water ac-<sum(D) = Xi:g’K’H(xl)
tivity, a,,, via

x; = ((D/Ddry)® — 1)Ci/e; (4a—)
1 Vs xix <1
— =1+Kk—, 2 H)y=1"1"
Ay Vi ( ) (xi) 1x>1
where V; is the volume of the dry particle mass awg is Equation (4a—c) have been written to allow for multiple

the volume of water. A choice of dry diametedd;y) and components,, whereg; is the volume fraction of component

Atmos. Chem. Phys., 9, 3303316 2009 www.atmos-chem-phys.net/9/3303/2009/
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Fig. 1. Theoreticak-Kohler droplet growth curves for 200 nm dry
CaCQ; and CaSQ particles calculated using Egs. (3—4). A mixed
200 nm particle composed of 99% Cag@nd 1% (NH;)2SOy
(kintr=0.6,C=0.43) by volume is also shown. The solubilities and
intrinsic hygroscopicitiesk(ny) used are from Table 1. |: activa-
tion of the mixed particle before complete dissolution of the CaSO
core, II: complete dissolution of CagQlll: second supersatu-
raion maximum corresponds g of an equivalent metastable lig-
uid droplet.s. of pure CaCQ@ and CaSQ@=1.03%, while the mixed
CasQ particle has=0.429%.

i in the dry particleC; the solubility ofi in water (expressed
as volume compound per unit volume of water), atds
an index for the fraction of componenthat has dissolved,
x;. In EqQ. (4a) the individuak; are intrinsic hygroscopic-
ities for each compound andyyw(D) is used in Eg. (3) to
find the maximum of the Bhler curve. Itis important to dis-
tinguishksym(D) which varies with droplet size), and the
associated water content, from the constagp, which is fit
to observed,-Dgry pairs.

Figure 1 shows representativéKler growth curves com-

particles 3307

Whether a particle expresses its intrinsic hygroscopicity at
activation, or activates at some apparent hygroscopicity de-
pends orxintr, Solubility, particle phase, and initial dry diam-
eter. The apparent hygroscopicity is that which is expected
to manifest both experimentally and in the atmosphere. Fig-
ure 2 displays the apparent hygroscopicity that would be de-
duced from a measureg-Dgry pair as a function of the solu-
bility of the primary compound in the particle. The two cases
are for an intrinsic hygroscopicity ofin=1.0 (left panel)
andkiny=0.050 (right panel). The contours show that as the
compound’s solubility increases a larger fraction of its in-
trinsic hygroscopicity will be observed as its apparent hygro-
scopicity, until the solubility limit is exceeded and the full
intrinsic hygroscopicity is expressed. We show calculations
for three particle sizes. The smallest particle sizes have a re-
duced apparent hygroscopicity at relatively high solubilities.
This is because the higher supersaturations required to del-
iquesce smaller particles, due to an increased Kelvin effect,
are interpreted as lower hygroscopicity (Kreidenweis et al.,
2006). Thus, for a solubility at which larger particles may
express theik app=kintr during activation, the critical super-
saturation observed for smaller particles might appear close
to thek 5p5=0 isoline (Kelvin limit for insoluble but wettable
particles). The larger the intrinsic hygroscopicity of the pri-
mary component, the smaller the solubility at which this del-
iguescence limitation is observed.

The presence of sufficiently soluble contaminant that is in
solution reduces the solubility where intrinsic and apparent
hygroscopicities diverge, as shown by the grey lines in Fig.
2. The presence of the 1%4,4=0.6 contaminant limits the
smallest apparent value that can be observed experimen-
tally; for the cases considered here, this limit ig g4,~0.006
(=0.6x1%, Eq. 4a). The contaminant also allows the in-
trinsic hygroscopicity of the primary component to be ex-
pressed at lower solubilities than for single-component parti-
cles. This is because the presence of the sufficiently soluble
contaminant assures that there is always some water associ-
ated with the particle that can dissolve at least a portion of
the limited-solubility primary component. We note that the

puted from Egs. (3—4) for two of the insoluble minerals stud- Présence of the trace contaminant also modifies the apparent

ied in this work. The curves demonstrate that, for specie§qy

with limited solubility, some ranges ab represent water

contents that are insufficient to dissolve the entire compoun
present in the dry particle. Both of these pure 200 nm parti-
cles are predicted to activatesat-1%, the critical supersatu-

ration required for an insoluble and thus nonhygroscopic bu
wettableparticle app~0) of the selected dry diameter. The
larges. is the result of the compound’s low solubility which

results in the deliquescence relative humidity exceeding th
critical supersaturation of an equivalent metastable solutio
droplet. Such particles thus activate under a deliquescenc
limitation (Kreidenweis et al., 2006) and the activation of

such insoluble particles is predominantly determined by the™V )
water, and also causes some of the Ca8@re to dissolve

Kelvin term in Eq. (3).

www.atmos-chem-phys.net/9/3303/2009/

groscopicity observed when the patrticle is fully dissolved
at activation. For the case where the primary component was

d’issumed to havejn=0.05, the observed hygroscopicity at

complete dissolution is slightly largek {,,=0.0555) in the
presence of the contaminant, as predicted from the mixing

fule fork (Eqg. 4a).

The effect of a 1% by volume (NH2SO4 impurity on
the Kohler curve for a 200 nm CaS(particle is shown in

&19. 1. The presence of this soluble and hygroscopic mi-
fnor component removes the deliguescence-limitation experi-
ee_nced by pure CaS(because the (NiJ2SOy fraction del-

iquesces at subsaturated RH. This ensures that there is al-
ays a dissolved component present capable of absorbing

before activation. This reducas from 1.03% to 0.429%,

Atmos. Chem. Phys., 9, 3308-2009
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Fig. 2. Predicted apparent hygroscopicity contours for particles composed of a principle compoungith.0 (left) or 0.050 (right) as
a function of the compound’s solubilitg;, and dry particle size. Grey contours are for mixed particles composed of 99% volume principle
compound and 1% contaminant withy,=0.60 andC=co.

occurring at the first maximum in the growth curve (point  The intrinsic hygroscopicity of a limited-solubility com-

1), andk app at activation is increased from 0 to 0.0075. The pound, expressed once it is fully dissolved, is difficult to
second maximum (point Ill) occurs after the CaSre has  measure, but it can be approximated assuming Raoult’s Law
fully dissolved (at point II) and corresponds to the critical su- applies:

persaturation of the completely aqueous @$0,/CaSQ

mixed particle. This is analogous to the descriptions of the, . _ VX ps X My (5)

Kohler curve used to model activation of limited-solubility o Pw X M

components in mixed organic-inorganic particles (Bilde and

Svenningsson, 2004; Broekhuizen et al., 2004; Petters anyyherep is the density ana/ th_e molecular weight of the
Kreidenweis, 2008: Shulman et al., 1996). solute,s, and of waterw, andv is the number of ions and

Based on Fig. 2 we delineate three solubility regimes: molecules produced when one molecule of the solute com-

pletely dissociates. Table 1 summarizes the properties of the

1) “Sufficiently soluble compounds” are those that have calcium salts considered here. It includes estimates of the
C>~10"1 and are soluble enough thagp=kintr for intrinsic and apparent hygroscopicities of each compound,
all dry particle sizes. Therefore CaGCCa(NG),, and  the latter estimated for a 200 nm particle, a typical particle
C,04H> are expected to activate accordingcigy. size used in this work, and an amount of soluble contaminant

) equivalent to the compound’s stated purity.
2) “Sparingly soluble compounds” are those whetgp

can take any value betweerD andkiny. An approxi- 3.2 Experimentally determined hygroscopicities
mate range is 10 <C <1071,
. ) ) Representative experimentally determined activation curves
3) “Insoluble compounds are those for whiahp~0 ¢4 each compound are shown in Figs. 3-4, using SS-scans
always applies, i.eC<~10"". CaCQ, CaSQ, and 4 optain critical supersaturations for fixed dry diameters. All
CaG04-H20 (Table 1) are thus not expected t0 ex- ot the Ddry-s. data obtained in this study, and the bestfit
press their large intrinsic hygroscopicities, either ex- o, aach data point, are listed in Table 2. Averaged observed
perimentally or during cloud nucleation. As particles 5);es oficappare summarized for each compound in Table 1.
composed of low solubility compounds undergo reac-  gqr calcium chioride, calcium nitrate, and oxalic acid
tions/processes both in the laboratory and atmospher%my wet-generated particles were studied (Fig. 3). Be-
that either convert the compounds into more soluble ;e these compounds are sufficiently soluble, we ex-
forms, or add soluble hygroscopic material to the par- PeCt kap=kiny listed in Table 1. The observed-Dary
ticles, the mod'ifi'ed particles will express a larger appar-relationships of these particle types argp=0.48+0.07,
ent hygroscopicity. 0.51+0.07, and 0.580.05 respectively, similar to ammo-
nium sulphate €ap=«inr=0.61). The particles were likely
composed of hydrates (e.g. Ca@H,0, Ca(NQ)2-4H,0,
and GO4H»-2H,0) (Kelly and Wexler, 2005) after atomiza-
tion because the rapid drying process causes those metastable
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Table 1. Properties of minerafsstudied in this work, including predicted and measured hygroscopicities.

compound P M v S C predictedk experimentak app notes
gcm3  gmol?! gL vol sol/volwater  intrinsi€ (Raoult) — apparefit

CaCb 2.15 110.98 3 813 0.38 1.05 1.04 04807 (Wetji 0
CaCh-2H,0 1.85% 147.02 3 813 0.44 0.68 0.68 1
Ca(NOy), 25 164.09 3 1440 0.576 0.82 0.82 Q4107 (wet) 2
Ca(NGz)2-4H,O  1.86 236.09 3 1440 0.774 0.43 0.43 0
CaSQ 2.96 136.14 2 205 69104 0.78 0.0084 0.00160.0005 (dry) 0
CaSQ2H,0 232 17220 2 205 8:8104 0.49 0.0078 3
CaCQ; (calcite) 271 10009 2 0.00%8 2.1x10°© 0.97 00068  0.0010.0004 (dry) 4
CaG04 22 12810 2 00061 2:810°° 0.62 00060  0.0480.013 (dry) 0
CaG04-HO 2.1% 146.12 2 0.0061 29106 0.52 0.0060 5
C,04H> 190 9004 3 143 75102 1.14 114 0.58:0.05 (wet) 3
C,04H22H,0  1.653 12607 3 143 87102 0.71 071 0

a Density and solubility taken from the CRC Handbook of Physics and ChemistfyE&fition, for 25°C, except where noted below.
b calculated using Eq. (5).

€ For 200 nm particles of specified compound, with 0.1%-2% impurity (see notes) hayjred.6 and infinite solubility.

d Wet- or dry-generated laboratory particles.

€ Manufacturer stated value.

f Plummer and Busenberg (1982).

Notes:
0. Assumed purity of 99% 3. Aldrich, 99+%
1. Aldrich, 98+% 4. Solvay, assumed purity 99%
2. Alfa Aesar, 99.0+% 5. Alfa Aesar, 99+
1.0 1 1.0 4 1] 0
.% g o E <
- I o
x 0.8 g 08+ $
5 7
> 0.6- Q 06-
o S 9
&) T 8 0 ¢
A4 -
E 0.4 5 8 ” O
g 1 > C,0H, S oo 0 ©
9 0.2 o Ca(NO,), A o® ® CaC,0,H,0
- A CaCl, 1 = ° ¢ CaSoO,
0.0 - o ©®
0.0 . | . | . | . | e CaCO,
0.10 0.15 0.20 0.25 0.30 UL
0.0 0.2 0.4 0.6 0.8 1.0

Supersaturation (%) _
Supersaturation (%)

Fig. 3. CCN activation curves for atomized oxalic acid o _
(5,=0.176%), calcium chlorides{=0.173%), and calcium nitrate Fig. 4. CCN activation curves of dry-generated calcium carbon-
(5c=0.171%) from supersaturation scans of 100.0 nm mobility di- ate, calcium sulphate, and calcium oxalate monohydrate aerosol ob-
ameter particles. Lines are sigmoidal fits between the scaled lowefained by scanning supersaturation of 200.0 nm dry mobility diam-
and upper plateaus. The CCN column’s supersaturation is derive§ter particles. Lines are sigmodal fits to each curve. Note the lack
from the column’s temperature gradient by calibration with ammo- of & clear multiply-charged plateau in the calcium oxalate monohy-
nium sulphate aerosol. drate curve.
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states to be locked in. However, we cannot exclude the pos- Hygroscopicity (x)
sibility that the stable anhydrous (Tang and Fung, 1997) or  1.0- oo oft ofo
glassy states (Cohen et al., 1987) formed after drying the -~ \
particles. Koehler et al. (2006) observed that the hygroscop-<=
icity of atomized oxalic acid was generally most consistent -
with the formation of the dihydrate in typical laboratory at-
omization/drying processes. As indicated in Table 1, the cal-
culated intrinsick values for the hydrated compounds are

1.0

%

0.5+ 0.5

CaCl, (k 0.48)
Ca(NO,), (k 0.51)
Oxalic acid (k 0.50)
Solvay CaCO; (k 0.0011)
CaSO, (k 0.0016)

COH (k 0.048)

well to our measurements. Our results also compare rea-,§ — (NH):S0, (<0.6)

Pure CaCO,

Increasing Ni—\|4)2304 .
sonably well with those of Gibson et al. (2006) for calcium © 0-17——puecaso, \ AN \ 0.1
nitrate. They found,.=0.11% and estimated the dry diame- T o s
ter of their 100 nm particles to be 89 nm due to incomplete 0.05 o 0.05
particle drying, corresponding tayp=1.25 (Table 2). 10 100 ' " 1000

Calcium carbonate, calcium sulphate, and calcium ox- Dry diameter (nm)

alate monohydrate were studied using two different particle
generation methods: atomization from an aqueous suspen=g. 5. sc-Dgry relationships withk isolines overlain for dry-
sion/solution, and resuspension of the dry powder. The wetgenerated insoluble calcium minerals (sqlid symbols) and atomized
generated CaC§aerosol had a geometric mode diameter of SCluble salts (open symbols). The bestfipp values from Table 1
~40 nm, while the dry-generated aerosol peakeD0 nm. are also listed. Also displayed are predictedsolines for pure

- . aCQ; particles (blue linessijny=0.97,C=2.1x10-6) and CasSQ
The wet-generated particles from these insoluble powders aﬁ:articles (orange linesciy=0.78, C=6.9x10-%), and their inter-

produced appar_ent _hygros_COpICItles much _Ie_lrger than the e>§al mixtures (dashed lines) with varying volume fractions of am-
pectedk app considering their very low solubility. The causes mgnjum sulphatex;=0.6, C=0.43). 100% CaC®lies along the

of this unexpected behaviour are investigated in a relateg =0 isoline, and the fraction of (NjJ,SOy increases from right to
manuscript (Sullivan et al., 2009). For the purposes of thisleft. The theoretical isoline for pure (NPLSOy (kap=0.6) is also
study, only the dry-generated particles that produced the apshown.

propriate observed hygroscopicity expected of fresh atmo-

spheric mineral particles are considered here.

Dry-generated CaSQ particles exhibited a mass spectrometer (ATOFMS) and SEM/EDX, and of their
small  kapp=0.0016:0.0005, and CaC® displayed soluble extracts using ion chromatography and ICP-MS,
kapy=0.00110.0004. There was a-0.4 fraction of did not reveal the presence of any notable contaminants
multiply-charged particles in these size-selected aerosol§Sullivan et al., 2009). However, we were unable to rule
(Fig. 4) due to the dry-generated aerosol’s size distributionout the presence of small amounts of sufficiently soluble
peaking at a larger diameter than that selected by the DMAcarbonates including ¥§CO3 or N&CO;.

This large fraction agrees with that predicted based on To investigate the CCN activity of calcium-rich dust par-
the polydisperse aerosol’'s size distribution and aerosoticles internally mixed with organic diacids, such as those
charging theory. Gibson et al. (2006) measusgdof observed during ACE-Asia (Sullivan and Prather, 2007), ac-
atomized 100 nm CaCfto be ~0.55%, corresponding to tivation curves were determined for calcium oxalate mono-
Kk app™~0.043 (Table 2). This observed hygroscopicity is much hydrate (Ca@04-H,0, COH) particles. The dry-generated
larger than expected for an insoluble mineral (Kelly et al., COH produced broad activation curves (Fig. 4). The reasons
2007) (app~0) and was likely caused by the atomization for this are unknown, and similar broad activation curves
particle generation method they used; we have observetiave been observed for other resuspended mineral dust sam-
similarly large apparent hygroscopicitiegaf—=0.002-0.2)  ples (Koehler, 2007). This could be a result of chemical
for atomized CaC@particles (Sullivan et al., 2009). From heterogeneity within the dry powder, or large variations in
our results, we conclude that both CaS@nd CaCQ@ particle shape between particles of the same mobility di-
have a sufficiently low solubility that their CCN activation ameter, causing a range of physical diameters to be se-
behaviour can be approximated as that of an insolubldected by the DMA. As a result these curves are more dif-
component«,pp=0) which activates according to the Kelvin ficult to fit, introducing greater uncertainty into the deter-
effect only. Small amounts of sufficiently soluble contam- mination of the critical diameter or supersaturation. Dry-
inants (1% by volume) increase apparent hygroscopicitygenerated COH had an estimategh=0.048£0.013. The
above 0, as shown in Figs. 2 and 5. The small, of small measured hygroscopicity of dry COH compared to ox-
~0.001 for these dry-generated particles indicates that thewlic acid (ap=0.50+0.05) is attributed to its low solubil-
likely contained only small quantities of sufficiently soluble ity (0.0061 g L=1), which is similar to that of calcium car-
impurities (<1%), such as inorganic salts. Analysis of the bonate (0.0058 gt1). Therefore COH should produce par-
resuspended dry particles using an aerosol time-of-flighticles with hygroscopicity neatap~0.001, similar to that
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surface tension may explain the higher-than-expected appar-

Table 2. CCN activation properties and hygroscopicities of calcium . .
ent hygroscopicity of the dry calcium oxalate monohydrate.

minerals.
Figure 5 compares the CCN properties of the calcium min-
compound * Dgry (M) se (%) 2 eral particles described above i Dgry Space withe iso-
lines overlain. Dry-generated CagG@nd CaSQ@ demon-
CaCb-2H;0 S 750 0.265 0.46 strated low apparent hygroscopicity and thus poor CCN
(wet) g 1122'8 8'11272 g'ﬁ activation potential, approaching the=0 isoline. CaCl,
D 154_'0 O..O78 0.'58 Ca(NQG)2, and GO4H» approach the hygroscopicity of
Ca(NG), S 750 0.244 055 (NH4)2S0Oy (Kapp:/(intrzo..ﬁl). Dry-gengrgteq C§O4.H20
(wet) S  100.0 0171 047 has « app~0.048+0.013, its hygroscopicity lies in-between
S 1250 0.126 0.44 that of the other systems.
D 152.0 0.078 0.64 In Fig. 5 we also include isolines for pure Cag@nd
b 89 0.110 1.25 CasSQ, and their mixtures with a hygroscopic soluble con-
CaSQ S 150.0 0.885 0.0024 taminant withki,y=0.6 andC=0.43, representative of am-
(dry) S 200.0 0.683  0.0015 monium sulphate (and similar to calcium chloride, calcium
D 2135 0.640  0.0014 nitrate, or oxalic acid), that take into account limited solubil-
S 3000 0.435  0.0013 ity (Eq. 4). The volume fraction of contaminant increases
Solvay CaCQ S 150.0 0.938  0.0018 from right to left. Since almost no CaGhas dissolved
(dry) g 22393 'f g‘gjg gggégl in all these cases, the activation lines obtained for these
S 250'.0 O..580 0'.0009 mixed particles are almost completely determined by the suf-
S 300.0 0.479 0.0008 ficiently soluble substance alone. Our measurements of dry-
OMYA CaCO3 (wet) P 100.0 ~055 0.043 generated CaCfand CaSQ are consistent with the pres-
CaG04-H,0 S 100.0 0.487 0.056 ence of very small volume fractions of soluble hygroscopic
(dry) D 123.63 0.363 0.054 material, which produce a detectable increase in the parti-
D 140.28 0.363 0.036 cle’s hygroscopicity and a subsequent decrease in its criti-
S 150.0 0.253 0.062 cal supersaturation (Kelly et al., 2007; Roberts et al., 2002).
S 200.0 0.224  0.033 It is typically very difficult to generate uncontaminated in-
C204H> S 500 0.449  0.54 soluble laboratory particles, and this very small degree of
(wet) D 586 0.363 052 ~0.1% contamination that we observed is likely unavoidable
S 100.0 0.176 0.44

and may already be present at the mineral powder’s manu-
facturing source.

Multilayer adsorption models have been recently proposed
to describe the activation of insoluble particles such as some
of the minerals considered here (Henson, 2007; Sorjamaa
and Laaksonen, 2007). Lines of constant hygroscopicity that
we derived from the framework of Sorjamaa and Laaksonen
(2007) had very shallow slopes ip-Dgry space that could
measured for dry calcium carbonate. The particles wouldnot be consistently fit to our experimental results for CgCO
have to contain mass fractions of soluble contaminants oror CaSQ. Alternatively, the formulations suggested by Hen-
the order of>10% to exhibitk 4pp=0.048:0.013. Itis possi-  son (2007) could be used, but the slopes of the best fits us-
ble that dissolved calcium oxalate may be surface active anihg that approach could not be distinguished from the slopes
therefore reduce the surface tension at the air-solute interef thes.-Dqry relationships obtained from traditionabkler
face, thus decreasing the activation barrier. We calculate thaheory. The upper bound @¢fG=33.6 kJ/mole given by Hen-

a large reduction in surface tension from 0.072Fr(pure son produces an isoline from his adsorption model corre-
water) to 0.029 Jm? would be required to produce parti- sponding tacapp~0.001, which approximates the Cagor

cles withk ap=0.048. This reduction in surface tension is on CaSQ data. Therefore, activation of these insoluble miner-
the upper end for surface active organic compounds considals can be described simply by the Kelvin effect in traditional
ered in CCN activation (Facchini et al., 2000). For exam- Kohler theory, or by Henson’s adsorption isotherm model. If
ple, adipic acid, azelaic acid, and succinic acid have surfacectivation proceeded via adsorption we do not need to invoke
tensions of 0.064, 0.061, and 0.065Fmwhile nonanoic  contamination to explaim apy~0.001; either mechanism is
acid has a surface tension of 0.030Fr(Broekhuizen et  plausible.

al., 2004). However, Nancollas and Wu (1998) measured The interplay between chemical mixing state and solu-
the surface tension of COH to be 0.0324Fmusing a thin  bility is summarized in Table 3, which lists the solubilities
layer wicking method. As this is close to the surface tensionof various cation-anion pairs for typical mineral dust com-
we calculated to be necessary to match observations, reducgmbnents. Sparingly soluble and insoluble compounds are

*Scan type: S, supersaturation scan; D, dry diameter $caimgle-
parameter apparent hygroscopicitypp, derived from CCN activa-

tion curves.P Data from Gibson et al. (2006}, estimated from
their Fig. 3.
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Table 3. Solubilitie$, estimated intrinsic hygroscopicitféand measured apparent hygroscopicities of various inorgani€.salts

ca* Mg* K* Na" NH,"
CO;* S =0.0058 1.8° 1110 307 10007
x=0.97°/ 0.001° 1.30 0.90 1.30 0.84
S0,.2 2.05 357 120 281 764
0.78/0.002" 0.80 0.83 1.03/0.80° | 0.72/0.61°
NO; 1440 712 383 912 2130
0.82/0.51° 0.84 0.88 0.96/0.88° | 0.77/0.67°
cr 813 560 355 360 395
1.05/0.48° 1.32 0.89 1.34/1.28° 1.02
Oxalate’ 0.0061% 0.38 364%° 36.1 52.0
0.62 / 0.048" 0.79 0.42 0.94 0.65

a All solubilities (g L~1) taken from the CRC Handbook of Chemistry and Physics, 88th edition, fu.25uperscript indicates solubility
at T other than 25C.

b calculated with Eq. (5) using values listed in Table 1 or else in the CRC Handbook for the anhydrous state.

¢ Laboratory generated particles may be composed of salts in metastable states in some cases.

d Measured apparent hygroscopicity from this work (in italics).

€ Hygroscopicity measured from CCN activation experiments summarized by Petters and Kreidenweis (2007).

indicated with shading. We calculatg,, for the anhydrous 4 Atmospheric implications
forms in all cases, while recognizing that hydrated states do
form for some of the cation-anion pairs shown and that thesel'he atmospheric processing of mineral dust particles is typi-
will have slightly smalleriny. The estimated intrinsic hy- cally expected to increase their hygroscopicity and CCN ac-
groscopicities via Raoult’s law (Eq. (5)) ax.4 for all these  tivity (Fan et al., 2004; Gibson et al., 2006; Levin et al.,
mixing states. However, the large differences in solubility 1996; Perry et al., 2004; Roberts et al., 2006; Sullivan et
affect whether the observed apparent hygroscopicity of eaclal., 2007a). This is because heterogeneous reactions with
compound reflects its intrinsic hygroscopicity, or approachegeactive gases including nitric, hydrochloric, and sulphuric
kapp=0 during activation. Our experimental observations of acids can convert insoluble carbonates into sparingly or suffi-
calcium mineral particles largely confirm the expected links ciently soluble compounds that play an important role in hy-
between solubilities and observed apparent hygroscopicitieggroscopic growth and cloud droplet activation. Condensation
with calcium carbonate, sulphate, and oxalate approximatelypr coagulation of soluble secondary aerosol compounds may
described bycap=0. Although we did not measure them, similarly increase the dust’s hygroscopicity. However, field
based on our findings for calcium minerals, we expect theand laboratory studies are required to validate this. From
CCN activities of magnesium carbonate and oxalate to als®ur laboratory measurements of the CCN ability of various
approachc ap=0. Other forms of magnesium minerals, cal- calcium minerals, we have demonstrated that one common
cium nitrate and chloride, and all of the potassium, sodium,mineral representative of chemically aged dust particles —
and ammonium compounds, are soluble enough that we exsalcium sulphate — has poor CCN activation potential, be-
pect them to exhibit hygroscopic behaviour similar to am- having similarly to calcium carbonate which is a proxy for
monium sulphate, i.ecapg=kintr. Note that sulphate and ox- fresh unaged mineral dust. Another proxy for aged dust, cal-
alate compounds represent atmospherically processed forngum oxalate monohydrate, has only moderate CCN activity.
of mineral dust and yet are not always soluble enough to exThus, it is possible for mineral dust particles to undergo ex-
press their large intrinsic hygroscopicities. The experimentaltensive chemical reactions during atmospheric transport and
CCN data summarized in Fig. 5 are in direct agreement withyet remain non-hygroscopic, due to the formation of low sol-
these expected trends in apparent hygroscopicity. ubility products (Table 3). It is therefore incorrect to as-
sume that all mineral dust particles will become more hy-
groscopic and CCN-active during the course of atmospheric
processing. The predominant chemical reaction and dust
mineralogy must be known to reliably predict the resulting
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hygroscopicity of the aged mineral dust particles. If calcite- rich mineral particles, while nitrate and chloride were en-
rich dust particles instead react with nitrate or chloride pre-riched in supermicron calcite-rich particles (Sullivan et al.,
cursors, such as NQHNO3, N2Os, or HCI, the resulting 2007a). However, an appreciable fraction of Ca-rich dust
calcium nitrate and chloride salts are highly hygroscopic andparticles did contain smaller but still significant sulphate sig-
will result in more CCN-active aged dust particles. As min- nals. These likely represent particles that are primarily cal-
eralogy varies greatly between dust regions (Claquin et al.cium sulphate, while the aged Fe/Al-rich dust particles with
1999), the source of the dust could also have a large infludarger sulphate and ammonium signals are indicative of dust
ence on its resulting hygroscopicity after atmospheric agingparticles internally mixed with ammonium sulphate. Based
Shi et al. (2008) have recently reported the differing hygro-on the laboratory CCN data presented above, we predict
scopicities of individual supermicron ambient Asian mineral that these two chemical forms of aged sulphate-dust parti-
dust particles collected in Japan. They observed that dust pacles would have very different CCN-activity. The observa-
ticles that did not contain sulphate or nitrate (i.e. unreactedion of Shi et al. (2008) of aged sulphate-rich mineral dust
dust) and sulphate-rich dust particles (i.e. aged dust) did noparticles that remained non-hygroscopic is further confirma-
experience hygroscopic growth even at 90% RH. Nitrate-richtion that this is a realistic physiochemical state for aged dust
dust particles, however, appeared to deliquesce at as low gsarticles in the atmosphere. For nitrate- and chloride-rich
15% RH, as has been previously reported (Krueger et al.aged dust particles, however, the precise chemical form of
2003; Laskin et al., 2005). Our laboratory experiments agreghese acid reaction products will be less important because
with their field measurements and demonstrate a segregatedost atmospherically-relevant nitrate and chloride salts are
hygroscopic state caused by the segregated chemical mixingufficiently soluble and hygroscopic, regardless of their as-
state of sulphate from nitrate and chloride in individual agedsociated cation (Table 3) (Kelly et al., 2007). The addition
dust particles (Sullivan et al., 2007a). of trace amounts of water soluble species (e.g. {NBOy)
Calcium oxalate monohydrate was observed to be signif-exerts the largest increase in CCN activity on dust particles
icantly less CCN-active than oxalic acid. Oxalic acid is that are initially non-hygroscopic and insoluble. Hence, the
typically the dominant component of water soluble organic chemical pathways associated with atmospheric aging effec-
aerosol mass and has been studied as a large potential cotively dictate the cloud nucleation potential of atmospheric
tributor to aerosol hygroscopicity and CCN activity (Prenni dust particles. Our findings provide further motivation for the
et al., 2001). In the Asian aerosol sampled during ACE-need to determine both the mixing state and relative amounts
Asia we found that oxalic acid was predominantly inter- of various secondary species in individual mineral dust and
nally mixed with mineral dust particles (Sullivan and Prather, other particle types to accurately predict the aged aerosol’s
2007). This mixing state could result in the oxalate form- hygroscopicity and CCN-activity.
ing low solubility complexes with divalent cations such as In this discussion the important role of particle hygro-
C&t that are enriched in Asian dust. This would reduce scopicity in determining other significant particle properties
the solubility of the oxalic acid and this could in turn reduce should also be emphasized. Particulate-phase water alters the
the apparent hygroscopicity and CCN-activity of oxalate- dust particle’s size, refractive index, and shape, which affect
containing particles, as we observed here. The conversion dhe radiative properties of dust and thus their direct climate
calcium carbonate to calcium oxalate through reaction witheffects (Satheesh and Moorthy, 2005). The water content of
oxalic acid will also reduce the mass of Cagé@vailable to  hygroscopic dust particles may provide a medium for multi-
be converted to more soluble and hygroscopic forms such aphase chemical reactions and change the solubility of impor-
CaCh and Ca(NQ@)». A similar effect is produced by the tant components in mineral dust such as iron. The increased
conversion of calcium carbonate to calcium sulphate throughCCN activity of some aged mineral dust particles will also
reaction with sulphur oxides. increase their rate of wet scavenging which affects the envi-
In discussing the CCN activation potential of atmosphericronmental mass balance and transport of mineral dust (Fan
mineral dust particles, we must also consider the role of amet al., 2004). Finally, the dust’s chemical mixing state will
monium internally mixed with dust, which we observed dur- also influence its ice nucleation ability. Insoluble, hydropho-
ing ACE-Asia (Sullivan et al., 2007a). We found that am- bic particles can often nucleate ice at warmer temperatures
monium was frequently internally mixed with aged mineral via heterogeneous nucleation, but this is highly dependent
dust particles and appeared to have formed through neutrabn the mineralogy. The few available freezing studies of
izing secondary acids that had accumulated in the dust. Amealcite and gypsum (CaS€H,0) indicate that they have
monium was most strongly associated with sulphate, as exrelatively poor heterogeneous nucleation ability compared to
pected due to the stability of ammonium sulphate. If a smallaluminosilicate clay minerals (Eastwood et al., 2008; Zim-
fraction of sulphate is in the form of (NSO instead of mermann et al., 2008). The freezing properties of calcium
CaSQ, this can increase the dust particle’s hygroscopicity oxalate monohydrate, calcium nitrate, and calcium chloride
due to the higher solubility of (N|H,SOs (Fig. 5). Dur-  have not been studied, to our knowledge. Our single particle
ing ACE-Asia, sulphate-rich mineral dust particles were pri- measurements during ACE-Asia revealed that mineral dust
marily associated with submicron iron- and aluminosilicate- composed one-quarter of the total sub-500 nm particle counts
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in remote clean marine environments. This contribution wasTable 3 demonstrates that it is incorrect to assume that all
even larger closer to Asia and was extremely high during archemical reactions that process dust in the atmosphere pro-
Asian dust storm. The large role that mineral dust particlesduce soluble reaction products that increase the CCN ability
can play in composing the potential submicron CCN popula-of dust. Insoluble reaction products such as calcium sulphate
tion should therefore be revisited. are frequently observed in aged mineral dust particles, have
low CCN-activity, and should also be considered in evalu-
ating the indirect climate effects of dust on cloud properties
(Kelly etal., 2007; Shi etal., 2008). The proxies for fresh and
aged calcium mineral particles studied here provide upper

nd lower limits to expected atmospheric dust hygroscopic-

y. Koehler et al. (2009) found the hygroscopicity of authen-
tic mineral dust samples to be represented by 8«20.08,

5 Conclusions

The CCN activation properties of various pure calcium min-
erals were measured as proxies for fresh and atmospherical
aged calcium-rich mineral dust particles. A single paramete

for particle hygroscopicity, was used to interpret the exper- which lies in the middle of the values reported here. As cal-

|r?fen:al fdat?_bﬁ;tfranr:eworlit;‘olr ’accgun:l?gdfﬁr tf;e I'm'timitg cite is present in variable but significant amounts in surface
etiect ot solubility on a particle's obsServed NygroscopiClty ¢q;q t5nd in all major dust source regions, the chemical

was mtroduceq _through th_e C(?ncepts of apparent an_d_mtrm'mixing states and corresponding hygroscopicities presented
sic hygroscopicity. A particle’s apparent hygroscopicity is

that which i . tallv ob d It L 1o its i here should be applicable to a considerable fraction of atmo-
at which 1S experimentaily observed. 1t is equal o Its in- spheric dust particle mineralogy.
trinsic hygroscopicity if the particle is completely dissolved
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