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Abstract. This study reports laboratory measurements ofmost uncertain components of anthropogenic climate change
cloud condensation nuclei (CCN) activity and droplet acti- (Forster et al., 2007). Mineral aerosol (or dust) is one of the
vation kinetics of aerosols dry generated from clays, cal-lesser understood of aerosol species in the study of aerosol-
cite, quartz, and desert soil samples from Northern Africa,cloud-climate interactions. It has been well recognized that
East Asia/China, and Northern America. Based on thedust plays an important role in cold cloud processes because
observed dependence of critical supersaturatign,with of its effectiveness as Ice Nuclei (IN) (DeMott et al., 2003;
particle dry diameterDqry, we found that FHH (Frenkel, Field et al., 2006). Dust can also affect warm clouds by act-
Halsey and Hill) adsorption activation theory is a far more ing as Cloud Condensation Nuclei (CCN), changes of which
suitable framework for describing fresh dust CCN activity affect their radiative (Twomey, 1974) and precipitation prop-
than Kohler theory. One set of FHH parameters-f ~ erties (Rosenfeld et al., 2001).

2.25+0.75, Brun ~ 1.20£0.10) can adequately reproduce  In general, the ability of dust particles to serve as CCN
the measured CCN activity for all species considered, andlepends on their mineralogy, size, morphology, and atmo-
also explains the large range of hygroscopicities reported irspheric processing. Quantitative understanding of the in-
the literature. Based on a threshold droplet growth analysisteractions of dust with water vapor is complex because of
mineral dust aerosols were found to display retarded activaits varying source-dependent mineralogical composition and
tion kinetics compared to ammonium sulfate. Comprehen-aging during its atmospheric residence. Mineral aerosol may
sive simulations of mineral dust activation and growth in the constitute of iron oxides (e.g., hematite, goethite), carbon-
CCN instrument suggest that this retardation is equivalent taates (e.g., calcite, dolomite), quartz, and clays (e.g., kaolin-
a reduction of the water vapor uptake coefficient (relative toite, illite, and montmorillonite) (Lafon et al., 2006; Chou et
that for calibration ammonium sulfate aerosol) by 30—80%.al., 2008; Coz et al., 2009; Twohy et al., 2009). Dust parti-
These results suggest that dust particles do not require deleles mainly originate from arid and semi-arid regions, with
guescent material to act as CCN in the atmosphere. an annual emission of approximately 1000-5000 Tg (Schut-
tlefield et al., 2007). Differences in parent soils, and emis-
sion and transport processes cause substantial variability in
size-resolved composition and morphology of dust particles
(Sokolik et al., 2001; Jeong and Sokolik, 2007). Dust parti-

Clouds are an important component of the Earth's radiation®'€S ¢an remain suspended in the atmosphere for up to sev-
budget and hydrological cycle. Even small changes in C|0u0er_al weeks and can be transported over large distances down-

properties may have significant impacts on climate (Collins'Vind from source regions. During their transport, dust par-
et al., 1994). Perturbations in aerosol loadings can aItett'CleS (especially the carbonate fraction which can comprise

cloud properties, giving rise to the aerosol indirect effect UP t0 30% of the total mass), provides reaction sites for het-

on climate. Aerosol effects on clouds constitute one of the€r09eneous chemical reactions with atmospheric trace gases
and pollutants (Levin et al., 1996), resulting in modified dust

properties, such as enhanced hygroscopicity (Hatch et al.,
Correspondence toA. Nenes 2008). However, not all dust particles undergo aging (Pros-
BY (athanasios.nenes@gatech.edu) pero, 1999; Ganor and Mamane, 1982; Ganor and Foner,
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1996). Depending on transport routes of dust plumes andaal mobility classification for measurements of size-resolved
environmental conditions, dust particles can remain unpro-CCN activity (required for determining: and Dgry) is often
cessed and have the same properties as freshly emitted dustidressed by removal of the secondary peaks in the activa-
in source regions. Thus, it is important to understand thetion curves (e.g., Lance et al., 2006; Rose et al., 2008). If
CCN activity of fresh dust particles as well as aged dust.  multiple-charged particles are present in significant enough

To describe the CCN activity of freshly emitted dust, two numbers (such as for dust CCN), this approach may not suf-
phenomena must be accounted for: (i) the effect of solutdice causing biases in measured CCN activity towards higher
(which may be present in freshly emitted dust or formed dur-hygroscopicity (Petters et al., 2007). A comprehensive anal-
ing atmospheric aging), and (ii) the adsorption of water onysis of charging efficiency (e.g., Moore et al., 2010) needs to
the insoluble component of the dust particles. The formerbe considered to avoid such biases in observed hygroscopic-
can be accounted for by usingKler theory (KT) (Kohler, ity.
1936) and the latter with adsorption activation theory (AT) In this study, we investigate the CCN-relevant proper-
(Henson, 2007; Sorjamaa and Laaksonen, 2007; Kumar dies of clays and several dust samples representative of ma-
al., 2009a). The formulation of Henson (2007) used the BETjor regional dust sources. Measurements were carried out
(Brunauer et al., 1938) adsorption isotherm, while Sorjamaawith a Droplet Measurement Technologies Continuous-Flow
and Laaksonen (2007) used the multilayer FHH (Frenkel,Streamwise Thermal Gradient CCN (CFSTGC) counter
Halsey and Hill) adsorption isotherm with two adjustable (Roberts and Nenes, 2005; Lance et al., 2006). The
parameters Aryy and Bryy). Based on analysis of pub- CCN activation behavior of mineral aerosols generated from
lished data on dust-water interactions, Kumar et al. (2009bNorthern American, African, and East Asian desert soils as
showed the importance of including water adsorption effectswell as individual clays (illite and montmorillonite), calcite
when describing the hygroscopic and CCN behavior of min-(CaCQ), and quartz (SiQ) are studied. The effects of multi-
eral aerosol. The same study found that FHH particles reple charging and shape (non-sphericity) on the electrical mo-
quire less water to activate to cloud droplets than particlesbility sizing of particles and activation curves are examined.
activating by KT; this implies that the competition for water The experimental results are used to infer the dominant ac-
vapor by FHH patrticles is less intense that KT particles totivation physics (KT or FHH-AT) and determine the appro-
form droplets with implications for parcel maximum super- priate adsorption parameters (e 4rnH and Bryn) that de-
saturation,smax, and cloud droplet numbefyy. Kumar et  scribe the hygroscopicity of fresh dust for the use in droplet
al. (2009a) addressed the need to account for adsorption actictivation parameterizations of Kumar et al. (2009a). Fi-
vation in atmospheric models by developing a cloud dropletnally, using the method of threshold droplet growth analysis
formation parameterization where the CCN constitutes anTDGA, e.g., Asa-Awuku et al., 2010; Pdxdet al., 2010),
external mixture of soluble aerosol (that follow KT) and in- potential retardations in the activation kinetics of dust (com-
soluble aerosol (that follow FHH adsorption activation the- pared to calibration aerosol) are identified. A comprehensive
ory, FHH-AT). Here, we report new measurements to furthersimulation of dust activation in the CCN instrument is then
support the dust-CCN parameterization developed by Kumaperformed to parameterize these kinetic delays in terms of
et al. (2009a). changes in the effective water vapor uptake coefficient.

Past studies have already demonstrated that both regional
dusts as well as individual clays can interact with water and ,
act as effective CCN. For example, Koehler et al. (2009)2 Measurements and data analysis
and Herich et al. (2009) measured CCN activation of two
types of regional dust samples (Northern Africa and Arizona

Test Dust) and several clays (kaolinite, illite, and montmoril- Aqro50ls from regional soil samples and individual miner-

lonite), respectively, at water vapor supersaturation relevants/cjays were generated and analyzed in this study. Table 1
to atmospheric conditions. These studies, however, params oy ides a summary of the analyzed samples, including in-
eterized the observed hygroscopicity using a KT frameworks, mation on the location of sample collection. The soil sam-

in terms of a hygroscopicity parameter(Petters and Krei- [éles were collected in source regions of Northern Africa and
denweis, 2007). This approach was evaluated by Kumar eg 45t asia. Commercially available Arizona Test Dust (ATD)
al. (2009b), who, after examining the relationship between,, o< ysed as representative of North America soil. Individ-

sc and Dary for the published dust samples suggested thay, 5| minerals/clays used to generate aerosol were analyzed as
FHH-AT is a better description of fresh dust CCN activity as purchased, with no physical and chemical treatments to re-
thesc-Dary exponents determined from FHH-AT were closer gompe atmospheric behaviors.

to observations than from KT. Furthermore, no study to date
has accounted for non-sphericity effects in the CCN activity
relationships, even when it is well known that dust particles
are non-spherical (e.g., Okada et al., 2001; Chou et al., 2008).
Further, the effect of multiple-charged particles in the electri-

2.1 Regional dust samples and individual minerals
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(oTTTTTTTT ittty and the monodisperse flow is set to 0.45IminThe classi-
Recireuaring QEE:(/a] fied aerosol flow is mixed with filtered air and then sampled
g * by a Condensation Particle Counter (CPC, TSI Model 3010),
~2.5-5 L min )( Flow Meter . .
_ and a Droplet Measurement Technologies Continuous Flow
D] HEPA Filier Streamwise Thermal Gradient CCN (CFSTGC) chamber.
(3 Pump The CPC measures the total concentration of aerosol,
or condensation nuclei (CN) present in the monodisperse
stream. The fraction of aerosol acting as CCN is measured by
exposing particles to a constant water vapor supersaturation
within the CFSTGC. This is done by flowing the aerosol in a
cylindrical column with wetted walls upon which a thermal
gradient,AT, is applied in the axial direction. The differ-
ence in diffusivity between water vapor and heat is exploited
for the generation of water vapor supersaturatignyhich
reaches maximum at the column centerline. CCN flowing
along the column centerline are activated to cloud droplets
and are counted at the exit with an optical particle counter
(OPC). Each value oA T generates a unique supersaturation
value, which in this study varied between 0.15% and 1%.
CCN activity is characterized by the dry activation diameter,
Dgry, which corresponds to the minimum dry particle diame-
ter that activates at the certain supersaturation of intexest,
Dqry is found by expressing the ratio of CCN to CN concen-
ECa tration as a function of dry particle diameter, and, determin-
ing the diameter for which 50% of the classified aerosol acts
as CCN.
Exhaust The calibration of the instrument supersaturation is deter-
mined from theDgyy of (NH4)2SOy calibration aerosol at a
________________________________________ ' given AT. (NH4)2SOy aerosol was generated by atomiz-
ing an aqueous solution and subsequently drying the droplet
Fig. 1. Sghematic of the experimentql set-up used for size resolvedstream with a series of silica-gel diffusion dryerBgr, of
CCN activation and droplet growth kinetics measurements. (NH4)>SO, is then related ta by applying Kohler theory,
assuming that (Nk)>SO4 has a shape factor of 1.04 in the
DMA (Kuwata and Kondo, 2009), density of 1760 kg
2.2 Measurements of CCN activity surface tension of water (calculated at the average column
temperature), molar mass of 0.132 kg mgl and osmotic
The measurement setup consists of three sections: aerosgbefficients calculated with the Pitzer activity coefficient
generation, particle size selection, and CCN measuremerthodel (Pitzer and Mayorga, 1973). A relationship between
(Fig. 1). To generate aerosol, approximately 3g of the de-AT vs. instrument supersaturation is determined by repeat-
sired sample were placed in a 1000 ml sealed Erlenmeyeihg the above calibration procedure over a ranga 6t This
flask which is connected to a Burrell-Wrist Action Shaker relationship is then used in all dust activation experiments.
(Model 75). Compressed filtered air is introduced into the Calibration is repeated throughout the measurements, and
flask that generates polydisperse fine aerosols by mechanicakhibits little variability (about 5% relative uncertainty in in-
disintegration (“saltation”) with a distribution that resembles strument supersaturation).
the size distributions of dust plumes generated in the natural Sjze-resolved CCN activity is carried out using the Scan-
source regions (Lafon et al., 2006). ning Mobility CCN Analysis (SMCA) (Moore et al., 2010),
The dry aerosol is then sent to the electrostatic classifiewhere the DMA used for aerosol classification is operated
for particle size selection (TSI Model 3080) with a Differ- in scanning voltage mode. This allows the concurrent deter-
ential Mobility Analyzer (DMA, TSI Model 3081). Before mination of aerosol size distribution and size-resolved CCN
entering the classifier, aerosols are passed through an inactivity over a voltage scan cycle. In this study, the com-
pactor to remove supermicro-meter size particles (i.e., sizelete range of dry particle size (20-850 nm) is scanned over
greater than 1 um) and then charged with a series of Kr-83hree minutes. The CFSTGC was operated at a flowrate of
neutralizers. The particles are then classified in the DMAO0.50 I minm and a sheath-to-aerosol ratio of 10:1 (or 7.5:1).
by their electrical mobility set by the voltage applied to the SMCA also provides the droplet distribution of activated
DMA. The Sheath flow rate in the DMA is set to 2.3 | mith CCN (measured in the optical particle counter of the CCN
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instrument) as a function of their dry diameter. The depen- o "
dence of droplet size on the supersaturation profile and dust ) & E
dry particle size is used to study the dust activation kinetics.

o
,.gl'

2.3 Data analysis methodology

AFHH A

45 44 43 42 41 40 09 08
Exponent

The measurement aqry, and correspondingc, is fitted
with a power law function. = CDy,,. The experimental ex-
ponent.xexp (Kumar et al., 2009b), is then compared against
the exponent determined from fits of KT and FHH-AT to the
data. The appropriateness of each theory is evaluated basé
on its ability to reproduceex,. According to KT, particles ©
with appreciable hygroscopicity exhibit= —3/2. In FHH-

AT, x depends on the value dfryy and Beyy but generally
ranges between0.80 and-1.20 (Kumar et al., 2009a). The 0.1
same fitting procedure also determines the adsorption param- 100 Dry Diameter [nm] 1000
etersApyH and Bryy (for FHH-AT), and the hygroscopicity

parametek (for KT). Fig. 2. sc-Dgry lines for different values oBppH computed at
Brnn strongly affects the shape of the equilibrium curve ; — 0,072 3m2, 7 = 298.15K andAgyy = 2.50. Dashed lines
and largely determines the existence and valug ehd crit- indicatex isolines determined at above conditions. Also shown in
ical wet diameterD. (described as the wet diameter of the black thick line is thec = 0, Kelvin curve. The inset figure shows
aerosol particle at the maximum of the equilibrium curve) experimental exponent as function Bfn andx.
(Kumar et al., 2009a) Aryy also affects these parameters,
but to a lesser extent tharyy. Figure 2 shows the relation-
ship betweerDgy andsc for a range ofBryn values com-  the CCN instrument using the comprehensive computational
puted at surface tension of water equal to 0.0723,em-  fluid dynamics model. We use the Lance et al. (2006) model,
perature equal to 298.15K, antkyy = 2.50. Lower Bpyy which numerically simulates the temporal and spatial distri-
values correspond to more hydrophilic dust. Bsyy ap- butions of velocity, pressure, temperature, and water vapor
proaches 3.0, particles become less hydrophilic (with concentration throughout the growth chamber, considering
—1), which corresponds to insoluble but wettable particlesthe coupling of particle and gas phases through the release
that follow the Kelvin equation. Similarly for KT, as de-  of latent heat and condensation/evaporation of water vapor
creases fronk = 0.05 to x =0 (Fig. 2) particles becomes onto the droplets. The kinetics of dust activation is then pa-
less hygroscopic causing a decrease in the exponent frorrameterized in terms of an effective uptake coefficient, which
x=-15tox— —1.0. It can be seen from Fig. 2 that influences the mass transfer coefficient of water onto the dust
the slopes determined from KT (expressed in term&)f CCN. Condensational growth of aerosol is computed based
are much steeper than those determined from FHH-AT (ex-0n a size-dependent mass transfer coefficient multiplied by
pressed in terms dBryy). This suggests that the same parti- the difference between gas-phase and equilibrium water va-
cle type can exhibit two different-Dgry exponent values if ~ por pressure (Nenes et al., 2001):
described by KT or FHH-AT.

I Supersaturation [%]

ica

Droplet activation kinetics of aerosol inside CFSTGC de- f, dDp _ 5~ Seq @
pends on the supersaturation profiles, residence time, wa- Pat 4P°prT’M + A4IZv/¥w (A;lvaw _1)
ter vapor uptake coefficient, dry particle size (Nenes et al., 0™V W a

2001; Roberts and Nenes, 2005; Lance et al., 2006), as weu,

as the theory used to describe the equilibrium vapor pres hereD), is the droplet diameteris the local instrument su-
. o e persaturationgp,, is the water densit is the molar mass
sure for the particle (KT or FHH-AT). Activation kinetics P ow W

: _ X of water,R is the universal gas constafftjs the average col-
can be characterized by the difference in droplet sivB,, g ‘ g

. umn temperatureP’ - is the equilibrium water vapor pres-
between dust CCN and (NgbSQu CCN with samese. A sure AHpis the enTrZ]gl of vaq orization of wate!DE) is fhe
negativeA Dy, implies that mineral aerosol exhibits retarded diffuéivitvof water va 23/“1 airrr)'nodified for non cg)ntinuum
activation kinetics (the converse is typically not observed). y b

This technique is called threshold droplet growth analysiseﬁeCtS’ and is the thermal conductivity of air modified for

(TDGA) and has been successfully used by a number of in°" continuum effects. HerBy, is defined by Fukuta and

situ and laboratory studies (Asa-Awuku et al., 2010; Badr Walter (1970) as:

al., 2010). Dy
We quantitatively describe the growth of dust by simu- Dy = b T (2)
lating the process of droplet nucleation and growth within 1+ ﬁ\/ T
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Table 1. Summary of Regional Dust Samples and Clays/Minerals analyzed in this study.

Sample Abbreviation  Location/Supplier

Dust

Niger Niger Sahel, 1381’ N, 2°38 E

East Asian Soil 1 Soil 1 Eastern edge of the Hexi Corridor

East Asian Soil 2 Soil 2 South-eastern edge of the Tengger Desert
East Asian Soil 3 Soil 3 Central Tengger Desert

East Asian Soil 4 Soil 4 South-eastern edge of the Taklamakan Desert
East Asian Soil 5 Soil 5 Southern edge of the Hunshandake Desert
Arizona Test Dust ATD Powder Technologies Inc.

Clay/Mineral

lllite lllite Clay Mineral Society

Ca Montmorillonite  Ca Mont Clay Mineral Society

Na Montmorillonite  Na Mont Clay Mineral Society

Calcite CaC@ OMYA

Quartz/Silica SiQ GELEST

where D, is the diffusivity of water vapor in airxc is the  the instrument. The value of uptake coefficient is then in-
water vapor uptake coefficienit, is given by: ferred by minimizing the discrepancy between predicted and
X observed droplet distributions in OPC.
k= . 3)
1+ Zka 27'[Ma
ar Dppacp RT

3 Results and discussion

where M3 is the mean molar mass of ai is the thermal

conductivity of air, o, is the air densityc,, is the heat ca- 3.1 Effects of multiple charging and dust particle
pacity of air, andxr is thermal accommodation coefficient shapes

(equal to 1.0). For insoluble CCN activating according to ) ) ) )
FHH-AT, the equilibrium supersaturation of the droplet, ~ 3-1.1 Correction for multiply charged particles in
is given by Kumar et al. (2009a): SMCA

4o My, Dj — Ddry —Brrn To account for the effect of multiply charged particles in the
Seq= EXP RTpaD, FHH <m) —1 (4 activation curves and observelyy, we assume an equilib-

i 2 rium charge distribution for the particles entering the DMA
whereo is the CCN surface tension at the point of activation and apply a correction algorithm as described in Moore et
(Pruppacher and Klett, 1997Rqy is the dry CCN diame-  al. (2010). The correction algorithm determines the contri-
ter, Du,0 is the diameter of water molecule equal to 2&5 bution from the multiply charged (+2, +3, +4, +5 and +6
(Kumar et al., 2009a), andryy and Beyn are adsorption  charges) particles to the total particle counts in each size bin
parameters constrained from the activation experiments.  for the CN time series and rebins respective contributions to

The instrument model was initialized using the appropri- its “true” size bin. The same procedure is applied to the CCN
ate geometric dimensions and operating conditions of DMTtime series. The inversion of the CN, CCN time series deter-
CFSTGC (Lance et al., 2006). A computational grid of 200 mines the activation fraction and henbgy. To ensure suffi-
cells in the radial and 200 cells in the axial direction were cient residence time for attaining equilibrium charge distribu-
used in each simulation. A Lagrangian approach is used tdion inside the Kr-85 neutralizers, we determine the number
determine CCN growth in the CFSTGC by Eq. (1), assumingof neutralizers beyond which the inverted size distribution
the particles flow along streamlines occupied by the aerosotloes not change. Test results indicate that 3 Kr-85 neutral-
region of the chamber (determined from the sheath-aerosadkers in series (with a total nominal activity of 10 mCi) were
ratio) and grow according to the local water vapor saturationsufficient to completely neutralize the surface charges and at-
ratio and temperature (Roberts and Nenes, 2005; Lance et akain the Boltzmann equilibrium distribution.

2006). The droplet diameter at the exit of the flow chamberis The impact of multiply charged particles is shown in
then compared against the measured droplet size distributiorkig. 3, which presents the activation curves (with and with-
following the binning scheme used in the optical detection ofout multiple charging corrections) at 0.30% supersaturation

www.atmos-chem-phys.net/11/3527/2011/ Atmos. Chem. Phys., 11, 35272011
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1.2 AR or x reported in the literature for different types of min-
{ ° Raw eral aerosol. A number of recent studies have reported mea-
1.0 1 surements of AR values for species considered in this study.

e Ch .
Charge Corrected For instance, Chou et al. (2008) report a mean AR equal to

1.7 for Niger dust collected during the AMMA campaign,
Kandler et al. (2009) report AR equal to 1.64 for Saharan
dust collected over Spain, and Coz et al. (2009) report AR
. equal to 1.81 for African dust. The AR values for African
-------------- soils are slightly higher compared to AR of 1.3—-1.4 reported
by Okada et al. (2001) for East Asian dust. AR can also vary
with particle size (Wiegner et al., 2009). To account for this,
we considered those values of AR that are most relevant for
this study (i.e., particles less than 1 um). Furthermore, the
extent of non-sphericity can be affected by the aerosol gen-
eration method (Sullivan et al., 2010) which can give rise
50 Dry Diameter [nm] 500 to very different particle morphologies from those generated
with the dry soft-saltation technique used in this study. Some
Fig. 3. Activation curves for Soil 2 atc = 0.3%. Shown are inver-  Of the other techniques of aerosol generation include a flu-
sions without (blue) and with multiple charge corrections (brown). idized bed (Koehler et al., 2009), dry dust generator (Herich
Error bars represent uncertainty of activation efficiency as a result oet al., 2009), and atomization of a dust aqueous suspension
counting efficiency and flow rate uncertainty at different diameters.(Koehler et al., 2009; Herich et al., 2009). All above fac-
tors can contribute to uncertainty in for similar aerosol
types. For instances for ATD, &hler et al. (2008) reported
for aerosol generated from the Soil 2 samglg,y increases  y = 1.3 while Endo et al. (1998) reported=1.5. Similarly
from ~170 nm to~247 nm upon application of the multiple for illite, Hudson et al. (2008) and thler et al. (2008) re-
charge correction. The effect abgry is further enhanced ported x = 1.3+ 0.02 andy = 1.3 respectively. For other
at lower supersaturations (e.ge,= 0.15% andsc =0.20%)  clays and minerals analyzed in this study such as montmoril-
that correspond to large particles with a pronounced probatonite, Hudson et al. (2008) reportgd= 1.1140.03, while
bility of multiple charging. The uncertainty in the activation Hinds (1999) report a value of = 1.36 for quartz.
efficiency due to counting statistics uncertainty and flow rate In this study, we use the published range of dust non-
variability (expressed as error bars in Fig. 3) were accountedphericity. As most of the recent studies on African

g o
o oo
2 2

Activated Fraction [CCN/CN]
o
>

for using the procedure of Moore et al. (2010). and Asian mineral dust aerosol have quantified dust non-
sphericity based on AR, we initially started with the Fuchs
3.1.2 Accounting for dust non-sphericity (1964) approach to convert from AR tp assuming min-

eral aerosol as a spheroid. However, we found that using

Dust particles exhibit a variety of complex shapes that arethe Fuchs (1964) approach results in much lower valugs of
difficult to measure or express in terms of a unique set(~1.007-1.034) than those determined from direct measure-
of parameters or functions. Characterization of dust non-ments ofy (~1.11-1.50). According to Davies (1979), sand
sphericity is often done by either (i) introducing a dynamic particles composed of a mixture of different minerals have
shape factory, (defined as the ratio of drag forcEp, ex-  a dynamic shape factor of 1.3—-1.6. Therefore, in this study
perienced by the non-spherical particle to that experiencethon-sphericity corrections are performed for all species con-
by a volume equivalent sphere when both move at the samsidering x = 1.3+ 0.2 as this covers as possible values of
velocity in the gas; e.g., DeCarlo et al., 2004), or (ii) pro- measureg,. Further, we examine the importance of this un-
viding an Aspect Ratio (AR), defined as the ratio of the certainty iny (betweeny =1.1 andy = 1.5) for dust-CCN
longest dimension of particles to the orthogonal shortestmeasurements by evaluating its effectxaR, and FHH pa-
length (width). Commonlyy is obtained by tandem electri- rametersArnn and Beyn.
cal mobility and aerodynamic particle sizing (e.g., DeCarlo  Size selection in this study is performed using the DMA
et al., 2004; Kuwata and Kondo, 2009) and is an integratechat classifies a particle by its electric mobility. Electrical
measure of the three-dimensional particle shape. AR is meanobility can then be related to the physical diameter if the
sured with electron microscopy that reports two dimensionalnumber of elementary charges per particle gnare known
image projections of particles from which the longest dimen- (together with the strength of the electric field and other
sion and width are determined (e.g., Kalashnikova and Sokoeperational parameters in the DMA). Oftenis assumed
lik, 2004). unity. For mineral dust, howevel > 1 which translates

Here we assess the effect of dust non-sphericity in CCNinto a larger drag force than expected for spherical particles;
activity measurements by considering the range of values ofvhen neglected, the nonsphericity would eventually lead to

Atmos. Chem. Phys., 11, 3523541, 2011 www.atmos-chem-phys.net/11/3527/2011/



P. Kumar et al.: Measurements of cloud condensation nuclei activity and droplet activation kinetics 3533

underestimation of the particle surface area. In this study, 0.7
we account for dust non-sphericity by correcting for the sur-
face area of the particle available for water vapor adsorption.
This is performed by converting from electrical mobility di-
ameter,Dyy, to surface-area equivalent diamet®ge, so that

the CCN activity data is expressed in terms of theDse re-
lationship. By converting fromDgry to Dse, the aerosol phys-
ical size is expressed in terms of the characteristic length re-
sponsible for controlling surface water vapor adsorptiDge

is determined by converting the electrical mobility diame-
ter (Dm), to particle volume equivalent diametdd(), and
from there toDge.

|I.M o

turation [%)]

upersa

@ No Correction
4 Only Charge Correction
o Charge & Shape Correction

Critical S

o
—

DeterminingDye from Dm 100 2(;0 3(;0 4;)0 500

Dye is determined fromDy, by iterative solution of the dy- Particle Dry Diameter [nm]
namic shape factor equation (DeCarlo et al., 2004):
Fig. 4. CCN activation curvess¢-Dgry) for ATD (x =1.3+0.2)

- M (5) showing the effect of including charge and shape corrections on the
DyeC (Dm) raw data. Blue shows curve with no correction, brown shows the
results with charging corrections and green shows curve after in-
cluding both charge and shape corrections. Error bars represent ex-
perimental uncertainty and numerical uncertaintylig, at same
' instrument supersaturation.

where C (D) and C(Dye) are the slip correction factors
for Dy, and Dye, respectively. C(Dy) and C(Dye) can be
approximated from the correlation of Willeke and Baron
(2001):

2 D;
C(Di)=1+3<1~142+0~5586XF<_0-9995>> (6)  3.1.3 Effect of charge and shape corrections on dust

l CCN activation
where is the mean free path of the gas molecules and
corresponds to either ddm or Dve. Application of Eq. (5)  The largest change in dry critical activation diameter from
to determineDy requires knowledge of . multiple charging corrections is observed at the point of
lowest supersaturation (corresponding to the largest activa-
tion diameters with highest probability of multiple charging).

When yx is known (or estimated), the correlation of Leith For all species considered in this study (regional dusts and

DeterminingDsefrom Dye

(1987) is used to relatg, Dse, andDye: clays/minerals),y = 1.3 was used to convert from charge
corrected electrical mobility diameteb), to the shape cor-
X = } <ﬁ> + E <D_Se> 7) rected surface-area equivalent diamef®y. The error bars
3\ Dve 3\ Dve on Dge represent the range using= 1.1 as the lower limit

where Dy, is the diameter of the sphere whose projected aregdx = 1.5 as the upper limit. We found that accounting for

is equal to that of the particle normal to the direction of flow. NON-SPhericity using = 1.3, can resultin an increase in acti-
For the DMA, Dy, = D, hence Eq. (7) can be rearranged to vation diameters by up to 18—20% when converting frlbm
expresDse as: to Dse using the procedure outlined above. Based on Fig. 4,

as the final activation diameters (after including both charge
3x Dye — D ®) and shape corrections) lie outside the experimental error bars
2 (or region of experimental uncertainty) determined from the

Despite involved uncertainties, accounting for dust non-'@W data, the essence of including the charge and shape cor-

sphericity provides more realistic representation of dust par_rections is justified and hence performed for all the samples

ticles as well as enables us to determine non-sphericity efStudied here.

fects on the physics controlling the activation of insoluble e also found thatintroducing both multiple charging and
dust particles. shape correction changes the dry activation diameters signif-

icantly and hence the exponents determined froms¢hgry
relationship. For example in the case of ATRyp=—1.23

for the uncorrected data; after applying charge corrections,
xexp= —0.78; with shape and charge correctiongy, =
—0.82. This is a very large and important difference, enough
to shift the implied activation mechanism from a regime

Dse=
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where both FHH-AT and KT may be activeefp= —1.23)

to a regime where FHH-AT dominateset,= —0.82). This
example emphasizes the importance of applying correction
(especially for multiple charges) for adequate interpretation.,
of the activation data.

It is also noted that the effect of particle non-sphericity
must be incorporated into the diameter used in the Kelvin =Soil 1
term at the point of activation if only a few monolayers are u Soil 2
adsorbed at activation (Romakkaniemi et al., 2001). We findTg = Soil 3
that for all regional samples considered in our study, the & = Soil 4
number of adsorbed water vapor monolayers layers range3 = Soil 5
from 100-500 at the point of activation. This implies that at 0.1 ATD
the point of activation, non-spherical dust aerosol has suffi-
ciently high water coverage so that the droplet shape is spher-
ical, and, the molar volume and gas-liquid surface tension of

T o
2

Niger

Supersaturation

100 200 300 400 500
Critical Dry Diameter [nm]

the adsorbed kD approaches that for the bulk water. Fig. 5. CCN activation curves for different dust types presented in
o Table 1. Symbols show experimentally determined CCN activity
3.2 Results of dust CCN activation measurements and lines show FHH adsorption activation fits. Error bars represent

measurement uncertainty Myry. Also shown in black thick line is

The CCN activation curves for dry generated dust and min-the« = 0, Kelvin curve. Black dashed line corresponds te 0.05.
eral/clay samples are shown in Figs. 5 and 6, respectively.
CCN activity is presented in terms of dry activation diameter
(Dse, given by Eq. 8) against instrument supersaturation. Theound that the experimental data (points) can be described
CCN activity data (points) are fit to a power law expression by FHH-AT fits (lines) well, with Apyy ~ 2.25+0.75 and
from which the experimental exponentyy, is determined.  Bryn ~ 1.20+0.10 for all dust types considered in this study.
The Aryn, Brun, and corresponding exponentyy, were A direct comparison of CCN activity against data published
determined from fitting the FHH-AT model (lines) to the ex- in the literature is done by expressing our results (for parti-
perimental data via least squares minimization. The dry gene€les of a given dry diameter) in terms of a hygroscopicity pa-
eration method used in this study did not produce sufficientrameterx. CCN activity results for regional soils, and min-
number concentrations of particles with sizes smaller tharerals and clays indicatexa< 0.05 for all samples considered
100 nm. Hence the CCN activity is restricted to supersaturain this study. It is also noted that the differences in values of
tions 0.7% and below (corresponding My ~ 100nm and  the adsorption parameters determined in this study with those
above). determined by Kumar et al. (2009b) for ATD, and likely

Figure 5 clearly demonstrates that dust aerosols are CCNrise from the application of multiple charge and dust non-
at atmospherically relevant supersaturations. It also indicatesphericity corrections. Furthermore, the ATD experimental
that soft saltation technique can generate mineral dust in thdata used by Kumar et al. (2009b) in the predictions of ad-
fine mode (withDgry between 100 nm and 500 nm) which sorption parameters were taken from Koehler et al. (2009)
may contribute to CCN. The measurédlyy for different  that used a fluidized bed to generate aerosols, while in this
dust samples are much larger than expected fory(hEy, study measurements were performed using a dry generation
suggesting that dust has a lower CCN activation potentiatechnique.
than what is expected for soluble aerosol like NEO,. Figure 6 presents the CCN activity of all the minerals
Figure 5 suggests that dust aerosols collected from differand clays considered. The activation diameters obtained for
ent regions of the globe can have different activation prop-different dusts (Fig. 5) are within the range of those ob-
erties which are attributed to the physical properties, mor-served for different clays and minerals (Fig. 6). This sug-
phology and the chemical composition of the parent soils.gests that dust CCN activity is controlled by adsorption of
The CCN activity comparisons amongst different regional water onto the clay and mineral components in the dust sam-
dust samples indicate that East Asian soils have a range gfles. Comparison between CCN activities for different clays
CCN activity potentials withBgyy ~1.1—1.3. In compar-  indicates montmorillonite (both Na and Ca rich) is more hy-
ison, Niger Soil (representative of North African dust) and drophilic than illite, which agrees with the findings of Herich
ATD (representative of North American dust) were found to et al. (2009). Higher CCN activation potential for montmo-
exhibit less variability, withBgyy = 1.25—1.28. The range  rillonite can be attributed to the mineralogy of the sample;
in CCN activity of East Asian soils is most likely reflective the presence of unbounded Na and Ca cations allows water
of the compositional variability. Differences in CCN activ- to penetrate the interlayer molecular space, which together
ity amongst samples collected in the same region likely re-with adsorption results in the clay swelling to several times
flect the chemical heterogeneity within the dust samples. Wats original volume. In the case of illite, the interlayer space
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o
o

samples was found with charge-corrected 0.023 (Herich
et al., 2009) and non-correctad= 0.054 (Koehler et al.,
2009) determined for Saharan Dust, and charge-corrected
and non-corrected = 0.02— 0.04 for Niger dust data.

The differences cited above for Cag©an be attributed
to factors such as sample-to-sample variability (as confirmed
by Sullivan et al., 2010) and method of aerosol generation.
The soft saltation technique may vyield very different par-
ticles from studies using a custom-built dry dust generator

lllite N\ ®CaMont

Critical Supersaturation [%)]

oNa Mont . ecaco (Herich et al., 2009) or fluidized bed (Koehler et al., 2009).
msio, N P\,e,ic,fet al. (2009): lite (Dry) _Furth(_ermore_, the Igck _of charge corre(_:t_ion (in previous stgd-
0.4 JoHericn tal. 2009): NaMont (bry) _OSutivan et a. (2009): CaCO3 (Bry) ies) will provide activation curves sensitive to the aerosol size
' distribution (as it determines the fraction of multiply charged
100 200 300 400 500 600

particles with same mobility diameter), so differences in the
dust size distribution will lead to variable biasesgry. Un-
Fig. 6. CCN activation curves for different mineral types presented fortunately, absence _Of number size d|str|but|_ons of _the_CCN
in Table 1. Symbols (filled) are experimentally determined CCN ac-In the published studies precludes a conclusive attribution of
tivity, and lines represent FHH adsorption activation fits. Open sym-these differences to multiple charging biases.
bols represent data obtained from Sullivan et al., 2009, and Herich Table 2 shows the values of the experimental exponent,
etal., 2009. Color scheme of open symbols identical to CCN activ-determined from thec-Dgry data for all dust samples and
ity observed with measurements in this study. Error bars represenindividual minerals/clays. Theexp values determined in
measurement uncertainty yyy. Also shown in black thick lineis  this study are much lower than those reported by Kumar et
thex =0, Kelvin curve. Black dashed line corresponds te 0.05. al. (2009b) that were determined from the experimental data
of Koehler et al. (2009) and Sullivan et al. (2009). This is a
result of experimental measurements performed in this study
is mainly occupied by poorly hydrated potassium cations thatat much lower supersaturations, as well as the application of
prevent these clay types from expanding, thus reducing thenultiple charge and shape factor corrections to the activation
amount of water that can adsorb on the surface and its CCNuyrves that tend to further shifdgry andxexp (as illustrated
activation potential. in Fig. 4).

The CCN activity of SiQ and CaCQ@ was also measured In Fig. 7, xpun is plotted againsteyp for all dust sam-
(Fig. 6). As expected, SiPwas the least CCN active of ples and individual minerals/clays. For Cag;@he value of
species considered witBpyy = 1.36 versusBrpy < 1.30 Xexp from the uncorrected.-Dqyry data equals-0.81. The
for the other clays and minerals (Table 2). This is becausevalue ofxexp after charge and shape correction reduces fur-
the majority of the silica surface does not interact stronglyther to —0.75. As xexp for CaCQ is outside the range
with water vapor since physisorption occurs primarily on the of exponents that can be predicted by FHH-Af,y devi-
limited number of silanol sites (Young, 1958). We also find ates fromxeyp by more than 10%. For Na-montmorillonite,
that the charged-corrected activation curves in our study dif-Ca-montmorillonite, Soil 1 and Soil 3;znn is in excellent
fer from published CCN activation data for Cag(Sullivan agreement withrey, Suggesting that the above can be param-
et al., 2009), montmorillonite, and illite (Herich et al., 2009). eterized using FHH-AT. This suggests that the CCN activ-
For example, charge-corrected activation curves for clays (ility of clays is consistent with multilayer adsorption activa-
lite and Na-montmorillonite) exhibited = 0.02— 0.04, ver- tion theory. In the case of illite, Si¥) ATD, Niger, Soil 2,
sus 0.002-0.003 in Herich et al. (2009). In addition, (OMYA) Soil 4, and Soil 5xFyH lies within the variability ofxexp,
CaCQ in this study was found to exhibit multiple values,  suggesting that FHH-AT also is an excellent description of
0.02 atsc = 0.4% —0.5% and 0.003-0.007 at = 0.2%— CCN activity. Considering the uncertainty observed in ex-
0.3%, higher than found by Sullivan et al. (2009) for (Solvay) perimental exponents (Fig. 7), it can be argued that the dust
CaCQ (x =0.0011). Our results for (OMYA) CaCfat low samples considered in this study are in excellent agreement
s¢ (k =0.003—0.007) compare well with results obtained with FHH-AT. Furthermore xex for all samples are found
for (Baker) CaCQ@ (x = 0.008) (Sullivan et al., 2010). Sim- to be betweenr-0.80 and—1.20 (range relevant for adsorp-
ilarly, we find a good comparison in CCN activity measure- tion activation as given by Kumar et al., 2009a) as well as
ments based onvalues for regional dust samples consideredbetween—0.75 (determined for CaC{) and —0.93 (deter-
in this study (for activation curves with and without multi- mined for Na-montmorillonite) providing support that nucle-
ple charging corrections) and past studies. For dry generatedtion of freshly generated regional dust aerosols is controlled
ATD (non-corrected)y = 0.04 determined in this study com- by water vapor adsorption on clays and minerals. This con-
pares well with non-corrected= 0.025 found by Koehler et  firms the conclusions of Kumar et al. (2009b) that (i) using
al. (2009). Similarly, a good comparison for African dust the KT framework for parameterizing dust-CCN interactions

Critical Dry Diameter [nm]

www.atmos-chem-phys.net/11/3527/2011/ Atmos. Chem. Phys., 11, 35272011



3536 P. Kumar et al.: Measurements of cloud condensation nuclei activity and droplet activation kinetics

Table 2. FHH parameters and exponent comparisons for different regional dusts and individual clays/minerals.

Sample AFHH BEHH Xexp XEHH
Dust

Niger 2.94+0.06 1.240.02 -0.79+£0.02+(0.04) -0.87
Soil 1 2.94+0.06 1.24£0.02 -0.84+0.02+(0.05) -0.84
Soil 2 2.88+£0.11 1.30£0.04 -0.82+0.02+(0.05) —0.85
Soil 3 1.36£0.49 1.12£0.03 —-0.92+0.03+(0.05) —0.92
Soil 4 1.82+0.39 1.13t0.02 -0.88+0.03+(0.04) -0.89
Soil 5 2.91+0.09 1.30£0.03 -0.78+0.03+(0.05) —0.85
ATD 2.96+0.03 1.28£0.03 -0.82+0.02+(0.04) -0.83
Clay/Mineral

Illite 1.024+0.38 1.12-0.04 —-0.92+0.03+(0.05) —0.93
Ca Mont 2.06£0.72 1.23t0.04 -0.88+0.02+(0.05) —0.88
Na Mont 1.23:0.31 1.08:0.03 —0.93+0.02+(0.04) —0.93
CaCG 3.00+0.04 1.30+0.03 —-0.75+0.02+(0.05) —0.85
Sio, 2.95£0.05 1.36£0.03 —0.82+0.03+(0.04) —0.86

Values in parentheses indicate change in magnitude,@ffrom change irx between 1.1 and 1.5.

-0.7 ships (Table 2) using a single set of values faryy and
Brnn. Furthermore, the predicted water vapor uptake un-
der sub-saturated conditions is very low, and can explain the
, very low apparent hygroscopicity measured (using the hy-
s’ groscopic tandem DMA technique) for dust aerosol (Herich
Ve et al., 2009). This strongly supports that FHH-AT describes
fresh dust-CCN interactions better than KT for the samples
considered in this study.
While the application of the shape factor corrections to
5 — /’ CCN activation data changes the dry activation diameters
g considerably, it does so uniformly so that the exponent de-
R4 rived from thesc-Dgry relationship (hence the implied acti-
-1.0 ~ T vation physics) is not substantially affected. This can be seen
-1.0 0.9 . 0.8 0.7 from Table 2. Applyingy = 1.3+0.2, changesexp by as lit-
P tle as 5% from charge correctegl,. Usingx = 1.3+0.2 has
Fig. 7. Comparison ofvexp andxgyy for dust and clay/mineral a minor effect on dust hydrophilicity (indicated by a small

types presented in Table 1. Dashed line represents +10% deviatiof"9® QfBFHH; Table 2)' The omission of multiple-charging
from the 1:1 line. Error bars represent deviationigp due to the corrections to the activation curves, however, has a profound

uncertainty inDgry. effect on the implied activation physics, as the dust appears
significantly more CCN active than it really is.

ONiger OSoil1 A Soil 2
Soil 3 ©Soil 4 HSoil 5

AATD Olllite X Ca Mont
-0.8 o

Na Mont = CaCOj3 SiOg

XEHH

-0.9 o

L . N , . 3.3 Droplet growth kinetics
is inappropriate, and, (ii) adsorption effects must be included

when describing the hygroscopic and CCN behavior of min-j addition to CCN activity, the optical particle counter of
eral aerosol. CFSTGC measures droplet sizes that can be used to explore

It can also be seen from the insert in Fig. 2, that for KT CCN activation kinetics of mineral dust. This is carried out
to predict the correct exponent determined from the experusing TDGA, by comparing droplet diametdb,, from the
imental sc-Dgry relationships on dust and clays (shown as sample CCN against that of (NjSO4 calibration aerosol
shaded region), the values mfmust be very low (less than with same critical supersaturation and maintaining identical
0.0005), much lower than those determined in previous studinstrument conditions (flow rates, pressure, and inlet temper-
ies (Koehler et al., 2009; Herich et al., 2009; Sullivan et ature). If the droplet sizes from mineral aerosol are smaller
al., 2009). On the contrary, FHH-AT can predict experimen-than that observed from calibration aerosol (for conditions of
tal exponents obtained from dust and clay®qry relation- identical instrument supersaturation, i.e., with sag)ethe
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Fig. 8. Activated droplet sizes of mineral dust CCN withequal Fig. 9. Activated droplet sizes of different minerals and clay CCN
to the instrument supersaturation shown as symbols. Error bars repwith sc equal to the instrument supersaturation shown as symbols.
resent experimental uncertainty in droplet size as observed by th&rror bars represent experimental uncertainty in droplet size as ob-

OPC at same instrument supersaturation. served by the OPC at same instrument supersaturation.
1.0 l

activation kinetics of mineral dust is likely slower than the

calibration aerosol. However, if activated droplet sizes are g |

indistinguishable (to within experimental uncertainty) from 1 ®

(NH4)2S0Oy droplet size, mineral dust exhibits the same acti- % [

vation kinetics as the reference aerosol. £ 0.6 1

Figure 8 presents the droplet diameters observed at OPCZ
that are activated from regional dust aerosols as a function of & 0.4 4
instrument supersaturation. For comparison, droplet sizes ared
presented for pure (NH2SO, aerosol withse equal to the

X w—l—

instrument supersaturation. It is evident that droplet growth 0.2 1

for mineral aerosol at samg is lower than that determined # Niger B Soil 1 4 Soil 2 X Soil 4 X Soil 5 ® ATD

for (NH4)2SOy calibration aerosol. The difference in outlet 0.0 ; . . ;

size suggests a delay in activation kinetics as both particles 0.1 0.2 0.3 0.4 0.5 0.6

are exposed to the same supersaturation profile during their

transit through the CFSTGC. This behavior is consistent with

the slower time scales associated with water vapor adsorptiogig. 10. Inferred water vapor uptake coefficients for the growth

(Kumar et al., 2009b). A similar behavior of reduced growth kinetics data of Fig. 8 normalized to that of (W}3S0Oy calibration

is also observed for different clays and minerals (Fig. 9).  aerosol as a function of different instrument supersaturation. Error
Reduced growth at same observed for the mineral bars represent experimental uncertainty in determination of water

aerosol inside the CETSGC can be attributed to three poyapor uptake coefficients arising due to differences in droplet sizes

tential factors: (i) different shape of the equilibrium curve measured by the OPC.

(FHH-AT vs. KT), (ii) different mass transfer coefficient (or

ac) of water vapor to the growing droplet, and (iii) dry par- on final droplet sizes. Based on the above, the droplet size

ticle size. To compare the effect of theory (KT or FHH-AT) igerence between dust CCN and (WHSO; calibration
used to describe equilibrium vapor pressure, we simulateqyo ¢4 is primarily driven by the intrinsic activation kinet-
droplet sizes at the exit of CFSTGC golumn f‘?f differest e of the aerosol (which here is parameterized as difference
andsc. S|mulat|ons suggest that the size qf activated drppletsm water vapor mass transfer coefficients (hewgg. This is

at t.he exit of the growth gorl1umn, orlglnau?g from partlc:es consistent with a slower timescale associated with adsorption
activating at samee and.W|t' same are almost identica ' . of additional multi-layers of water vapor than absorption of
suggesting that the activation theory has an almost negligiyyater from deliquesced aerosol (Seinfeld and Pandis, 2006;
ble effect on the final droplet size (not shown). Simulations Pruppacher and Klett, 1997)

(not shown) indicate that dry CCN size has a negligible effect

Instrument Supersaturation [%)]
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Data shown in Fig. 8 can be used to infer the waterimplied activation physics) is not substantially affected with
vapor uptake coefficient for dust by simulating dust CCN a deviation of as low as 5%.
growth within the CFSTGC. Figure 10 shows valuesxgf The xexp for regional dust samples and mineral aerosols
determined for different regional dust aerosols relative toinvestigated in this study was found to be in excellent agree-
(NH4)2S0Oy. Compared to (NR)2SO, calibration aerosol  ment with FHH-AT (mostly agreeing to within 10%) and one
(that activates according to classical KT), mineral dust CCNset of adsorption parameterdfyy ~2.25+ 0.75, Bryn ~
grows to smaller droplet sizes that implies slower growth 1.20+0.10). In contrast, KT cannot captungyp without
rate. When expressed in termsaf, it corresponds to an a hygroscopicity parameter that exhibits very strong size-
average 50% reduction imc. In absolute terms, ifec of dependence. This confirms the assessment of Kumar et
water upon deliquesced (NhpSO, aerosol is of order 0.2  al. (2009b) and further supports that FHH-AT provides more
(Davidovits et al., 2006), a 50% reduction would giveof realistic representation of fresh dust CCN activity than KT.
water upon dust-0.1. Thea tends to decrease as instru-  Using threshold droplet growth analysis, dust CCN was
ment supersaturation increases; at the highest supersaturipund to have a reduced growth compared to NSO,
tion, the amount of water adsorbediat is much lower than  calibration aerosol at the same instrument supersaturation.
for larger particles (low critical supersaturation). The kinet- This implies slower activation kinetics of dust relative to
ics of adsorption accelerates as the amount of adsorbed watéNH,4)>SO4 aerosol. These delays in activation by dust CCN,
increases (Pruppacher and Klett, 1997), so it is expected thathen parameterized in terms of the water vapor uptake coef-
ac would decrease with particle size. The literature value officient, «¢, translates to a 30—80% (average =50%) reduction
(6.3+0.7) x 102 determined for the water vapor uptake co- in «. (relative to the (NH)>SOy aerosol).
efficient on mineral dust (Seisel et al., 2005) is in agreement The samples studied here are representative of major re-
with the inferredx from the highest critical supersaturation gional dust sources, and the adsorption activation parame-
(e~ 0.065). The diversity of inferred uptake coefficients ters determined can be used to express their CCN potential
could also be related to the chemical heterogeneity betweem cloud droplet formation parameterizations developed by
samples. Kumar et al. (2009a). These parameterizations are valid for
Retarded activation kinetics may have an impact on the acfresh dust in the dust source regions and for transported dust
tivated droplet number in clouds that contain significant con-if it will not undergo significant atmospheric processing. A
centrations of dust CCN. It is shown by Nenes et al. (2002)combined KT and FHH-AT framework, however, may be
that a reduced. affects the water uptake in the early stages needed to accurately describe the CCN activity of aged dust,
of cloud formation (since droplets do not grow as rapidly); dry lakebed dust mixed with salts (e.g., Owens Lake, Tex-
this leads to a higher parcel maximum supersaturation angoco, and Aral Sea), and more generally dust particles with
hence a higher cloud droplet number. The extent of the im-significant amounts of soluble materials.
pact depends on the vertical velocity, CCN concentration and A major implication of this study is that freshly-emitted
the relative proportion of KT to FHH-AT particles. A thor- dust and mineral aerosols can act as CCN through the effects
ough assessment will be the focus of a future study. of water adsorption alone. In some cases, 100 nm dust par-
ticles can exhibit comparable hygroscopicity to an organic
species withc ~ 0.05 or a particle with (NH)2SO, volume
4 Summary fraction of 10%. Dust particles in the Giant CCN (GCCN)
size range will exhibit much lower apparent hygroscopic-
In this study, the CCN properties and droplet activation kinet-ity because of their lower surface-to-volume ratio. Whether
ics of aerosol generated from regional dust samples and inthe effects of adsorption is sufficient to make freshly emitted
dividual minerals (clays, calcite, and quartz) were measureddust GCCN act as a good collector drop is an open question
The aerosols were generated dry in the lab, and propertiekeft for a future study. Nevertheless, this study reshapes the
were measured using the Scanning Mobility CCN Analysisconceptual notion of dust CCN activity to one where freshly
(Moore et al., 2010). Including multiple charge corrections emitted insoluble dust particles can have an appreciable hy-
significantly increasedqry and decreasegky,. Dust non-  groscopicity (that depends on their surface-to-volume ratio)
sphericity was accounted for by converting from electrical which can be augmented through atmospheric processing.
mobility diameter,Dy,, to surface area equivalent diameter
such that the surface area available for adsorption can be ac-
counted for. Non-sphericity corrections were accounted for
by using the dynamic shape factgr= 1.3+0.2 as this range
covered published data for species considered in this study.
It was found that while the application of the shape factor
corrections to CCN activation data changes the dry activa-
tion diameters, it does so uniformly so that the magnitude of
the exponent derived from tg- Dyry relationship (hence the
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Nomenclature

Symbol  Units Description

Sc Critical supersaturation

X Power law exponent relating and Dgry
Dary m Dry CCN diameter

C m™ Power law constant

Xexp Experimental exponent

XEHH FHH-AT exponent

AFHH FHH adsorption isotherm parameter
BFHH FHH adsorption isotherm parameter

K Hygroscopicity parameter
D¢ m Critical wet diameter

AT K Thermal gradient

K Instrument supersaturation

ADy m Droplet size difference at OPC

D, m Droplet diameter

Pw kgm3 Water density

My kg mol! Molar mass of water

R JmoltK~1  Universal gas constant

T K Average column temperature

Pﬁzo mbar Equilibrium water vapor pressure

AHy Jmot?! Enthalpy of vaporization of water

D}, m?s~t Diffusivity of water vapor in air modified for
noncontinuum effects

Dy m?s1 Diffusivity of water vapor in air

ac Water vapor uptake coefficient

1A Jmls 1K=l Thermal conductivity of air modified for
non-continuum effects

My kg mol1 Mean molar mass of air

ka JmtstK-1 Thermal conductivity of air

Pa kgm=3 Air density

cp JK1 Heat capacity of air

ar Thermal accommodation coefficient

Seq Droplet equilibrium supersaturation

o Nm-1 CCN surface tension

Dh,0 m Diameter of water molecule

Fp N Drag force

X Dynamic shape factor

AR Aspect Ratio

Dn m Electrical mobility diameter

Dse m Surface-area equivalent diameter

Dye m Volume equivalent diameter

C(Dm) Slip correction factors foDp,

C(Dye) Slip correction factors foDye

A m Mean free path of the gas molecules

Dp m Diameter of the sphere whose projected area is equal

to that of the particle normal to the direction of flow
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