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Abstract. This study reports laboratory measurements of Based on the method of threshold droplet growth analy-
particle size distributions, cloud condensation nuclei (CCN)sis, wet generated mineral aerosols display similar activation
activity, and droplet activation kinetics of wet generated kinetics compared to ammonium sulfate calibration aerosol.
aerosols from clays, calcite, quartz, and desert soil sampleBinally, a unified CCN activity framework that accounts for
from Northern Africa, East Asia/China, and Northern Amer- concurrent effects of solute and adsorption is developed to
ica. The dependence of critical supersaturatignon parti-  describe the CCN activity of aged or hygroscopic dusts.

cle dry diameterDgqry, is used to characterize particle-water
interactions and assess the ability of Frenkel-Halsey-Hill ad-

sorption activation theory (FHH-AT) anddkler theory (KT) 1 |ntroduction

to describe the CCN activity of the considered samples. Wet

generated regional dust samples produce unimodal size disfhe ability of aerosols to act as cloud condensation nuclei
tributions with particle sizes as small as 40 nm, CCN activa-(CCN) can be characterized based on their size, chemical
tion consistent with KT, and exhibit hygroscopicity similar composition, and the level of water vapor supersaturation in
to inorganic salts. Wet generated clays and minerals producambient clouds. Mineral aerosol (or dust) has been recog-
a bimodal size distribution; the CCN activity of the smaller nized as an important atmospheric constituent because of its
mode is consistent with KT, while the larger mode is lessability to act as CCN, giant CCN (GCCN) (e.g., Rosenfeld et
hydrophilic, follows activation by FHH-AT, and displays al- al., 2001; Levin and Cotton, 2008), or ice nuclei (IN) (e.g.,
most identical CCN activity to dry generated dust. lon Chro- DeMott et al., 2003; Field et al., 2006). Despite its well rec-
matography (IC) analysis performed on regional dust sam-ognized importance, mineral aerosol poses a challenge in at-
ples indicates a soluble fraction that cannot explain the CCNmospheric models due to its compositional complexity, non-
activity of dry or wet generated dust. A mass balance and hysphericity and atmospheric lifetime leading to poorly quanti-
groscopicity closure suggests that the small amount of ionsgied dust-cloud interactions.

(from low solubility compounds like calcite) present in the  Mineral aerosol originates mainly from arid and semi-
dry dust dissolve in the aqueous suspension during the wedrid desert regions of the world (e.g., Sahara, Taklamakan,
generation process and give rise to the observed small hyand Gobi) and consists of clays (e.g., kaolinite, illite, and
groscopic mode. Overall these results identify an artifact thatmontmorillonite), carbonates (e.g., calcite, dolomite), iron
may question the atmospheric relevance of dust CCN activityoxides (e.g., hematite, goethite) and quartz (Lafon et al.,
studies using the wet generation method. 2006). Dust particles are often transported over long dis-
tances downwind from their source regions. During their
transport, dust particles undergo atmospheric processing to
form soluble species (like sulfates) on the dust surface (e.qg.,

Correspondence toA. Nenes Levin et al., 1996) that have important impacts on dust CCN
= (athanasios.nenes@gatech.edu) activity (Kelly et al., 2007).
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Two classes of theory have been proposed to describ@roperties of dusts, and selected minerals and clays. Contri-
the CCN activity of mineral aerosol: dhler theory (KT)  bution of the soluble salts present in fresh dust samples to
(Kohler, 1936), where hygroscopicity is driven by the dust CCN activity is also investigated. The results obtained
amount of solute in the dust, and, by more recent FHHhere are then compared against properties of fresh dust dry
(Frenkel, Halsey, and Hill) adsorption activation theory (AT) generated by a soft-saltation technique (Kumar et al., 2011).
(Sorjamaa and Laaksonen, 2007; Kumar et al., 2009a, b) thafhe effect of wetting dust and mineral samples in aqueous
explicitly considers the effect of water vapor adsorption onsolution to generate aerosol and its implication to particles
the dust surface. Almost all published experimental stud-number size distributions, CCN activation, and droplet acti-
ies on CCN activity of fresh dust (e.g., Koehler et al., 2009; vation kinetics is provided in Sects. 4.1, 4.2, and 4.3, respec-
Herich et al., 2009) parameterize laboratory observations ustively. The contribution of soluble salts to dust CCN activity
ing the KT framework on the assumption that dust CCN ac-is also evaluated in Sect. 4.4. Finally, Sect. 5 discusses impli-
tivity is controlled solely by the amount of soluble salts in cations for dust-warm cloud interactions and presents a new
the mineral aerosol, with the insoluble fraction not affect- CCN activity framework that combines both solute and wa-
ing water activity. However, studies that measured solubleter vapor adsorption effects for dust-cloud interactions. The
ions composition on dust samples collected from various dustonclusions and summary of this work is presented in Sect. 6.
source regions (e.g., Song et al., 2005; Radhi et al., 2010) in-
dicated negligible amounts of soluble salts. In a recent study2
Kumar et al. (2011) compared the power law exponent de-
rived from the experimental — Dqry relationship with those 5 ¢ Regional dust samples and individual minerals
determined from FHH-AT and KT, and suggested that FHH-

AT is a better representation than KT for CCN activity of Aerosols from regional soil samples and individual min-
dry generated dust devoid of a soluble fraction. However,erals/clays were generated and characterized in this study.
Kumar et al. (2009a) found that KT applies for dusts with a Niger soil collected from the Sahel source region°@BN,
considerable salt fraction such as those generated from dry°3g E) was used as representative of African dust. Asian
lakebed mixed with salts (e.g., Owens Lake; Koehler et al. soil samples were collected from five different East Asia
2009) or mineral dust exposed to considerable cloud procesgchina) desert locations (Soil 1, eastern edge of the Hexi cor-
ing or aging (Levin et al., 1996). Based on this, Kumar etridor; Soil 2, south-eastern edge of the Tengger Desert; Soil
al. (2009a) suggested combining KT and FHH-AT to com- 3, central Tengger Desert; Soil 4, south-eastern edge of the
prEhenSively describe CCN aCtiVity of mineral aerosol (Wlth Taklamakan Desert; Soil 5, southern edge of the Hunshan-
droplet nucleation occurring via both adsorption and solutegake Desert). Commercially available Arizona Test Dust was
effects) throughout its atmospheric lifetime. To account for |so used in measurements. Analyzed individual minerals in-
adsorption activation CCN in atmospheric models, Kumarcjyded several clays (kaolinite, illite, and montmorillonite)

et al. (2009b) developed a cloud droplet formation param-and calcite. These minerals were aerosolized as purchased,
eterization where the CCN constitutes an external mixture ofyith no subsequent treatment prior to atomization.

soluble aerosol (that follow KT) and insoluble aerosol (that
follow FHH-AT). 2.2 Measurements of CCN activity and droplet

Recent laboratory measurements of CCN activity of dust activation kinetics
and calcium minerals (Hatch et al., 2008; Koehler et al.,
2009; Herich et al., 2009; Sullivan et al., 2009), subsatu-The laboratory setup employed to characterize the CCN ac-
rated hygroscopicity measurements (Gustafsson et al., 200%ivity and droplet activation kinetics of the regional dust sam-
Vlasenko et al., 2005; Herich et al., 2009), size distributionsples is described in detail by Kumar et al. (2011) and Badr
and chemical reactivity (Hudson et al., 2008; Gibson et al.,et al. (2010) and briefly summarized here. Aerosol is gen-
2006), and ice cloud particle nucleation (e.g., Koehler et al. erated by atomization of a dust-water suspension containing
2009) have utilized the well-established technique of gener2.0+ 0.4 gram of regional dust (mineral/clay) in 100 ml of
ating aerosol via atomization from an aqueous dust susperhigh purity DI (18 g-grade) water. The atomized droplets are
sion. Recently, Sullivan et al. (2010) showed that wet atom-then dried by passing through two silica gel diffusion dryers
ization of calcium minerals with considerably low solubility that maintain a relative humidity less than 5%. The result-
in water (typical of mineral aerosol composition) can induceing polydisperse dry aerosol is then passed through a 1 pm
artifacts in the dust properties to the point where they mayimpactor and a series of Kr-85 bipolar chargers to achieve an
not represent dust aerosols in the atmosphere. This has netjuilibrium charge distribution. The aerosol is then sentto a
been explored for atmospheric dusts and minerals or clays. Differential Mobility Analyzer (DMA, TSI Model 3081) that

In this study, CCN activity and droplet activation kinetics classifies and size-selects the aerosol based on their electrical
measurements of regional dust and mineral aerosol generatedobility. The aerosol sample flow rate of 11mihis used
by wet atomization technique are performed to quantify bi-with a sheath flow rate of 5Imirt to select particle sizes
ases introduced in the observed CCN activity and physicaup to 500 nm in electrical mobility diameter. The classified

Experimental methods
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aerosol is then mixed with filtered air before being split into 2.3 Soluble ions measurements

two streams. One stream is sent to a Condensation Par-

ticle Counter (CPC, TSI Model 2010) that measures Con-2.3.1 Particle sample collection

densation Nuclei (CN) concentration. The second stream is

sent to a Droplet Measurement Technology (DMT) Continu-A 12 stage Micro Orifice Uniform Deposition Impactor
ous Flow Streamwise Thermal Gradient Chamber (CFSTGC(MOUDI, Model 110, MSP Corp.) was used to collect dry
Roberts and Nenes, 2005; Lance et al., 2006) to measurgenerated and size-resolved particles to determine their sol-
the fraction of aerosol that act as a CCN for supersaturationgble fraction. The stage cuts of MOUDI are 18.0, 10.0, 5.6,
ranging between 0.2 % and 1.0%. The CCN instrument su3-2, 1.8,1.0,0.56, 0.32, 0.18, 0.1, and 0.056 pm aerodynamic

persaturation was calibrated with (MHSO, aerosol using ~ diameter, plus an after filtek{0.056 pm). The flowrate of the
the procedure described by Kumar et al. (2011) MOUDI is set to 301 mil’Tl. The collection substrates used

CCN activation curves, aerosol size distribution and in the first 11 Stages include 47 mm Aluminium foil disks. A

droplet size distributions are obtained using Scanning Mobil-thin layer of Heavy-Duty Silicone Spray (MSP corp.) is ap-
ity CCN Analysis (SMCA) (Moore et al., 2010). SMCA re- plied to the foil substrates to minimize particle bounce. The
lies on the principle of continuously scanning DMA voltage Substrates were weighed before and after the sampling us-
over time to determine particle size based on electrical moing weighing scale (OHAUS Corp., AR0640) to determine
bility. During SMCA, the supersaturation in the CFSTGC is the mass of dust deposited at each impactor stage. To ensure
maintained constant (between 0.2 % and 1.0 %) with aerosopufficient mass for composition measurements, sample col-
flow rate set to 0.5Imin! and sheath-to-aerosol ratio of lection is done for several hours, and grouping of substrates
10:1. Aerosol size distributions are measured using a SMp&/as performed. Stages corresponding to aerodynamic diam-
(Scanning Mobility Particle Sizer) composed of a TSI Model €ters greater than 1.0 um were grouped and will be referred
3081 DMA and a TSI Model 2010 CPC. to as coarse mode. Aerosol particles collected at stages with
CCN activity is expressed in terms of minimum dry di- aerodynamic d_iameters equal to and less than 1.0 um will be
ameter,Dary Of particles that activate into cloud droplets at referred to as fine mode.
a critical supersaturatione. Dgry is determined by fitting The dry aerosol collected in the MOUDI was generated
a sigmoid curve to the experimentally determined CCN tofollowing Kumar et al. (2011). Approximately 10-15grams
CN concentration ratio with respect to dry particle diame- Of the desired sample was introduced in the 1000 ml sealed
ter. Dry critical diametedery is then the diameter for which Erlenmeyer flask attached to a Burrell-Wrist Action Shaker
50 % of the particles activate atequal to the instrument su- (Model 75). Compressed filtered air is introduced into the
persaturation. The contribution from larger multiple chargedflask that generates polydisperse fine aerosols by mechanical
partides (|n this Study, up to +3) are accounted for using thediSintegration (Saltation) with a distribution that resembles
approach of Moore et al. (2010). the natural size distributions of dust particles generated in
Droplet activation kinetics for dust CCN is also inferred source regions (Lafon et al., 2006).
using SMCA. This is done by comparing the droplet sizg, )
at the optical particle counter (OPC) of CFSTGC for parti- 2-3-2 lon chromatography analysis
cles generated from regional dusts with that from calibration
(NH4)2S0Oy aerosol withsc equal to instrument supersatu-
ration. The calibration is used as a standard of activatio

After particle collection, the substrates were placed in a Nal-
rgene HDPE bottle with 20—-24 ml of 18 g-grade deionized

kinetics. If Dy is lower than the calibration, the dust may (P!) water for extraction. Each bottle was sonicated and
be subject to kinetic retardations. This technique is called’€ated 'nr? watler. bath (at(;‘]O C,”Pado etal, I2?10) ;;Of
“Threshold Droplet Activation Kinetics (TDGA)”, and has ?5m|n. The solution was then a qvved tp cool for 3h and
been successfully used in a number of in-situ and Iaborator);'Iterle%lthroughl a 0.45 pmdpt()jr_e syrllnge filter to remove the
studies (Bougiatioti et al., 2009; P&det al., 2010, Kumar insoluble particles suspended in solution.

etal., 2011). As the comparison is made against{NEO, The concentration of.major ions in the filtered extrapt so-
aerosol that activates according to KT, uncertainty is intro-ution was measured with lon Chromatography (IC, Dionex
A Model DX500). The IC used in this study has two

duced in the determination of activation kinetics by TDGA, h -
(owing to the difference in critical wet diameter between KT channels allowing concurrent measurements of anions and
cations. Anions were measured using an AS11 column,

and FHH-AT particles). However, a computational fluid dy- : .
namics model of the CCN instrument (Kumar et al., 2011) 2" ASRS ultra-suppressor, and a gradient elute of sodium

can be used to comprehensively simulate the growth of cCcNydroxide. — Cations were determined using a CS12 col-
and appropriately account for size shifts from differences intMn @nd CSRS ultra-suppressor and methanesulfonate acid

KT and FHH-AT. Any residual droplet size difference can be gluent. Anions measured mclgded acetat@".(g)z ), chlo-

attributed to delayed activation kinetics and parameterized a§de (CI), formate (HCOO), nitrate (NG} ), nitrite (NG, ),

changes in the water vapor uptake coefficiegt, oxalate (GO;") and sulfate (S§). The cations mea-
sured were ammonium (NH, calcium (C&"), potassium
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(K*) and sodium (N&). The ion concentrations obtained directly compare the hygroscopicity of aerosol over a wide

from IC measurements were then used as input for theange of composition, witk — 0 for completely insoluble

ISORROPIA-II thermodynamic equilibrium model (Foun- material tox — 1.4 for NaCl (the most hygroscopic of atmo-

toukis and Nenes, 2007) to predict the mixture of inorganicspheric aerosol species).

salts present in the samples. Whenk > 0.2, « can be obtained from¢ — Dqgry pairs
given by the following approximate expression:

3 Experimental analysis ) 443
To describe the CCN activity of dust particles, two phenom- 27D§'rysc2
ena must be accounted for: (i) the effect of adsorption of wa-

ter vapor on the insoluble dust particles represented by th&vhere A = ‘ﬁ?{%, sc is the instrument supersaturation, and
FHH adsorption activation theory (FHH-AT) (Kumar et al., Dgry is the minimum dry particle activation diametersgt
20094, b), and, (ii) the effect of solute (which may be present_ower values of (e.g.,x < 0.05) that are more relevant to
in freshly emitted dust or formed during atmospheric ag-the dustsc — Ddry €xperimental relationships are calculated
ing) represented by the Raoult effect ibkler Theory (KT)  from the numerical solution of:

(Kohler, 1936).

)

3
§= dowMyy . DdryK
3.1 FHH Adsorption Activation Theory (FHH-AT) RTowDp D3 — Dgry(l— K)

®)

The AT used here is developed with the multilayer FHH ad-All studies on dust CCN activation, with the exception of
sorption isotherm model (Sorjamaa and Laaksonen, 2007Kumar et al. (2011), have parameterized dust CCN activity
Kumar et al., 2009a,b) and contains two adjustable paramusing the«-KT approach, implicitly assuming that CCN ac-
eters @rpH and Beyp) that describe the contribution of wa- tivity of dust is governed by its small soluble fraction.

ter vapor adsorption on CCN activitdryn, Brnn are de-
termined by least squares fitting of the observgdDqry to
the maxima of the FHH-AT water vapor equilibrium curves
(Sorjamaa and Laaksonen, 2007; Kumar et al., 2009b): 41  size distributions

4 Results and discussion

~BFHH
5= dowMw FHH<DP_Dde) (1) Figure la compares the particle number size distribution
RTowDp 2Dn,0 of aerosols generated from the Niger dust sample (brown
squares) and Soil 2 (blue circles). Size distributions were
generated using either the dry soft-saltation method (open
symbols) described in Kumar et al. (2011) or the wet at-
;©omization method (solid symbols). While both generation
methods produce particles with a unimodal size distribution
(Fig. 1a), the sizes of particles are significantly different.
For instance, wet generated Niger dust (brown curve) has a

sure of the particle hydrophilicity with loweBry values ~ Mean diameter of-40nm while dry generated dust peaks at
corresponding to a more hydrophilic particle. &suy in- ~450nm. Similar differences are observed for Soil 2 (blue

creases, particles become less hydrophilic and resemble ifgurve) where median dlameters. are 41 nm and 400 for wet
soluble (but wettable) particles that follow the Kelvin equa- 2d dry generated dust, respectively. This demonstrates that
tion (Kumar et al., 2011). Kumar et al. (2011) found that the parhclgs generated via wet atomization technique can be up
CCN activity of dry generated aerosols from regional dustto ten times smaller than those generated by the dry saltation

wheres is the supersaturatiomyqry is the dry CCN diarpe—
ter, Dn,0 is the diameter of water molecule (equal to 24,5
Kumar et al., 2009b)Dy, is the droplet diametess, is the
CCN surface tension at the point of activation (Pruppache
and Klett, 1997),0y is the water densityM,, is the molar
mass of waterR is the universal gas constant, afids the
average column temperature. The valueBgfyy is a mea-

samples considered in this work, are well described by FHH-EChnigque. o

AT with Appy = 2.2540.75 andBepy = 1.20-£0.10. In the case of ATD, the wet atomization method gener-
ated a bimodal dry size distribution (Fig. 1b) with a domi-

3.2 k-Kohler Theory (k-KT) nant first peak centered at a modal diameter85 nm, and

a second peak with reduced number concentration centered
The CCN activity of an aerosol particle with appreciable at a modal diameter240nm. For comparison, the num-
amounts of solute can be described usinghl€r theory  ber size distribution for ATD generated by the dry technique
(KT). In this study, solute effects are parameterized using thgFig. 1b) produces a peak centereccaB40 nm. This sug-
hygroscopicity parametet, approach (Petters and Kreiden- gests that the second observed peak in the wet generation
weis, 2007) that collectively accounts for the density, molarmethod could be primarily dust particles internally mixed
mass, and dissociation effects of solute on water activity (thewith material from the first hygroscopic peak. Similar be-
Raoult term in the Khler equation). The can be used to havior was also observed for kaolinite particles (Fig. 1b).
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Fig. 1. Particle number size distribution measured by the SMPS system via dry generated and wet generated techfayMégeioSoil
and East Asian Soil Zpb) ATD and Kaolinite,(c) lllite and CaCQ@ and(d) Montmorillonite (Na-rich and Ca-rich).

Dry and wet generated size distributions are provided as in- Most commonly found clay minerals in regional dust sam-
ples are kaolinite, illite, and montmorillonite (Usher et al.,

set in Fig. 1b; bimodal distribution with peaks-a84 nm and

~300 nm are seen. For dry generated kaolinite aerosol, how2003). Depending on the aluminosilicate layer-layer inter-
ever, a unimodal distribution is observed with a peak cen-actions (charge-countering cations, van der Waals forces, or
tered at~500nm. A similar behavior in terms of the bi- hydrogen bonds), clays can be classified as swelling or non-
modal distribution (with the dominant peak at smaller sizesswelling (Farmer, 1974). lllite and kaolinite are non-swelling
and minor peak at larger sizes) was observed by Sullivan etlays because of strong inter-ionic and hydrogen bond in-
al. (2010) for the Solvay calcite system. teractions that prevent expansion in the presence of water.
Like in the case of ATD and kaolinite, a bimodal size In contrast, montmorillonite can contain unbounded™Na
distribution is observed for wet generated illite and CaCO and Ca ions that can hydrate in the presence of water and
particles (Fig. 1c). However, the relative strength of both make clays swell. The differences in interactions of water
modes is reversed, with the peak-a87 nm diameter be- with the internal clay structure may lead to large changes in
ing less prominent than that observed-dt60 nm. Similarly  the particle size distributions for montmorillonite clay (Na-
for wet generated CaC{aerosol (solid blue circle), the mi- rich and Ca-rich) generated via the wet atomization and dry
nor and major peaks were centered-@3 nm and~200nm,  soft-saltation techniques (Fig. 1d). It can be also inferred
respectively. Dry generated illite (open brown) and CgCO that swelling (montmorillonite) and non-swelling (illite and
(open blue) aerosols exhibit a unimodal size distribution withkaolinite) clays produce the systems with different particle-
a mean diameter460 nm and~250 nm, respectively. water interactions in aqueous solutions. This difference in
water interaction is also consistent with previous studies on

www.atmos-chem-phys.net/11/8661/2011/ Atmos. Chem. Phys., 11, 8662011
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0.7 N \ Table 1. CCN activation results — experimental exponents, and hy-
= 0.6 groscopicity parametex | for regional dust samples generated from
= 0.5 K o wet atomization method. Results from dry-generation experiments
5 AT are also shown for comparison.

s 0.4 TR0 \ L .

5 RN Soi t 3

‘g 0.3 u Soil 1 \\ \ - [ IR £ Ol Xexp (We ) K xexp ( ry)

5 " Soil 2 \\;q S Niger  —1.63  0.26 —0.79+0.02+(0.04)
= = Soil 3 o fd‘ AN Soil 1 -1.63 0.39 -0.84+0.02+(0.05)
@ 0.2 {=Soil4 \ \ te Soil2  —1.56  0.48 —0.82+0.02+(0.05)
8 :‘T’['f ‘\ M Soil3  —171  0.34 —0.92+0.03+(0.05)
x Niger Dry % \ \ Soil 4 -1.73 0.44 —0.88+0.03+(0.04)
o BSoil 1 dry \gr& \\ \\ Soil g —-1.53 0.17 —-0.78+0.03 +(0.05)

o ATD Dry \\ \ . ATD -2.16 0.40 -0.82+0.02+(0.04)

40 120 280 480 @ represents experimental exponent determined from dry generation method Kumar et

al. (2011). Values in parentheses indicate change in magnitudggfrom change in
dynamic shape factor between 1.1 and 1.5.
b Two peaks were observed for ATD. Wet atomization values here represent experi-

Fig. 2. CCN activation curves for different dust types considered Mental results from the first (most hygroscopic) peak.

in this study. Solid symbols refer to wet generated CCN activity

and solid lines show-KT fits. Open symbols refer to dry gener-

ated CCN activity and dashed line are FHH adsorption activation(NH4)2S04 (k = 0.61). In the case of ATD, a bimodal size

fits (Data obtained from Kumar et al., 2011). Also shown in black distribution was obtained (Fig. 1b). While performing CCN

dashed lines are-KT lines. activation measurements on wet generated ATD aerosol, al-

most all particles of the second peak activated (with an acti-

o _vation fraction~1.0). Therefore, in this analysis we fit a sig-

hygroscopicity measurements where water uptake ability ofyoig curve to the experimental points of activation fraction

montmorillonite was found to be similar to that of zeolite generated from the dominant first mode. Results indicated

that contains internal pores for water adsorption (Schuttlehat the CCN activity of wet generated ATD can be param-

field et al., 2007). Observed differences in water interac-gierized withe = 0.40 (compared ta < 0.05 for dry gener-

tlons_also manifest as_dlfferences in CC_:N activity betweengigq ATD). Asxexp is expected to range betweerd.8 (cor-

swelling and non-swelling clays (shown in Sect. 4.2.2). responding to FHH-AT) and-1.5 (corresponding to KT),

the unusuakexp (equal to—2.15) for ATD can be a conse-

quence of sparingly soluble species such as Ga@adp

and Nenes, 2007), a strong size-dependant composition or

activation physics (AT vs. KT).

The CCN activity { versusDgry) measured for wet gener- Kumar et al. (2009a, 2011) showed that the valueQp
ated dust aerosol is presented in Fig. 2. The KT fits to thecan be used to infer the mechanism that dominates particle-
experimental data are shown with solid lines. For compari-water interaction (i.e., adsorption or soluteyexp~ —1.5
son, the CCN activation curves for dry generated dust (opernndicates that the solute effect dominates (hence KT ap-
symbols) are also shown with their corresponding FHH-AT plies), whilexexp between-0.8 and—1.2 indicates the dom-
fits. It is evident that the wet generated particles were sig-inance of the water vapor adsorption effect (hence FHH-AT
nificantly more CCN active than those generated from theapplies). When this is applied to the wet generated data,
dry soft-saltation technique. For all wet samplesianges it is seen from Table 1 thateyp differs significantly from
between 0.15-0.61, which is considerably higher than thehose determined by dry generation (Kumar et al., 2011).
equivalentx (=0.05) for dry generated dust (Kumar et al., For almost all wet generated regional dust aerosqlg, is
2011). Increased hygroscopicity after wetting is consistent~ —1.5 (with the exception of ATD; Table 1), while a much
with previous studies on dust-CCN activity that used similarlower xexp ~ —(0.9+0.2) was observed for dry generated
wet generation techniques (e.g., Koehler et al., 2009; Hericldust aerosol. Thus FHH-AT describes fresh dry dust-CCN
etal., 2009). activation, while KT describes wet generated dust CCN ac-
It can be seen that within experimental uncertaintyy, tivity. An xexp~ —1.5 andx ~ 0.4 correspond to an aerosol
for all wet-generated dust types (with the exception of ATD) mostly composed of soluble salt. The IC analysis, however,
is about—1.5. This suggests that KT provides a good frame-shows negligible amounts of soluble salts present in the dust
work for representing CCN activity in this case. The hy- (Sect. 4.4). This, together with the very small size of the par-
groscopicity parametek, for wet-generated Niger, Asian ticles generated confirms that the process of wet generation
and ATD samples were found to be slightly below that of for mineral aerosol leads to particles that do not resemble the

Critical Dry Diameter [nm]

4.2 CCN activation results

4.2.1 Regional dust samples
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Fig. 3. CCN activation curves for wet generaté lllite at supersaturation equal to 0.5 % (open blue square) and supersaturation equal to
0.3% (open brown squareh) ATD (open blue square) and Kaolinite (open brown circle) at supersaturation equal to 0.2 %) Biad
Montmorillonite and Ca-Montmorillonite at supersaturation equal to 0.3 % (open blue square) and supersaturation equal to 0.55% (open
brown circle). Also shown in dashed lines are normalized particle number size distributions for wet generated sample. The sigmoid curve
(thick line) is fit to CCN activation data points.

dust suspended in the atomizer (likely composed of solublgFig. 1¢) and double activation curve (Fig. 3a). A similar be-
salts leached off the original dust), hence the measured phydavior was observed for kaolinite and ATD (activation curves
ical and chemical properties are likely subject to significantshown in Fig. 3b). However for kaolinite and ATD, the CCN
artifacts. A possible explanation for differences in activation data §c — Dqry relationships) could only be determined from
mechanisms between dry and wet generated dust is providetthe dominant first peak. This is because for kaolinite, too

in Sect. 4.4. few particles were generated in the minor second peak, while
o _ for ATD, almost all particles of the second peak activated
4.2.2 Individual minerals and ATD samples even at the lowest supersaturation. For swelling montmoril-

o . lonite clays (both Na-rich and Ca-rich), only one set of acti-
The CCN activation curves for wet generated illite, ATD, yation data points was obtained as a unimodal size distribu-
kaolinite and montmorillonite aerosols are shown in Fig. 3.jon (Fig. 1d) that produced broad activation curves (Fig. 3c).
Two sets of CCN activation data were obtained for illite Th;s js consistent with the broad size distributions obtained

and calcite, reflecting the size-dependent change in comporyy wet generated montmorillonite aerosol (Fig. 1d).
sition confirmed by the presence of bimodal size distribution
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Table 2. CCN activation results — experimental exponent, hygroscopicity paramgt@dsorption parameterd gy, BFyn) for clays and
calcite sample generated from wet atomization method.

Mineral Xexp K AFHH  BFHH xékxp

llite (Peak 1) —-1.63 0.58 —0.92+0.03 +(0.05)
lllite (Peak 2) —0.60 3.00 1.27 —0.92+0.03 +(0.05)
Kaolinite —-157 047

Ca Mont —0.76 1.09 1.04 -0.88+0.02+(0.05)
Na Mont —0.99 0.87 1.00 -0.93+0.02+(0.04)
CaCQy (Peak1l) —-1.46 1.00 —0.75+0.02 +(0.05)
CaCQ; (Peak 2) —0.89 1.74 1.22 -0.75+0.02+(0.05)

* represents experimental exponent determined from dry generation method Kumar et al. (2011). Values in parentheses indicate change in magrfitoiiecbiinge iny
between 1.1 and 1.5.

09 1= < < Table 2 shows the values of the experimental exponent,
—_ '\ .‘\\ R Xexp: determined from measurements of the- Dyyy rela-
= “t EX\Y tionships for individual minerals and clays generated by wet
5 N\ ‘.;‘ atomization method. Here was obtained by fitting.-KT
'g NN to the CCN activation data corresponding to the more hygro-
,3 “3\ ‘\“\\\0 scopic peak and adsorption parameteig{; and Beyn) de-
0 N N termined from fitting FHH-AT to the less hydrophilic peak.
8 ’a > Similar to wet generated regional dust aerosol, clays and cal-
a cite yieldx approaching values characteristic of soluble inor-
L 3 ganic salts (withe for the first peak of CaC&being as high
E‘E’ = lliite - 1st Peak 0 llite - 2nd Peak Kaolinite - 1st Peak as 10) Thexexp from thesc — Ddry relationship from the
o nz':c"g‘;'ftz“:‘g"','";’a'l‘(“e :ﬁ;t':';’[')‘r‘:)’°””°""e 'ﬁ:‘ﬁgr;tl(s;;e)ak CCN activation of the first peak is alse —1.5 (Table 2).

0.1 A CaC03 (Dry) This suggests that particles generated in the more hygro-

) 25 250 500 scopic peak follow activation according to KT. Thggp from

thesc — Dqry data of the less hydrophilic peak is much lower
and closer £10 %) to xexp determined from dry generated
dust that follow FHH-AT. Furthermore&3ryn obtained from
wet generated dust is 1.200.20. This value is similar to

refer to wet generated CCN activity and dashed lines shd&l BFH'I" ez%ual to 1]'.2@: 0.10 for gry generated duzt (K“T”ar
fits. Open triangle &) refers to dry generated CCN activity and €t &l 2011). This suggests that water vapor adsorption on

solid lines are FHH adsorption activation fits (obtained from Kumar duslt is reversible, and'rgp.resent's the fate of 'Fhe dust parti-
etal., 2011). cle in the atmosphere if it is subjected to multiple evapora-

tion/activation cycles.

Critical Dry Diameter [nm]

Fig. 4. CCN activation curves for different mineral and clays types
considered in this study. Solid and open squdlle [l) symbols

Fl_gure 4 presents the CCN ac_t|V|ty for Wet_ generated4_3 Droplet activation kinetics
calcite and clays considered in this study (solid and open

squares). For comparison, the CCN activity for dry generatedrpga is used to study the CCN activation kinetics of wet
minerals (open triangles) is also shown. For samples with evyyst and is based on compariiiyy measured by the OPC
ident. multi-modal actiyation, the mo;t hygroscopic mode.canat the base of CFSTGC for the sample CCN against that of
readily be para_meterlzed KT, whllle.the second pegk IS (NH4)2S0y calibration aerosol. If droplet size®f) from

well parameterized by FHH-AT and is in agreement with the g5t CCN are smaller than those from calibration aerosol
CCN activity of dry generated species. This suggests that theith sames. and for identical conditions of instrument su-
particles generated in the second peak of wet distributiongyersaturation), this suggests that mineral aerosol may experi-
may be closer to the dry generated aerosol as discussed bgpce slower growth during their residence time in the instru-
low. The intrinsic hygroscopicityin: (Sullivan et al., 2010)  ment. However, if activated droplet sizes are indistinguish-
ofa I|m|tfed solubility compound sych as CagBequalto gpje (within experimental uncertainty) from (MBSO
0.97. This value compares well with= 1.0 for the more hy-  gata wet generated mineral aerosol would exhibit activation

groscopic wet generated Cagfeak (Fig. 4) and provides a  yinetics similar to (NH)2SOx calibration aerosol.
potential cause for the more hygroscopic KT-like CCN acti-

vation data for wet generated regional dusts.
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Fig. 5. Activated droplet sizes of wet generated mineral dust CCN Fig. 6. Activated droplet sizes of wet generated clays and calcite

with s¢ equal to the instrument supersaturation. Error bars represen€CN with s¢c equal to the instrument supersaturation. Error bars

variability in droplet sizes as measured by the OPC at same instrurepresent variability in droplet sizes as measured by the OPC at
ment supersaturation. Dashed lines represgn®5 pum variability ~ same instrument supersaturation. Dashed lines repre€e®6 pum

in (NH4)2SOy droplet sizes. variability in (NHz)2SOy droplet sizes.

Activated droplet sizes obtained for the wet generated re- Faster activation kinetics of wet generated dust (compared
gional dusts are shown in Fig. 5. Droplet sizes similar toto dry dust) would imply that the fresh dust in the source
those generated by (NDbSO4 aerosol were observed. This regions would behave differently to cloud processed dust
suggests that wet generated dust aerosol exhibits activatiodownwind of its source region that has undergone multiple
kinetics similar to (NH)2SO4. In some cases, droplets gen- activation/evaporation cycles. This would also mean that
erated from wet dust aerosol appear to grow 5 % larger comfresh and cloud processed dust would behave differently even
pared to pure (Ni)2SOs aerosol. Given the 0.5um un- when exposed to the same levels of cloud supersaturation.
certainty (associated with the binning scheme) of the OPCTThis is of significance for both Saharan and Asian dusts
this larger size is statistically insignificant. A similar be- given that large regions of the world are affected by their
havior was also observed for clays and calcite wet generatethid- and long-range transport. Whether a fresh or cloud
(Fig. 6). The CCN number concentrations in the experimentgrocessed dust has more significant impact on cloud droplet
(either calibration or dust activation) was at mest000—  number would also depend on activation physics and time
1500 cnt2 at Dgry So that water vapor depletion effects on scales of cloud formation. These issues are further addressed
CCN concentration and wet droplet diameter are not impor-in Sect. 5.
tant (Lathem and Nenes, 2010) and thus not attributing to
increased droplet sizes for dust CCN. 4.4 Contribution of soluble ions to hygroscopicity

The results presented here suggest that the activation ki-
netics of wet generated dust are distinctly faster than for dryPrevious studies on dust CCN activity (Koehler et al., 2009;
generated dust (expressed by a 30-80 % reduction in effedderich etal., 2009) attributed increased hygroscopicity of the
tive water vapor uptake coefficient relative to (NpSOs wet generated dust aerosol to the presence of soluble salts
aerosol). This result suggests that dust particles that aIreaogn dust particles. Kumar et al. (2009a) raised doubts to this
have been wetted in the atomizer have sufficient water covbased on the slope of the — Dqry relationship. Sullivan
erage to display rapid activation kinetics. It is possible thatet al- (2010) confirmed this for calcite as a negligible mass
the wet generated aerosol is not aggressively dried; it ma);raction of soluble salts in calcite aerosol was found using
therefore retain a few monolayers of water on its surface andCP and SEM-EDX. Here we further address this issue by
accelerate the rapid re-condensation of water in the CFSTG@EXamining the soluble fraction of the regional dust and clay
(as the water uptake, hence growth kinetics, becomes pros@mples and relating it to dust CCN activation.
gressively more rapid with amount of adsorbed water; Ku- The IC analysis was performed on the ATD, Niger, Soil 4,
mar et al., 2009a). Rapid activation kinetics is expected forand Soil 5 samples as they represent the globally-important

particles primarily composed of soluble salt (which corre- dust source regions. For finec{ pm) and coarse>(1 um)
spond to the higk particles in Figs. 2 and 4). samples, the ionic concentration obtained from IC (in terms
of mg~1) is converted to dry ionic mass composition (based
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Table 3. Properties of inorganic salts potentially extracted from regional soil samples. Properties obtained froet Baq2010).

Salt Chemical Molar Mass 0 K
Formula (gmotl)  (gem3)
Sodium Nitrate NaN@ 84.99 2.25 0.88
Sodium Sulphate NSOy 142.04 2.68 0.85
Sodium Bisulphate NaHSPO 120.06 2.74 0.82
Sodium Chloride NaCl 58.44 2.16 1.40
Ammonium Chloride NHCI 53.49 1.52 1.46
Ammonium Nitrate NHNO3 80.04 1.50 0.64
Ammonium Sulphate (NE)2SOy 132.14 1.77 0.60
Ammonium Bisulphate NRHSOy 115.11 1.79 0.53
Calcium Sulphate CaSp 136.14 2.32 0.01
Calcium Nitrate Ca(N@)2 164.00 1.82 0.40
Calcium Chloride CaGl 110.98 2.15 0.70
Potassium Sulphate A0, 174.27 266 0.69
Potassium Bisulphate KHSO 136.17 2.24 0.59
Sodium Carbonate NEO3 105.98 254 130
Ammonium Carbonate  (NlJ>CO3 96.09 1.50 0.84
Potassium Carbonate KO3 138.20 2.29 0.90
Calcium Carbonate CaCp 100.08 2,71 0.001

Table 4. Soluble volume fractioneg), insoluble volume fraction A closure analysis for was performed by comparing the
(&), and inferred hygroscopicity parametar) (for mineral dust ~Measuredccen against predictionsifyix) using a volume-
aerosol samples. Uncertainties in volume fractions are estimated@verage mixing rule (Petters and Kreidenweis, 2007):

to being less than 0.3 %.

Kmix=Zngj )
Sample €soluble  €insoluble  Kmix !
ATD — Coarse  0.007 0.993  0.003 For all of the eight samples analyzed in this study, an excess
ATD — Fine 0.009 0.991 0.004 of cations was found, with G& being the most dominant
Niger — Coarse  0.004 0.996  0.001 unbalanced cation. Since IC analysis did not measuré‘co
Niger — Fine 0.003 0.997  0.001 we postulate that all of the excess cations were balanced by
Soil 4 —Coarse  0.014 0.986 0.003 CO%‘, resulting in carbonate salts in the form of Ca{ZO
Soil 4 — Fine 0.086 0.914  0.016 This is consistent with findings of Claquin et al. (1999) that

Soil5—-Coarse  0.003 0.997 0.001

: : show calcite to make up to 30 % of the dust composition. Ta-
Soil 5 - Fine 0.003 0.997 0.002

ble 4 shows the inferred volume fractions of soluble salt and
insoluble species from ISORROPIA-II along with the cor-
responding hygroscopicity parametef) determined using
Eqg. (5). It can be seen from Table 4 that the infenegg for

on the amount of DI water used to prepare the aqueous X samples is much smaller than that determined from the

tract;) and converteq to a mixture of salts, each with a Mas3bserved CCN activity of dry generated dust aerosol. This
fraction m; by applying the ISORROPIA-Il model (Foun- confirms that the presence of soluble fractions alone cannot

?#g'so?nﬁgzgiﬁbﬁogg fs?;nsticnbeqsIr;oimr?:a-d(ioslggll- explain hygroscopicity observed in the original dust samples,
volu : u eei | pu further supporting that the CCN activity observed by Kumar

lows: et al. (2011) for dry generated dust aerosol originated from

g = mi/pi (4) water vapor adsorption onto the insoluble dust surface.
2_(m/p); It was previously suggested by Koehler et al. (2009) that
J

the presence of soluble contaminants in dust can be attributed
where j refers to all substances present in the aerosol (solto enhanced hygroscopicities in CCN activation measure-
uble and insoluble). Table 3 contains information on thements performed on wet generated dust aerosol. For the
properties (molar mass\s, density, ps, and hygroscopic- above statement to hold true for the dust samples analyzed
ity parameteri) of salts that may be present in the mineral in this study, dust and mineral aerosols would have to be
aerosol. composed of>25-80% by volume of soluble salts like
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(NH4)2SOy (x = 0.61) to display of ~0.2-0.5 (Tables 1, 2). 28
However, IC analysis performed on all eight samples did not £
reveal significant amounts of soluble salts in the bulk sam- 2
ples with a soluble volume fraction of less than 1% (Table 4). 3
Sullivan et al. (2010) provided a possible explanation regard-§
ing the presence of particles produced in the first peak of cal-8 16
cite and ATD, and attributed those to a mixture of parent min- 3
eral particles plus secondary calcium bicarbonates, calciumeg= 12 -
hydrates as well as contributions from other undetected im- §
purities that may have formed amorphous precipitates (given§ 8 1
that we observe substantially smaller aerosol than in dry gen-%
eration, it is likely that parent mineral particles are seldomly g
present). It may also be possible that slightly soluble com- 0 . . . . .
pounds (such as CaGpcan form metastable aerosol (e.g., 0 01 0.2 03 0.4 0.5 0.6
Raymond and Pandis, 2002; Padnd Nenes, 2007) due to
insufficient drying inside the diffusion dryers so that all of
the material is available for solvation. This has been seen ifkig 7 Ratio of water volume required by KT over FHH-AT to
our measurements, where assuming Ca@Qdully soluble  activate CCN as a function of supersaturation. Simulations are per-
yieldsk ~0.97 (vs. observedccn ~ 1.0 andxexp~ —1.5).  formed with values of adsorptiomEnn, Brrp) andx for average
This suggests that the same behavior may also be occurrindust aerosol. Dashed lines represent simulation representing upper
in regional dust samples when dissolved in water resultingand lower limit of dust relevant adsorption parameters.
in a high value ofc. It can be also argued that presence of
dissolved soluble contaminants in the DI water can also re-
sult to the formation of the first hygroscopic peak. However, 1-D parcel) to determine parcel maximum supersaturation,
results from IC performed on DI water (blank sample) indi- smax. Thesmax Corresponds to the point where droplet activa-
cated negligible presence of dissolved ions impurities. Fortion terminates in the cloud, and occurs when supersaturation
instance, the concentration of NaKt and NI'H was be- generated from expansion cooling balances supersaturation
low the detection limit, while the concentration of&avas  depletion from condensation of water vapor on pre-existing
lower by a factor of 18 when compared to the IC results of aerosol particles. The level ofax in clouds depends on the
dust samples. Similarly for anions, the only concentrationcompetition between CCN for available water vapor that is
detected by IC was for SP and that was again lower by a required to activate CCN to cloud droplets.
factor of~300-2000. Therefore, residual ions in pure DIwa- Kumar et al. (2009a) found that the volume of water re-
ter are an unlikely contributor to the observed hygroscopicityquired by particles to activate to cloud droplets at a given
of the first peak. supersaturation can vary significantly between KT and FHH-
The analysis performed above questions the atmospheri@T- This behavior is also shown in Fig. 7 which compares
relevance of CCN activity experiments using wet gener-the ratio of water volume at the critical wet diametag,
ated dust, and the usage,o:ﬂ('r for parameterizing its hy_ required by KT over FHH-AT for Supersatul’ations between
groscopicity. It also supports the approach of Kumar et0.05% and 0.6 %. Th&rnH, Bryn, and« used in Fig. 7
al. (2009a, b, 2011) of using the exponents derived from theare representative of dust samples analyzed in this study and
scale dependence &f on Dgry to reveal the dominant acti- by Kumar et al. (2011). It can be seen from Fig. 7 that for a
vation physics. Since large-mode aerosol (whenever preseriarticle to activate by KT, up to 15 times more water volume
during wet generation) closely matches the activation behavis required for activation compared to particles activating via
ior of dry generated dust, we postulate that wetting of freshFHH-AT at the same critical supersaturation. A high value
dust does not irreversibly change its CCN activity. The ac-0f water volume aD¢ implies that large amount of water va-

tivation kinetics however can be accelerated with dust cloudPor would be required by the CCN to form a cloud droplet.
cycling. Integration over the entire CCN population would increase

competition for water vapor, lead to a decreasenigy, and
cause a decrease in cloud droplet numbgr,
5 Implications for dust — warm cloud interactions Based on the above, it becomes clear that the choice of
activation theory can have a strong impactsgix and Ng.
Droplet activation in large-scale atmospheric models is of-For an externally mixed population of KT and FHH-AT par-
ten calculated from physically-based prognostic parameterticles, the treatment of Kumar et al. (2009b) is sufficient.
izations (e.g., Abdul-Razzak and Ghan, 2000; Ming et al.,However, during atmospheric transport, fresh dust undergoes
2006; Nenes and Seinfeld, 2003, Kumar et al., 2009b) thatging and acquires soluble species like QSO on its
rely on solving the supersaturation balance equation (for asurface (Levin et al., 1996). Similarly, dust generated from

\
\—Average Dust: Apgy =2.25, Bpyy =1.20,K=0.05

24 A \
\
\

ATD: A gy =296, By = 1.28, K =0.04

20 1

4 1

Supersaturation [%)]
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dry lakebeds (or playas) are known to contain significantThe volume of the soluble fractioms, is given byes=1—
amounts of soluble salts (Pratt et al., 2010). The presence;. Therefore, the volume of the soluble fractidf, can be
of such soluble salts on dust surface can affect water-particlelefined as:
interactions with implication to the dust CCN activity. Be- T\ 3
low, we address the effect of soluble salts on dust surface td's= 85(5) Dygry (10)
droplet equilibrium behavior. o . )
We adopt a shell-and-core model with the core representSUbstitutingVs from Eq. (10) into Eq. (8) and expressing
ing insoluble dust and shell consisting of a layer of solu- Yw = VT — Vi whereV,, is the volume of water in droplet,
ble salt. Based on laboratory dust CCN activation measureY T iS the droplet volume and is the volume of the insolu-
ments, Kumar et al. (2011) found typical fresh dust sizes toPl€ COre gives:

range between 100 and 500 nm. As ageing occurs, it is ex- e5(/6) D3y 50

pected that dry particle size will increase; therefore in our T) 85D3rypsUMw

approach we consider a core-shell model where the insolubles = = (112)
core does not go below 50 nm (a lower limit of fresh dust). (W) Ms(DS—SiDgry>,0w

The water vapor saturation rati8, of an aerosol particle in
equilibrium with surrounding water vapor can be expressedSubstituting the hygroscopicity parameter,ask = %
as (Seinfeld and Pandis, 2006): D3

Aoy M, into Eq. (11) givests= %. Now expressing in
RTowDp terms ofxs gi =1—xg=1——"

s givesxy Xs .
whereay is the water activity of the particlesy is the ac- (DS—SiDS’ry)
tivity coefficient for water, and other parameters as defined Kumar et al. (2009b) defined surface coverageas the
above. The exponential in Eq. (6) is commonly referred tonumber of monolayers of water adsorbed on the particle. As
as the curvature or Kelvin effect. For a completely insoluble Water vapor is adsorbed only on the dry insoluble ceres
aerosol particle like fresh dusty, is controlled by the ad- given as:
sorption of the water vapor on the insoluble surface such that ( 3, )

p—é ry

S=awyw exp(

EngryK

Eq. (6) reduces to Eq. (1) (when adsorption is modeled usingg _
the FHH adsorption isotherm).

Given that the water adsorbed on the surface must be in
equilibrium with the surrounding aqueous phase and the wawhere si1/3Ddry is the diameter of the insoluble core,
ter vapor in the gas, the, that accounts for both the Raoult and, Dn,o is the diameter of the adsorbed water
and adsorption effects is given as: molecule. According to Kumar et al. (2009by,(®) =
oy = 200 £ (©) ) exp(—ApHH®~BFHH) . Substituting into Eq. (12) gives:

wherex,y, is the mole fraction of water in the droplet and rep- Dp— 8-1/3Ddry —BrHH
resents water activity depression due to solute effette) f(®)=exp| —ArnH T
represents water vapor adsorption effectugn where® is H20

the number of water monolayers adsorbed on the dry particl . . .
core. xy is related to the mole fraction of the soluble salt, q'lhsus C(_)mbmedlw can be obtained using Egs. (7), (11) and
xs, aSxyw = 1—xs. Invoking the dilute approximation gives (13) as:

Xg= Z—; ~ :TSV whereng is the moles of solute;T is the total esD3 Do— 3Dy —BrhH
w - ﬁ expl —AfHH i ) (14)

12
T (12)

(13)

moles in the aqueous phase, angdis the moles of waterin  aw=

. p3 2D
the droplet. Therefore, D —¢iDgry H20
(‘ﬁ’f”) Substitutinga,, from Eq. (14) into Eq. (6), assuming ideality
Xe= 18 = - S (8)  (yw=1) and expanding the exponential and taking the first
Nw (X;—C’VW) order terms gives:
whereps, Ms, andv are density, molecular mass and effec- 4o My, stgryK 1/3

) . Dp—&{"" Dary o

tive van't Hoff factor of the solute, respectivelys and Vi~ $=_mrp-— 77— —Armn| = 5p—— (15)

are the volume of the salt and water in the aqueous phase, P (Dp_g'Dde) :

respecnve_ly. . . _ where s is the equilibrium supersaturation defined as
For a given insoluble volume fractiom;, and diameter of s—S_1

the dust coreDcore, the size of the dry particld)qgry, can be )

. Equation (15) represents water vapor supersaturation over
estimated as: a (15) rep p p

an aerosol particle (consisting of insoluble core with a solu-
Dgry = Dcorpjeil/3 (9) ble coating) in equilibrium with the surrounding water vapor.
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Fig. 8. sc— Dqry lines for different values ot; computed at  Fig. 9. Derived theoretical exponent as a functionepfor differ-
ow=0.072NnTl, T =29815K, Ay = 2.25, Bryy = 1.20, ent values ok computed al pyy = 2.25 andBpyy = 1.20. Also

x =0.10. The inset table shows theoretical exponent associate§hown are data points for Canary Island Dust and Owens Lake dust
with sc — Dgry lines shown in the main figure. (data obtained from Kumar et al., 2009a).

seen that ag increases from 0.1 (representative of dust con-
aining oxidized organics) to 0.61 (representative of dust con-
aining (NHy)2SOy), even a small decreasedncan cause an

appreciable change in the exponent magnitude, with implica-
tions to particle water interactions. Similar behavior is seen

As Eq. (15) is specific to an aerosol particle with a finite in- {
soluble core but variable soluble coating, it reduces to Eq. (1)(
for a completely insoluble particle as— 1. In this study,

Eq. (15) will be referred to as the Unified Dust Activation

Framework. . . . when going fromx = 0.61 tox = 1.0. The results shown in
Figure 8 ;_hows the relat|o_nsh|p betyveen d.ry dI""meter’Figs. 8 and 9 further substantiate the findings by Kumar et
Dgry, and crlltlcal supersaturatios, for different insoluble al. (2009a, 2011) that CCN activity of fresh dust € 0.0)
v_qume fractionse;, computed fok =0.10, average adsorp- can be parameterized by FHH-AT and suggested a combined
tion parameters of fresh dusknn = 2‘25'13 FHH=1.20), o mawork may be required to describe CCN activity of dust
surface tension of wategy = 0.072NnT -, a_nd temper- | oo a significant soluble fraction.
atur(_a, T =29815K. It can be seen from Fig. 8 that as The proposed unified framework (Eq. 15) is evaluated
the insoluble volume fractions;, of the dry aerosol de- against experimental measurements of CCN activity of Ca-
creases from 1.0 tp 05 the thresho!d of (.:IOUd droplgt n.u,'nary Island Dust (CID) and Owens Lake (OL) dust samples
cleation on pre-existing aerosol particles increases Slgnlfl'that are known to contain high concentration of soluble salts
cantly. Furthermore, as starts decreasing from 1.0, the as high as 37 % by mass in Owens Lake (Reheis, 1997) and

exponent derived from ,th@c — Dury relationships changes about 14 % sulphates and 5% Calcium-rich salts by volume
from —0.85 (representative of FHH-AT) and starts approach-in dust samples collected around Canary Island (Kandler et

ing that of the completely soluble particle with exponent al., 2009). Kumar et al. (2009a) foungyp equal to—1.33

equal to—1.50 (shown by inset Table in Fig. 8). Thisim- .4 ) 35 for CID and OL that could not be reconciled by

plies that the activation mechanism changes from 8 FAHY 1 r FHH-AT alone. A revised analysis of the exponents
QT Legl_:_ne (a}:.a?::%(ponegk _0'?5) tg(l) the_ Leg|me Whef for CID and OL dust based on approximate salt volume frac-
ot 1a25 d—-l SOmay e applicable with exponent be- s getermined from the literature demonstrates that the
twegn— - an e ) i unified approach (Eg. 15) can be used to reconcile such ex-
Figure 9 shows the_effect ef on the magnitude of derived ponents (also shown in Fig. 9). A thorough assessment of
exponent for three different values ofequal to 0.1, 0.61, e framework would require size resolved composition and

and 1.0 computed alpny = 2.25 andBeyn = 1.20. 1tcan  ccn activation measurement of dust samples with signifi-
be seen that as starts decreasing from 1.0, the magnitude of .5\t amounts of solute and is left to be addressed by future
the exponent also starts changing from -0.85 (representativgy gies.

of FHH-AT) and starts approaching that of KT with exponent
equal to—1.5. The effect of different solute type (representa-
tive of differentx) to ay, and its correspondings (= 1 — &),

to the derived exponent is also presented in Fig. 9. It can be
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6 Conclusions core-and-shell model and describes equilibrium supersatura-
tion as a function of adsorption parameters, hygroscopicity
In this study, the CCN properties and droplet activation ki- parameter of the soluble fraction, size of the dry particle,
netics of aerosol wet generated from regional dust sampleand insoluble and soluble volume fractions. As expected, the
and individual minerals (clays, calcite, and quartz) were meaframework predicts that as decreasesyexp Changes from
sured. The aerosols were generated wet in the lab, and.0.85 (FHH-AT limit) and to—1.50 (KT limit). The new
properties were measured using the Scanning Mobility CCNiramework predicts values afxp consistent with published
Analysis (Moore et al., 2010). Measurement of dust size dis-CCN activity of playa salts that tend to contain a substantial
tributions indicated unimodal distributions for regional dust soluble fraction.
samples with particle sizes observed as low as 40 nm. These Animportant finding of this study is that the process of wet
measurements demonstrate that particles generated via wgkneration tends to generate hygroscopic particles that are
atomization are up to ten times smaller those generated byjot representative of the parent dust. Therefore, published
the dry soft-saltation technique. For most minerals (ATD, work showing an augmented CCN activity from wetting may
calcite, illite, and kaolinite) a bimodal dry size distribution pe affected by an artifact induced by the wet generation
was obtained. Comparisons with the number size distributiormethod. The method, however, can still generate a less hy-
generated by the dry technique suggests that the second olirophilic peak, with a size and degree of hydrophilicity simi-
served peak in the wet generation method could be a consear to dry generated dust; this implies that the process of wet-
quence of the external mixture containing more hygroscopicing and drying of dust particles may not irreversibly change
particles and the less hydrophilic particle mode. Montmo-its hydrophilicity. The wet generation method however can
rillonite clays were found to behave differently when mixed still be used to explore the dependencexgfp 0N A,
with water as a unimodal size distribution was obtained with g, and soluble volume fraction if the size-dependent com-
the wet generation technique. This difference in patternsposition of the particles generated can be measured, and will
of number size distribution between montmorillonite (uni- pe the subject of future study.
modal) and illite, kaolinite (bimodal) is related to the alumi-
nosilicate layer-layer interactions.
Measurements of dust CCN activity indicated that the wetNomenclature
generated particles were significantly more CCN active (with
k ranging between 0.15-0.61) than those generated from the Symbol Description
dry soft-saltation technique (with < 0.05). For almost all

wet generated regiona_l dust aeroselgpis ~ —1.5 (with the S gﬂggfslsttp;::;a;turanon

exception of ATD), while a much lowetexp~ —(0.94+0.2) S Water vapor saturation ratio

was observed for dry generated dust aerosol. lon Chromatog- Water activity of particle

raphy (IC) analysis performed on regional dust samples indi- Power law exponent relating and Dgry
cates negligible soluble fractions. The expected hygroscop- Dy, Dry CCN diameter

icity from this composition was much lower than observed ¢ Power law constant

for both wet and dry generated aerosol. All together, these re-  xexp Experimental exponent

sults confirm that the presence of soluble fractions alone can- xrHH FHH-AT exponent

not explain fresh dust CCN activity, and the effects of water ~ ArHH FHH adsorption isotherm parameter
vapor adsorption must be included to comprehensively de- BFHH FHH adsorption isotherm parameter
scribe the CCN activity of dry dust. These results also ques- © Number of monolayers of water

adsorbed on the particle

tion the atmospheric relevance of past studies that used min- - __
Activity coefficient of water

eral dust aerosol generated with the wet atomization method. "W

Based on threshold droplet growth analysis, we found that Yw mO:e ;rac:!on OI \t/;/]ater luble salt
wet generated dust aerosol does not exhibit delayed activa- ZS Mglzsrsfv:/(;rt]e?in t?]:?j?optlee?a
tion kinetics. This behavior of similar activation kinetics n‘;v Moles of soluble salt in the droplet
for wet generated dust (compared to (NFBEQy) is differ- nT Total moles in the droplet agqueous phase
ent from that observed for dry generated mineral aerosol that v, Volume of the salt in the aqueous phase
exhibits retarded activation kinetics and a reduced effective y;, Volume of the water in the aqueous phase
water vapor uptake coefficient (by 30—80 %) that is consis- g Density of solute
tent with longer timescale associated with adsorption than p,, Density of water
absorption. Ms Molecular Mass of solute

To account for the CCN activity of dust containing soluble ~ Mw Molecular Mass of water
salt fraction, we propose a new framework of CCN activa- v Effective van't Hoff factor of the solute
tion that accounts for concurrent effects of solute and water ./ (®) Water vapor adsorption effect o
vapor adsorption. This unified framework is based on the D¢ Critical wet diameter
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ADyp Droplet size difference at OPC mos. Chem. Phys., 7, 4639-4669j:10.5194/acp-7-4639-2007

Dp Droplet diameter 2007.

R Universal gas constant Gibson, E. R., Hudson, P. K., and Grassian, V. H.: Aerosol chem-
r Average column temperature istry and climate: Laboratory studies of carbonate component of
oc Water vapor uptake coefficient mineral dust and its reaction products, Geophys. Res. Lett., 33,
ow Surface tension L13811,d0i:10.1029/2006GL02638&006.

K Hygroscopicity parameter Gustafsson, R. J., Orlov, A., Badger, C. L., Griffiths, P. T.,
Kmix Predicted hygroscopicity parameter Cox, R. A., and Lambert, R. M.: A comprehensive evalua-
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