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Abstract. Measurements of cloud condensation nucleierties (Albrecht, 1989; Twomey, 1977). The aerosol indirect
(CCN) concentrations, single particle composition and sizeeffect represents the most uncertain components in future cli-
distributions at a high-elevation research site from Marchmate scenarios (Forster et al., 2007).
2011 are presented. A challenge in quantifying aerosol indirect effect is as-
The temporal evolution of detailed single particle com- sessing both the spatial and temporal variation of CCN.
position is compared with changes in CCN activation onWhether an aerosol acts as a CCN and activates to form
four days, two of which include new particle formation cloud droplets is determined by both its size and chemical
and growth events. Sulfate-containing particles dominateccomposition (Dusek et al., 2006; Kéhler, 1936; McFiggans
the single particle composition by number; biomass burninget al., 2006). The CCN activity of aerosol comprised of or-
particles, sea salt particles, and particles containing organiganic and inorganic components can be predicted based on
components were also present. CCN activation largely fol-the Kéhler theory, which states that for each dry particle size
lowed the behavior of the sulfate-containing particle types;of known molecular weight, mass, density, and activity coef-
biomass burning particle types also likely contained hygro-ficient there exists a critical supersaturation at which any in-
scopic material that impacted CCN activation. Newly formed crease in the droplet size will lead to spontaneous growth into
particles also may contribute to CCN activation at higher su-a cloud droplet. Laboratory studies have successfully pre-
persaturation conditions. Derived aerosol hygroscopicity pa-dicted CCN activation of single component aerosol particles
rameters from the size distribution and CCN concentration(Petters and Kreidenweis, 2007; Raymond and Pandis, 2002,
measurements are within the range of previous reports of re2003) and multi-component aerosols with simplified mixing
mote continental kappa values. states (Abbatt et al., 2005; Bilde and Svenningsson, 2004;
Broekhuizen et al., 2004; Kumar et al., 2003; Raymond and
Pandis, 2002, 2003).
However, given that ambient aerosol particles are com-
1 Introduction posed of complex mixtures of inorganic and organic compo-
nents (Murphy et al., 2006), which are relatively unknown
Aerosol particles in the atmosphere impact climate throughy, terms of aggregate properties such as solubility, polar-
directly absorbing and scattering radiation and indirectly byjty surface tension, etc., considerable difficulty arises when
impacting and altering cloud properties. The latter, termedattempting to link particle source types with aerosol phys-
the “indirect aerosol effect”, occurs due to aerosol acting asgchemical properties and their radiative impact (e.g., hy-

cloud condensation nuclei (CCN) and ice nuclei, and thus in-groscopicity, or water uptake, and CCN activation). Further,
fluencing cloud albedo, lifetime, as well as other cloud prop-
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11840 B. Friedman et al.: Aerosol measurements at a high-elevation site

while the aerosol size is crucial in characterizing CCN activ- March 2011 at the Storm Peak Laboratory (SPL) in north-
ity (Dusek et al., 2006), additional challenges stem from thewestern Colorado. Located near Steamboat Springs, CO
fact that the aerosol size and chemical composition are conf40.455, —106.744; 3210 m a.s.l.), SPL provides a unique
stantly evolving in time and space due to atmospheric pro-high-elevation location to study ambient particles with influ-
cessing (e.g., oxidation, condensation of trace gases, and hetnces from both the free troposphere, particularly at night,
erogeneous chemistry) and variation in aerosol sources andnd local sources, particularly during the day when upslope
aerosol transport, meaning that the CCN activity of aerosolsvinds provide influence from the local boundary layer (Baus-
is also constantly evolving (Cubison et al., 2008; Furutani ettian et al., 2012; Borys and Wetzel, 1997; Hallar et al., 2011,
al., 2008; Wang et al., 2008; Wong et al., 2011). These charLowenthal et al., 2002; Richardson et al., 2007). The mea-
acteristics present a challenge in extending laboratory measurement site also allows study of CCN activation from new
surements of CCN to atmospheric conditions and underlingarticle formation (NPF) events that are frequently observed
the importance of, and need for, field studies in a variety ofat SPL (Hallar et al., 2011).
conditions and environments to assess our understanding of The Storm Peak Laboratory Validation Experiment (Stor-
atmospheric CCN and associated activation properties (AsamVEX), conducted from October 2010 to April 2011 and
Awuku et al., 2011, Chang et al., 2007; Ervens et al., 2010;funded by the Department of Energy Atmospheric Radia-
Juranyi et al., 2010; Kammermann et al., 2010; Lance et al.tion Measurement (ARM) Program, deployed an extensive
2009; Martin et al., 2011; Moore et al., 2011, 2012; Robertssuite of ground-based remote sensors to retrieve cloud prop-
etal., 2010). erties and in situ aerosol and cloud measurements for valida-
Simplifications of the complex composition of ambient tion. Combining SPL observations with concurrent measure-
aerosol are sought for modeling purposes and applicationments from the second ARM Mobile Facility (AMF2) cre-
in understanding the magnitude of the aerosol indirect ef-ated a large data set of remote sensing observations and direct
fect and the extent of detail necessary in describing aerosdh situ measurements (Mastrosov et al., 2012). During Stor-
composition. Models may assume internal or external mix-mVEX, instrumentation was deployed at four primary ground
ing states, which may not accurately define the actual aerosdlites; measurements presented herein utilize data from the
mixing state, especially as aerosol composition is often sizeSPL site only.
dependent and not static in the atmosphere (Zaveri et al.,
2012). Simplifying the aerosol mixing state may lead to rea-2.2 Instrumentation
sonable CCN predictions at a specific time or set of envi-
ronmental conditions, but more information is necessary re-Air was sampled through a cyclone impactor providing a size
garding composition evolution at high time resolution and acut of 1.5 micrometers prior to sampling the aerosol size
variety of locations to determine if predictions are globally distribution, number concentrations, size and composition of
accurate. individual particles, and CCN activity of polydisperse am-
To address this challenge, in this study we examine changbient aerosol particles. Particle size distributions were mea-
ing aerosol mixing state and CCN activity on a fast timescalesured by a Scanning Mobility Particle Sizer (SMPS) consist-
at a high-elevation site. Single particle instrumentation al-ing of a DMA (DMA, TSI 3936) and a Condensation Parti-
lows the in situ determination of the chemical composition cle Counter (CPC, TSI 3786). The SMPS was calibrated for
of individual particles as a function of size on a particle by the ambient pressure at the high altitude and was set to scan
particle basis, thus giving information about particle mix- from 20 nm to 800 nm. CCN activation was measured by a
ing state (Zelenyuk et al., 2009, 2010). Herein, we presenCloud Condensation Nuclei Counter (Droplet Measurement
measurements of CCN activity, single particle composition, Technologies, CCNC). SPLAT Il, a second generation single
size distributions, and density measured in March 2011 at garticle mass spectrometer, measured aerosol asphericity and
high-altitude research site exposed to local boundary layedensity, in addition to individual particle compositions and
and free-troposphere conditions, as well as new particle forsizes. A schematic of the ambient sampling setup is shown
mation (NPF) events. CCN activity measured by the CCNin Fig. 1. Temperature, relative humidity, pressure, and asso-
counter is compared to the single particle chemical composi€iated meteorology conditions were also continuously mon-
tion as a function of supersaturation, as well as aerosol sourciéored throughout the campaign. Individual instruments are
region. described below.

2.3 CCNC
2 Methods

The commercial Droplet Measurement Technologies (DMT;
2.1 Measurement site Boulder, CO) Cloud Condensation Nuclei Counter (CCNC)

is a continuous flow streamwise thermal gradient open cylin-
Measurements of the physiochemical properties of atmo-der CCN counter described in detail in previous literature
spheric particles and CCN concentrations were conducted iflLance et al., 2006; Roberts and Nenes, 2005). Briefly, flow
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Fig. 1. Schematic of experimental setup used at SPL. Aerosol size and number concentrations were measured by a scanning mobility particle
sizer (SMPS), droplet activation and resulting droplet number concentrations as a function of chamber supersaturation were assessed by
Cloud Condensation Nuclei Counter (CCNC), and single particle mass spectrometer (SPLAT Il) measured the composition, size, and density

of individual particles.

into the CCNC is split into an aerosol and sheath flow; the2.4 SPLAT I

sheath flow is filtered, humidified, heated, and acts to limit
the primary aerosol flow to the center of the CCNC. A posi- The single particle mass spectrometer SPLAT Il is described

tive temperature gradient is then applied to the continuouslyn detail elsewhere (Zelenyuk et al., 2009). In brief, SPLAT Il
wetted column in the direction of the flow. Due to the differ- Uses an aerodynamic lens inlet to form a low divergence par-
ence in diffusion rates between water and heat, supersaturdicle beam and transport the particles into the vacuum sys-
tion with respect to water vapor is generated along the centeiem with high efficiency (Zelenyuk et al., 2009). The aero-
of the column. Particles will activate and grow into droplets dynamic lens imparts each particle with a velocity that is a
when the supersaturation in the column is equal to the criticanarrow function of the particle’s vacuum aerodynamic di-
supersaturation for the given particle. The critical diameterameter {va). To measure individual particle size and com-
(Derit) is defined as the size at which 50% of the particlesPosition each particle is detected by light scattering at two
activate into droplets. Droplets growing to sizes greater tharPptical detection stages, separated by 10.4cm, and particle
0.75 micrometers are then detected by an internal optical patime of flight (PTOF) between the two stages is used to de-
ticle counter. The CCNC was calibrated with size-selectedtermine particle velocity, and thus itsa. A particle detec-
ammonium sulfate particles generated by atomizing a 0.1 Mion event and its PTOF are used to generate size-dependent
aqueous solution of ammonium sulfate; the CCNC was prodriggers that fire the C@laser, which is used to evaporate
grammed to step through five different supersaturations dursemi-volatile components in the particle, and the excimer
ing the Campaign Varying from 0.07 % to 0.72 %. Data col- laser, which ionizes the evaporated plume and ablates the
lection at each supersaturation lasted 10 minutes, with thé@on-volatile particle fraction. Individual particle mass spec-

first 3min discarded to establish equilibrium at the given su-tra are acquired using an angular reflectron time-of-flight
persaturation. mass spectrometer (TOF-MS) and digitized by a 14 bit A/D

converter.
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lution by calculating the ratio of the particle detection rates
in the two optical detection stages (Vaden et al., 2011b). This
ratio is sensitive to particle beam divergence, which is af-
fected by particle size and shape. For spherical particles, the
ratio is between 1 and 1.1, and for aspherical particles it in-
creases to 2-4, depending on particle shape (Vaden et al.,
2011b).

Particledy4 size distributions are calculated from the mea-
sured PTOF with a temporal resolution on the order of
about 60 s, depending on the particle concentrations and the
breadth of the size distributions (Vaden et al., 2011b). Pe-
riodically, SPLAT Il was used to characterize the size and
compositions of DMA-classified particles, from which parti-
cle effective densities are calculated (Zelenyuk et al., 2009).
Particledyy distributions are also used to calculate particle
density based on the instrument characteristic drop-off de-
tection efficiency for small particles (Vaden et al., 2011a).

[

This approach is useful when applied to the size distributions
of composition-resolved particles, which are obtained after
the mass-spectral data are classified (Vaden et al., 2011a; Ze-
lenyuk et al., 2010). These densities together with the mass
i spectra are used to obtain quantitative information on parti-
] cle composition and determine relative compositions in inter-
1 nally mixed aerosol particles (Vaden et al., 2011a; Zelenyuk
] etal., 2010).

The mass spectra of individual particles characterized dur-
ing this field campaign were grouped into a number of
: | distinct particle classes using SpectraMiner (Zelenyuk et
10°} i al., 2006). Classes represent particles with different mix-

!J T T | ing states, e.g., pqrticles composed of.mixtures of organips
e and sulfate with different relative fractions, sea salt parti-

Day in March cles, biomass burning particles, etc.), from which the rela-
4? 1 : . . - A tive number _of particlt_as as a function o_f time were related to

the CCN activity. Particle types determined for this study are

0
Log(dN/dlogd;) described in Table 1.

-
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Fig. 2. Aerosol properties measured during March 2011 at Storm
Peak Laboratory (SPLYa) CCN concentrations as a function of 3 Results
supersaturation in the CCNC. Colors correspond to CCNC super-
saturations: 0.07 % (blue); 0.12 % (cyan); 0.22% (green); 0.42 % . .
(yellow); 0.72 % (red)(b) Activated fraction of CCN; colors are 3.1 Campaign overview

the same a¢a). (c) Total particle concentrations as a function of . ) )
aerosol size (blue: all particles >20nm; green: particles >50 nm;CCN concentrations as a function of supersaturation, the ac-

red: particles >80 nm; black: particles > 200 nif)) Number size  tivated fraction of aerosol (the ratio of CCN to total aerosol
distributions (colorbar is/N/dlogD,). Grey shaded regions indi- ~concentrations), aerosol concentrations, and size distribution
cate days of detailed analysis presented. measurements for the duration of the campaign are shown
in Fig. 2. Aerosol number concentrations were dominated by
particles smaller than 80 nm; NPF events often contributed
During most of the campaign SPLAT Il measured the size,to the small particle concentration. During measurable pre-
number concentration, asphericity, and composition of indi-cipitation total particle concentrations dropped significantly,
vidual particles in the size range of 50 nm to 3 micrometersas evidenced on 9, 14, 17, and 22 March. CCN concentra-
(Vaden et al., 2011b; Zelenyuk et al., 2009). Particle numbettions follow the overall aerosol particle concentrations, with
concentrations are determined by SPLAT Il with one secondhigher variability at higher supersaturations due to the vari-
time resolution based on the measured particle detection ratability in the total aerosol concentration and as smaller par-
in the first optical detection stage (Vaden et al., 2011b). Particles are able to activate. The activated fraction also ex-
ticle asphericity is measured with one second temporal resohibits variability, ranging from 0.001 to 1, depending on the
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Fig. 3. Calculated back trajectories, aerosol compositions, size distributions, and activated fraction of particles greater than 80 nm for 5 March
2011.(a) back trajectories at a variety of times throughout the day on 5 March, showing transport of sea salt particles over $altinage.
evolution of composition throughout the day, as measured by SRENT.omposition-resolved size distributions. Colors are the same as the

composition plotb). (d) Activated fraction of particles greater than 80 nm as a function of measured CCN supersaturation and time of day
on 5 March.

supersaturation and ambient aerosol concentrations. Areass, particles composed of sulfate mixed with a small amount
highlighted in grey indicate days of focus for detailed anal- of organics dominated the entire day, comprising 63 % of
ysis, in which CCN activity, presented below, was comparedthe measured particles. The soot particles mixed with small

to changes in the single particle compositions,. amounts of sulfate were also present throughout the day,
comprising 7 % of the total number of particles. Different

3.2 Case study: sulfate, organics, sea salt, biomass types of particles composed of organics and sulfate were
burning periods identified; the two most prevalent were labeled Org43_sulf

and Org44_sulf to indicate the dominant organic mass spec-
htraI peak. The class labeled Ox_orgs indicates highly oxy-

as indicated by back trajectories (Fig. 3a). Back trajectorie{ena’[Gd organics. Primary organic aerosol (POA), indicated

also show the air mass passing over Salt Lake City (pop: y the presence of unsaturated hydrocarbons and high spec-

ulation 190000) in the afternoon. Total aerosol concentra-tral intensities atn/z 41, 43, 55, 57 and 69, was the organic

tions ranged from 400 to 2000 ¢ with lower concentra- cIas; with the Iegstnumber of particles. Overall, organlq—type
articles comprised 23% of the total number of particles.

tions in the morning and the highest particle concentrationsg. ) . .
iomass particles, composed mainly of organics and small

in the later evening. CCN concentrations ranged from 1 to mount of sulfates were also observed. Sea salt particles were
470 cnt 3, depending on the supersaturation set in the cenNe? ) P

and the number of ambient particles. The temporal evolutiorfDartially processed (aged) and exhibited variability through-
of particle compositions is shown in i:ig 3b out the day. In the afternoon, when the air mass that passed

SPLAT Il measured and sized 4.6 million particles on over Salt La!<e City reached the sampling site, sea salt par-
5 March, with a mean vacuum aerodynamic diameter oft!Cles comprised 20 % of the Fotal number of particles. P?‘r'
178 nm. With an average density of 1.48 gchthis trans- t|cIe§ comp.osed of sulfate with small amounts of'organlcs
lates to a mean diameter of about 120 nm. The particles wer ominated in the morning, organic p?”'c'e ty_pes 'ncreasecj
categorized, according to their mass spectra, into differen roughou_t the day, an_d biomass burning partlcle_s (indicated
particle classes (types) listed in Table 1. On a number ba- y a dominant potassium mass spectral peak) increased at

Air masses from the southwest were sampled on 5 Marc

www.atmos-chem-phys.net/13/11839/2013/ Atmos. Chem. Phys., 13, 1183851 2013
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Table 1.Particle types determined by SPLAT.

Particle type/class

Description

- Sulf_org

Mixed sulfate/organic particles, composition dominated by
sulfate

Org43_sulf

Mixed organic/sulfate particles, composition dominated by
organics with dominant mass spectral peak at m/z=43

Org44_sulf

Mixed organic/sulfate particles, composition dominated by
organics with dominant mass spectral peak at m/z=44

Org_sulf

Mixed organic/sulfate particles, composition dominated by
organics

Ox_org

Oxygenated organic particles

POA

Primary organic aerosol (hydrophobic), dominated by
unsaturated hydrocarbons

BB_sulf

Biomass burning particles mixed with sulfate

BB

Biomass burning particles

Soot

Soot particles (aged, mixed with sulfate and organics)

Sea-Salt

Sea-salt particles (aged)

Dust

Dust particles

Atmos. Chem. Phys., 13, 118394851 2013

the end of the day, likely due to residential heating from
local sources. Cluster analysis also allows determination of
composition-resolved size distributions for the day, which
are important when considering CCN activation. Sea salt par-
ticles were the largest (peak, 290 nm), aged soot parti-
cles (soot mixed with sulfate and organics) exhibited a broad
distribution (peakd,s; 150 nm) indicating different amount

of sulfates, and the organics, sulfate, and biomass burning
type particles had similar size distributions (peak190 nm,
210nm, and 210 nm, respectively, Fig. 3c).

To focus on particles’ CCN activity and comparison to the
compositions measured by SPLAT II, the activated fraction
of particles larger than 80 nm was calculated as the ratio of
measured CCN, at given instrument supersaturation, to the
total number of particles greater than 80 nm as measured by
the SMPS. The lower limit of 80 nm was chosen to best com-
pare the CCN activity to the measured SPLAT composition
and focus on the most atmospherically relevant data. These
calculated fractions for three supersaturations are shown in
Fig. 3d, with error bars representing the standard deviation.
In comparing Fig. 3b—d, we observe that the CCN activity
qualitatively mirrors the behavior of the sulfate-dominated
particle type most strongly at supersaturations of 0.22 % and
0.42%. As the fraction of sulfate-dominated particle type
increases, CCN activation also increases; as the fraction of
sulfate-dominated particle type decreases and the fraction of

www.atmos-chem-phys.net/13/11839/2013/
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size distributions show that the organic particle types are the
smallest (peakl,; 110nm), the aged soot particles mixed
with some sulfate also exhibit a broad distribution (péak
170 nm), while sulfate-dominated and the biomass burning
particle types are similar in size (pedk, 250 nm, 210 nm,
and 250 nm, respectively). Density measurements of DMA-
classified 100 nm particles exhibit a range of 1.2 géno

1.7 gcnt3, with a peak density of 1.5-1.6 g cth, which is
consistent with the findings that they were largely composed
of mixtures of sulfate and organic components, whose den-
sities are 1.8 gcm? and 1.2 gcm?, respectively (Vaden et
35N al., 2011a).

T B Mexico The activated fraction of particles greater than 80 nm fol-
lows the same pattern as the sulfate cluster (Fig. 4d), espe-
cially at the higher supersaturations. The activated fraction
also decreases in the afternoon when the oxygenated organ-
ics cluster is peaking, and sulfate is at its minimum. This de-
Fig. 5. Back trajectories for 11 March (blue) and 15 March (red). ~ Créase may be due both to the decrease in the hygroscopic
sulfate particle types and the increase in the smaller oxy-
genated organic particles, suggesting the importance of a par-

organic-dominated particle types increases, CCN activatioficle mixing state.

decreases. CCN activity also increases with the arrival of hy-

groscopic sea salt particles to the site. Further, that the acti3.4 Case study: days with NPF events

vated fraction at the end of the day does not decrease is con-

sistent with the observations that biomass burning particledNew particle formation events were observed on 11 and 15

40°N

1257y 105 W

120" w 15" W 10" W

contain some sulfates and are slightly hygroscopic. March. On both days, freshly nucleated particles grew to
maximum sizes of about 60 nm, over the course of about
3.3 Case study: sulfate-dominated three hours in the early afternoons. Back trajectories show

the air masses on both days were from the west/southwest

Back trajectories show that air masses from the west andFig. 5), and events were similar to those observed previously
southwest were characterized at SPL on 7 March (Fig. 4a)at SPL (Hallar et al., 2011). Particle concentrations on March
Similar to 5 March, total particle concentrations ranged 11 and 15 were higher than the previous two case studies,
from about 50 to 2500 cr?, with the lowest concentra- ranging from 1000 to 10 000 ¢ and 500 to 5000 cfrf on
tions observed in the morning. Particle concentrations werel1l and 15 March, respectively, with the maximum concen-
fairly consistent in the afternoon, aside from a sharp in-trations during the NPF events. Concentrations of particles
crease around 18:00 LT, coinciding with an increase in oxy-larger than 80 nm were 100-500cffor both days, and
genated organic particles. CCN concentrations ranged fron€CN concentrations ranged from 10 to 800¢in
1-500 cn13, with the most variability in the higher supersat-  The top panels in Fig. 6a, b show the temporal evolution
urations. of particles’ compositions for these two days. Biomass burn-

Figure 4b shows the temporal evolution of compositions ofing and sulfate-dominated particles were most prevalent on
approximately 102 000 particles characterized by SPLAT 1111 March, with biomass burning particles dominating in the
throughout the day. Sulfate with a small amount of organicsmorning and evening, and sulfate-rich in the afternoon. Local
was the dominant particle class, comprising 63 % of the to-wind directions showed slight shifts throughout the day, con-
tal number of measured particles. The second most commosistent with the change in dominating particles, with winds
particles were composed of organics mixed with some sulfrom the south/southwest in the morning and evening, and
fate. Oxygenated organics (5 %), POA (8 %), and biomassrom the west in the afternoon. Composition-resolved aerosol
burning (10 %) particle types also contributed to the totalsize distributions were fairly similar across the different par-
aerosol composition. While the sulfate-rich particles classticle types. Composition on 15 March was more variable than
was dominant throughout the day, organic particles demonthat on 11 March, dominated in the morning by aged sea
strated variability, as shown by an increase in POA-type parsalt, changing to sulfate-dominant composition for the rest
ticles in the late morning and oxygenated organic particlesof day, with the presence of organics and biomass burning.
in the late afternoon, consistent with an increase in particleBoth days exhibit the “growing in” of sulfate from the morn-
number concentrations. Biomass burning particles with andng into the early afternoon. Composition-resolved size dis-
without sulfate were present throughout the day, representtributions for 11 March, similar to the previous case studies,
ing a small fraction of particles. The composition-resolved are similar for the different particle types, as seen in Fig. 7.

www.atmos-chem-phys.net/13/11839/2013/ Atmos. Chem. Phys., 13, 1183851 2013
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On 15 March composition-resolved size distributions are also  Similar to the previous case studies, CCN activation for
fairly similar across the different particle types, aside from particles greater than 80 nm qualitatively follows the tempo-
the smaller particles in the Org44_sulf cluster. Density mea-+al evolution of the sulfate cluster for both days (Fig. 6¢, d).
surements for 100 nm particles exhibit a range from aboutPrevious studies have suggested nucleated particles that are
1.2gcent3 to 1.7 gent3, with peak densities of 1.5gcm  able to grow to sizes of at least 30 nm may contribute to CCN
and 1.4gcm? for 11 and 15 March, respectively. These concentrations at high supersaturation conditions (Creamean
measurements corroborate that the particles were mainlgtal., 2011; Dusek et al., 2010; Kerminen et al., 2005; Kuang
composed of mixtures of sulfate and organic components, ast al., 2009; Kuwata et al., 2008; Laaksonen et al., 2005; Lan-
well as biomass burning particles, especially on 11 March.gley et al., 2010; Levin et al., 2012; Lihavainen et al., 2003;
Previous measurements of the density of biomass burningtowenthal et al., 2002; Matsui et al., 2011; Riipinen et al.,
particles indicate a density of 1.3gc/ which also con-  2011; Sihto et al., 2011; Vakeva et al., 2002; Wiedensohler et
tributes to the measured densities for the 100 nm particlesl., 2009). Dusek et al. (2010) suggested that particles of size
(Vaden et al., 2011a). 40-50 nm are able to activate at higher supersaturation values
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Fig. 8. Correlations between the fraction of sulfate-type particles (top panels) and organic-type particles (lower panels), as determined by
SPLAT II, with the activated fraction of CCN (left panels), calculated critical diameter at 0.2 % supersaturation (middle panels), and derived
kappa parameter (right panels).

(0.74 %), and Lowenthal et al. (2002) suggested aerosol oby assuming fully internally mixed particles and integrating
sizes 30—40 nm observed at SPL may activate at supersaturtiie number size distribution from its upper limit downward
tion values greater than 0.5 %. Given that the lower detectioruntil the integrated number concentration is equal to the mea-
limit of SPLAT Il is 80 nm, we hypothesize that particles of sured CCN concentration; it is assumed that all particles of
sizes smaller than 80 nm are able to act as CCN at the highsize greater than the critical diameter will activate (Eq. 1).
est supersaturation conditions. Further, the slight increase ifhe diameter at which these two concentrations are equal is
activated fraction at the end of both 11 and 15 March whenthen taken as the critical diameter; the kappa parameter can
biomass burning particles were increasing suggests the preshen be calculated using Eq. (2).

ence of hygroscopic material, such as sulfate, present in the 00
particles smaller than 80 nm. Neen, measurefSS 1) = / N (D,.1)dD, 1)
Derit(SS1)
4 Derived hygroscopicity ss |: 4 ( 4o My \3 1/2 "
=1 D3 \3RT )
Kohler theory describes the composition and size- «Dj Pw

dependence of CCN activation (Kéhler, 1936). A single- In the above equationg refers to the particle hygroscop-
parameter representation of Kohler theory is described by dcity kappa parameter, Pthe dry diameterM,, the molar
recently developed hygroscopicity parameter, kappa, whichmass of waterg the surface tension of the solution, and
factors in aerosol composition information to represent thep,, the density of water. Thus, the critical supersaturation
hygroscopic behavior of multi-component aerosol particles.(SS;it) of a particle with known dry diameter and hygro-
Values of kappa vary between 0 for insoluble particles andscopicity can be determined, and the equation can be rear-
1.4 for highly soluble components (Petters and Kreidenweisranged to determine the critical diameter necessary for CCN
2007). activation at a given supersaturation and hygroscopicity (Pet-
The kappa parameter can be inferred from CCN and sizders and Kreidenweis, 2007). Using this method to derive
distribution measurements by determining the critical diam-kappa from the SMPS and CCNC measurements and in-
eter Dyt at a given water vapor supersaturation. This is donecluding all supersaturations studied, the campaign average
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kappa is 0.20£0.15). This value is consistent with an in- 5 Conclusions

ternal aerosol mixture of sulfate & 0.61) and organics«(

ranges 0-0.5). While each particle is composed of a mixturdn this study, CCN concentrations and associated single par-
of compounds and the aerosol contains particles of differingticle composition and size were measured at a high-elevation
compositions and mixtures, representing this system as aresearch site. Four case study days of detailed composi-
internal mixture of sulfate and organics may not be a poortion analysis were presented to compare CCN activation
assumption. The campaign average of kappa is also withirwith single particle composition. On these days sulfate par-
the ranges determined at similar sites, including 0.1-0.4 aticle types dominated the aerosol composition by number;
a high-elevation site in Switzerland (Juranyi et al., 2010),biomass burning, organic, soot, and sea salt particle types
0.1-0.3 in the Alaskan Arctic (Moore et al., 2011; Lathem were also present. CCN activation largely followed the qual-
et al., 2013), 0.07-0.21 in northern Sweden (Kammermanritative behavior of the sulfate particle types; biomass burning
et al., 2010), and 0.1-0.25 in California (Los Angeles basin,particle types, which increased likely due to local residential
San Joaquin and Sacramento Valleys, eastern Pacific Oceasdurces, also likely contained hygroscopic material that im-
(Moore et al., 2012). More recent field studies have foundpacted CCN activation. Freshly nucleated particles also may
mean kappa values of 0.15 and 0.11 downwind of Sacracontribute to CCN activation at higher supersaturation condi-
mento, CA and Storm Peak Laboratory, respectively, withtions. Derived kappa parameters corroborate that the aerosol
both sites reporting high organic-mass fractions (Hallar etwas mainly mixtures of sulfate and organic components, and
al., 2013; Mei et al., 2013). Studies of continental aerosol re-are within the range of previous reports of remote continental
ported a somewhat higher average kappa parameter of abolippa values.

0.3 (Andreae and Rosenfeld, 2008), while a previous model-

ing study reported a global mean value of 0.2:0(21) for

continental regions (Pringle et al., 2010). Kappa values deteracknowledgementsThe authors would like to thank the Desert
mined for the detailed case study days of analysis range fronResearch Institute’s Storm Peak Laboratory staff, the Steamboat
0.16-0.22, with uncertainties ranging from 0.12—-0.16, simi-Springs ski area for logistic support. We furthermore thank the US
lar to the overall campaign average. These results agree witbepartment of Energy’s Office of Biological and Environmental
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