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Abstract

Measurements of cloud condensation nuclei (CCN) concentrations, single particle
composition and size distributions at a high-elevation research site from March 2011
are presented.

The temporal evolution of detailed single particle composition is compared with5

changes in CCN activation on four days, two of which include new particle formation
and growth events. Sulfate-containing particles dominated the single particle composi-
tion by number; biomass burning particles, sea salt particles, and particles containing
organic components also were present. CCN activation largely followed the behavior
of the sulfate-containing particle types; biomass burning particle types also likely con-10

tained hygroscopic material that impacted CCN activation. Newly formed particles also
may contribute to CCN activation at higher supersaturation conditions. Derived aerosol
hygroscopicity parameters from the size distribution and CCN concentration measure-
ments are within the range of previous reports of remote continental kappa values.

1 Introduction15

Aerosol particles in the atmosphere impact climate through directly absorbing and scat-
tering radiation and indirectly by impacting and altering cloud properties. The latter,
termed the “indirect aerosol effect”, occurs due to aerosol acting as cloud condensa-
tion nuclei (CCN) and ice nuclei, and thus influencing cloud albedo, lifetime, as well
as other cloud properties (Albrecht, 1989; Twomey, 1977). The aerosol indirect effect20

represents the most uncertain components in future climate scenarios (Forster et al.,
2007).

A challenge in quantifying aerosol indirect effect is assessing both the spatial and
temporal variation of CCN. Whether an aerosol acts as a CCN and activates to form
cloud droplets is determined by both its size and chemical composition (Dusek et al.,25

2006; Köhler, 1936; McFiggans et al., 2006). The CCN activity of aerosol comprised of
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inorganic components can be predicted based on Köhler theory, which states that for
each dry particle size of known molecular weight, mass, density, and activity coefficient
there exists a critical supersaturation at which any increase in the droplet size will lead
to spontaneous growth into a cloud droplet. Laboratory studies have successfully pre-
dicted CCN activation of single component aerosol particles (Petters and Kreidenweis,5

2007; Raymond and Pandis, 2002, 2003) and multi-component aerosols with simplified
mixing states (Abbatt et al., 2005; Bilde and Svenningsson, 2004; Broekhuizen et al.,
2004a; Kumar et al., 2003; Raymond and Pandis, 2002, 2003).

However, given that ambient aerosol particles are composed of complex mixtures of
inorganic and organic components (Murphy et al., 2006), which are relatively unknown10

in terms of aggregate properties such as solubility, polarity, surface tension, etc., con-
siderable difficulty arises when attempting to link particle source types with aerosol
physiochemical properties and their radiative impact (e.g., hygroscopicity, or water up-
take, and CCN activation). Further, while the aerosol size is crucial in characterizing
CCN activity (Dusek et al., 2006), additional challenges stem from the fact that the15

aerosol size and chemical composition are constantly evolving in time and space due
to atmospheric processing (e.g. oxidation, condensation of trace gases, and heteroge-
neous chemistry) and variation in aerosol sources and aerosol transport, meaning that
the CCN activity of aerosols is also constantly evolving (Cubison et al., 2008; Furu-
tani et al., 2008; Wang et al., 2008; Wong et al., 2011). These characteristics present20

a challenge in extending laboratory measurements of CCN to atmospheric conditions
and underline the importance of, and need for, field studies in a variety of conditions
and environments to assess our understanding of atmospheric CCN and associated
activation properties (Asa-Awuku et al., 2011; Chang et al., 2007; Ervens et al., 2010;
Juranyi et al., 2010; Kammermann et al., 2010; Lance et al., 2009; Martin et al., 2011;25

Moore et al., 2011, 2012; Roberts et al., 2010).
Simplifications of the complex composition of ambient aerosol are sought for model-

ing purposes and applications in understanding the magnitude of the aerosol indirect
effect and the extent of detail necessary in describing aerosol composition. Models may
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assume internal or external mixing states, which may not accurately define the actual
aerosol mixing state, especially as aerosol composition is often size-dependent and
not static in the atmosphere (Zaveri et al., 2012). Simplifying the aerosol mixing state
may lead to reasonable CCN predictions at a specific time or set of environmental con-
ditions, but more information is necessary regarding composition evolution at high time5

resolution and a variety of locations to determine if predictions are globally accurate.
To address this challenge, in this study we examine changing aerosol mixing state

and CCN activity on a fast time scale at a high-elevation site. Single particle instrumen-
tation allows the in situ determination of the chemical composition of individual particles
as a function of size on a particle by particle basis, thus giving information about par-10

ticle mixing state (Zelenyuk et al., 2009, 2010). Herein, we present measurements of
CCN activity, single particle composition, size distributions, and density measured in
March 2011 at a high-altitude research site exposed to local boundary layer and free
troposphere conditions, as well as new particle formation (NPF) events. CCN activity
measured by the CCN counter is compared to the single particle chemical composition15

as a function of supersaturation, as well as aerosol source region.

2 Methods

2.1 Measurement site

Measurements of the physiochemical properties of atmospheric particles and CCN
concentrations were conducted in March 2011 at Storm Peak Laboratory (SPL) in20

Northwestern Colorado. Located near Steamboat Springs, CO (40.455◦, −106.744◦,
3210 ma.s.l.), SPL provides a unique high-elevation location to study ambient particles
with influences from both the free troposphere, particularly at night, and local sources,
particularly during the day when upslope winds provide influence from the local bound-
ary layer (Baustian et al., 2012; Borys and Wetzel, 1997; Hallar et al., 2011; Lowenthal25

et al., 2002; Richardson et al., 2007). The measurement site also allows study of CCN
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activation from new particle formation (NPF) events that are frequently observed at
SPL (Hallar et al., 2011).

The Storm Peak Laboratory Validation Experiment (StormVEx), conducted from Oc-
tober 2010 through April 2011 and funded by the Department of Energy Atmospheric
Radiation Measurement (ARM) Program, deployed an extensive suite of ground-based5

remote sensors to retrieve cloud properties and in-situ aerosol and cloud measure-
ments for validation. Combining SPL observations with concurrent measurements from
the second ARM Mobile Facility (AMF2) created a large dataset of remote sensing
observations and direct in-situ measurements (Mastrosov et al., 2012). During Stor-
mVEx, instrumentation was deployed at four primary ground sites. SPL was used as10

the primary in-cloud site. The Thunderhead Lodge site, used for part of the AMF2, is lo-
cated approximately 2.4 km west of SPL at an elevation of 2760 ma.s.l. (∼ 440 m below
SPL). The aerosol measurement component of the AMF2 was deployed on Christie
Peak (2440 ma.s.l.). Christie Peak is located between the Thunderhead gondola and
the Christie Peak Express lifts. The Valley Floor site was located immediately north15

of the Yampa Valley Medical Center in the town of Steamboat Springs (2078 ma.s.l.).
From this location there is a direct line of sight to all major StormVEx sampling loca-
tions, including Thunderhead, Christie Peak, and SPL. Additionally, three precipitation
sites were located across the mountain. Measurements presented herein utilize data
from the SPL site only.20

2.2 Instrumentation

Air was sampled through a cyclone impactor providing a size cut of 1.5 µm prior to
sampling the aerosol size distribution, number concentrations, size and composition of
individual particles, and CCN activity of polydisperse ambient aerosol particles. Particle
size distributions were measured by a Scanning Mobility Particle Sizer (SMPS) consist-25

ing of a DMA (DMA, TSI 3936) and a Condensation Particle Counter (CPC, TSI 3786).
The SMPS was calibrated for the ambient pressure at the high altitude and was set
to scan from 20 nm to 800 nm. CCN activation was measured by a Cloud Condensa-

18281

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/18277/2013/acpd-13-18277-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/18277/2013/acpd-13-18277-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 18277–18306, 2013

Measurements at
high elevation:

aerosol composition,
size, and CCN activity

B. Friedman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

tion Nuclei Counter (Droplet Measurement Technologies, CCNC). SPLAT II, a second
generation single particle mass spectrometer, measured particle number concentra-
tions, aerosol asphericity, and density, in addition to individual particle compositions
and sizes. A schematic of the ambient sampling set up is shown in Fig. 1. Temper-
ature, relative humidity, pressure, and associated meteorology conditions were also5

continuously monitored throughout the campaign. Individual instruments are described
below.

2.3 CCNC

The commercial Droplet Measurement Technologies (DMT; Boulder, CO) Cloud Con-
densation Nuclei Counter (CCNC) is a continuous flow streamwise thermal gradient10

open cylinder CCN counter described in detail in previous literature (Lance et al., 2006;
Roberts and Nenes, 2005). Briefly, flow into the CCNC is split into an aerosol and
sheath flow; the sheath flow is filtered, humidified, heated, and acts to limit the primary
aerosol flow to the center of the CCNC. A positive temperature gradient is then applied
to the continuously wetted column in the direction of the flow. Due to the difference in15

diffusion rates between water and heat, supersaturation with respect to water vapor is
generated along the center of the column. Particles will activate and grow into droplets
when the supersaturation in the column is equal to the critical supersaturation for the
given particle. The critical diameter (Dcrit) is defined as the size at which 50 % of the
particles activate into droplets. Droplets growing to sizes greater than 0.75 µm are then20

detected by an internal optical particle counter. The CCNC was calibrated with size-
selected ammonium sulfate particles generated by atomizing a 0.1 M aqueous solution
of ammonium sulfate; the CCNC was programmed to step through five different super-
saturations during the campaign varying from 0.07 to 0.72 %. Data collection at each
supersaturation lasted 10 min, with the first 3 min discarded to establish equilibrium at25

the given supersaturation.

18282

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/18277/2013/acpd-13-18277-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/18277/2013/acpd-13-18277-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 18277–18306, 2013

Measurements at
high elevation:

aerosol composition,
size, and CCN activity

B. Friedman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

2.4 SPLAT II

The single particle mass spectrometer SPLAT II is described in detail elsewhere (Ze-
lenyuk et al., 2009). In brief, SPLAT II uses an aerodynamic lens inlet to form a low
divergence particle beam and transport the particles into the vacuum system with high
efficiency (Zelenyuk et al., 2009). The aerodynamic lens imparts each particle with5

a velocity that is a narrow function of the particle’s vacuum aerodynamic diameter
(dva). To measure individual particle size and composition each particle is detected
by light scattering at two optical detection stages, separated by 10.4 cm, and particle
time of flight (PTOF) between the two stages is used to determine particle velocity,
and thus its dva. A particle detection event and its PTOF are used to generate size-10

dependent triggers that fire the CO2 laser, used to evaporate semi-volatile components
in the particle, and the excimer laser that ionizes the evaporated plume and ablates
the non-volatile particle fraction. Individual particle mass spectra are acquired using an
angular reflectron time-of-flight mass spectrometer (TOF-MS) and digitized by a 14 bit
A/D converter.15

During most of the campaign SPLAT II measured the size, number concentration, as-
phericity, and composition of individual particles (Vaden et al., 2011a; Zelenyuk et al.,
2009). Particle number concentrations are determined by SPLAT II with one second
time resolution based on the measured particle detection rate in the first optical de-
tection stage (Vaden et al., 2011a). Particle asphericity is measured with one second20

temporal resolution by calculating the ratio of the particle detection rates in the two
optical detection stages (Vaden et al., 2011a). This ratio is sensitive to particle beam
divergence, which is affected by particle size and shape. For spherical particles, the
ratio is between 1 and 1.1, and for aspherical particles it increases to 2–4, depending
on particle shape (Vaden et al., 2011a).25

Particle dva size distributions are calculated from the measured PTOF with a tempo-
ral resolution on the order of about 60 s, depending on the particle concentrations and
the breadth of the size distributions (Vaden et al., 2011a). Periodically, SPLAT II was
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used to characterize the size and compositions of DMA-classified particles, from which
particle effective densities are calculated (Zelenyuk et al., 2009). Particle dva distribu-
tions are also used to calculate particle density based on the instrument characteristic
drop-off detection efficiency for small particles (Vaden et al., 2011b). This approach is
useful when applied to the size distributions of composition-resolved particles, which5

are obtained after the mass-spectral data are classified (Vaden et al., 2011b; Zelenyuk
et al., 2010). These densities together with the mass spectra are used to obtain quan-
titative information on particle composition and determine relative compositions in in-
ternally mixed aerosol particles (Vaden et al., 2011b; Zelenyuk et al., 2010).

The mass spectra of individual particles characterized during this field campaign10

were grouped into a number of distinct particle classes using SpectraMiner (Zelenyuk
et al., 2006). Classes represent particles with different mixing states, e.g. particles
composed of mixtures of organics and sulfate with different relative fractions, sea-salt
particles, biomass burning particles, etc.), from which the relative number of particles
as a function of time were related to the CCN activity. Particle types determined for this15

study are described in Table 1.

3 Results

3.1 Campaign overview

CCN concentrations as a function of supersaturation, the activated fraction of aerosol
(the ratio of CCN to total aerosol concentrations), aerosol concentrations, and size dis-20

tribution 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 to the small particle concentration. During measurable precipitation
total particle concentrations dropped significantly, as evidenced on 9, 14, 17, and
22 March. CCN concentrations follow the overall aerosol particle concentrations, with25

higher variability at higher supersaturations, as smaller particles are able to activate.
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The activated fraction also exhibits variability, ranging from 0.001 to 1, depending on the
supersaturation and ambient aerosol concentrations. Areas highlighted in grey indicate
days of focus for detailed analysis, in which CCN activity was compared to changes in
the single particle compositions, presented below.

3.2 Case study: sulfate, organics, sea salt, biomass burning periods5

Air masses from the southwest were sampled on 5 March, as indicated by back trajec-
tories (Fig. 3a). Back trajectories also show the airmass passing over Salt Lake in the
afternoon. Total aerosol concentrations ranged from 400–2000 cm−3, with lower con-
centrations in the morning and the highest particle concentrations in the later evening.
CCN concentrations ranged from 1–470 cm−3, depending on the supersaturation set10

in the CCNC and the number of ambient particles. The temporal evolution of particles
compositions is shown in Fig. 3b.

SPLAT II measured and sized 4.6 million particles on 5 March, with a mean vacuum
aerodynamic diameter of 178 nm. With an average density of 1.48 gcm−3 this translates
to a mean diameter of about 120 nm. The particles were categorized, according to their15

mass spectra, into different particle classes (types) listed in Table 1. On a number ba-
sis, particles composed of sulfate mixed with a small amount of organics dominated
the entire day, comprising 63 % of the measured particles. The soot particles mixed
with small amounts of sulfate were also present throughout the day, comprising 7 % of
the total number of particles. Different types of particles composed of organics and sul-20

fate were identified; the two most prevalent were labeled Org43_sulf and Org44_sulf
to indicate the dominant organic mass spectral peak. The class labeled Ox_orgs in-
dicates highly oxygenated organics. Primary organic aerosol (POA), indicated by the
presence of unsaturated hydrocarbons was the organic class with the least number of
particles. Overall, organic particles comprised 23 % of the total number of particles.25

Biomass particles, composed mainly of organics and small amount of sulfates were
also observed. Sea-salt particles were partially processed (aged) and exhibited vari-
ability throughout the day. In the afternoon, when the air mass that passed over Salt
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Lake reached the sampling site, sea-salt particles comprised 20 % of the total number
of particles. Particles composed of sulfate with small amounts of organics dominated
in the morning, organic particle types increased throughout the day, and biomass burn-
ing particles (indicated by a dominant potassium mass spectral peak) increased at the
end of the day, likely due to residential heating from local sources. Cluster analysis5

also allows determination of composition-resolved size distributions for the day, impor-
tant when considering CCN activation. Sea salt particles were the largest (peak dva
290 nm), aged soot particles (soot mixed with sulfate and organics) exhibited a broad
distribution (peak dva 150 nm) indicating different amount of sulfates, and the organ-
ics, sulfate, and biomass burning type particles had similar size distributions (peak dva10

190 nm, 210 nm, and 210 nm, respectively, Fig. 3c).
To focus on particles’ CCN activity the activated fraction of particles larger than 80 nm

detectable by SPLAT II was calculated as the ratio of measured CCN, at given in-
strument supersaturation, to the total number of particles greater than 80 nm as mea-
sured by the SMPS. These calculated fractions for three supersaturations are shown15

in Fig. 3d, with error bars representing the standard deviation. In comparing Fig. 3b to
3d, we observe that the CCN activity qualitatively mirrors the behavior of the sulfate-
dominated particle type. As the fraction of sulfate-dominated particle type increases,
CCN activation also increases; as the fraction of sulfate-dominated particle type de-
creases and the fraction of organic-dominated particle types increases, CCN activation20

decreases. CCN activity also increases with the arrival of hygroscopic sea salt particles
to the site. Further, that the activated fraction at the end of the day does not decrease is
consistent with the observations that biomass burning particles contain some sulfates
and are slightly hygroscopic.

3.3 Case study: sulfate-dominated25

Back trajectories show that air masses from the west and southwest were characterized
at SPL on 7 March (Fig. 4a). Similar to 5 March, total particle concentrations ranged
from about 50–2500 cm−3, with the lowest concentrations observed in the morning.
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Particle concentrations were fairly consistent in the afternoon, aside from a sharp in-
crease around 18:00 LT, coinciding with an increase in oxygenated organic particles.
CCN concentrations ranged from 1–500 cm−3, with the most variability in the higher
supersaturations.

Figure 4b shows the temporal evolution of compositions of approximately 102 0005

particles characterized by SPLAT II throughout the day. Sulfate with a small amount of
organics was the dominant particle class, comprising 63 % of the total number of mea-
sured particles. The second most common particles were composed of organics mixed
with some sulfate. Oxygenated organics (5 %), POA (8 %), and biomass burning (10 %)
particle types also contributed to the total aerosol composition. While the sulfate-rich10

particles class was dominant throughout the day, organic particles demonstrated vari-
ability, as shown by an increase in POA-type particles in the late morning and oxy-
genated organic particles in the late afternoon, consistent with an increase in parti-
cle number concentrations. Biomass burning particles with and without sulfate were
present throughout the day, representing a small fraction of particles. The composition-15

resolved size distributions show that the organic particle types are the smallest (peak
dva 110 nm), the aged soot particles mixed with some sulfate also exhibit a broad dis-
tribution (peak dva 170 nm), while sulfate-dominated and the biomass burning particle
types are similar in size (peak dva 250 nm, 210 nm, and 250 nm, respectively). Density
measurements of DMA-classified 100 nm particles exhibit a range of 1.2 to 1.7 gcm−3,20

with a peak density of 1.5–1.6 gcm−3, which is consistent with the findings that they
were largely composed of mixtures of sulfate and organic components, whose densi-
ties are 1.8 and 1.2 gcm−3, respectively (Vaden et al., 2011b).

The activated fraction of particles greater than 80 nm follows the same pattern as
the sulfate cluster (Fig. 4d). The activated fraction also decreases in the afternoon25

when the oxygenated organics cluster is peaking, and sulfate is at its minimum. This
decrease may be due both to the decrease in the hygroscopic sulfate particle types
and the increase in the smaller oxygenated organic particles.
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3.4 Case study: days with NPF events

New particle formation events were observed on 11 and 15 March. On both days,
freshly nucleated particles grew to maximum sizes of about 60 nm, over the course
of about three hours in the early afternoons. Back trajectories show the air masses
on both days were from the west/southwest (Fig. 5), and events were similar to5

those observed previously at SPL (Hallar et al., 2011). Particle concentrations on 11
and 15 March were higher than the previous two case studies, ranging from 1.00–
10.00 cm−3 and 500–5.00 cm−3 on 11 March and 15 March, respectively, with the max-
imum concentrations during the NPF events. Concentrations of particles larger than
80 nm were 100–500 cm−3 for both days, and CCN concentrations ranged from 10–10

800 cm−3.
The top panels in Fig. 6 (a and b) show the temporal evolution of particles’ composi-

tions for these two days. Biomass burning and sulfate-dominated particles were most
prevalent on 11 March, with biomass burning particles dominating in the morning and
evening, and sulfate-rich in the afternoon. Local wind directions showed slight shifts15

throughout the day, consistent with the change in dominating particles, with winds from
the south/southwest in the morning and evening, and from the west in the afternoon.
Composition-resolved aerosol size distributions were fairly similar across the different
particle types. Composition on 15 March was more variable than that on 11 March,
dominated in the morning by aged sea salt, changing to sulfate-dominant for the rest of20

day, with the presence of organics and biomass burning. Both days exhibit the “growing
in” of sulfate from the morning into the early afternoon. Composition-resolved size dis-
tributions for 11 March, similar to the previous case studies, are similar for the different
particle types, as seen in Fig. 7. 15 March composition-resolved size distributions are
also fairly similar across the different particle types, aside from the smaller particles in25

the Org44_sulf cluster. Density measurements for 100 nm particles exhibit a range from
about 1.2 to 1.7 gcm−3, with peak densities of 1.5 and 1.4 gcm−3, respectively. These
measurements corroborate that the particles were mainly composed of mixtures of

18288

http://www.atmos-chem-phys-discuss.net
http://www.atmos-chem-phys-discuss.net/13/18277/2013/acpd-13-18277-2013-print.pdf
http://www.atmos-chem-phys-discuss.net/13/18277/2013/acpd-13-18277-2013-discussion.html
http://creativecommons.org/licenses/by/3.0/


ACPD
13, 18277–18306, 2013

Measurements at
high elevation:

aerosol composition,
size, and CCN activity

B. Friedman et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

sulfate and organic components, as well as biomass burning particles, especially on
11 March. Previous measurements of the density of biomass burning particles indicate
a density of 1.3 gcm−3, which also contributes to the measured densities for the 100 nm
particles (Vaden et al., 2011b).

Similar to the previous case studies, CCN activation for particles greater than 80 nm5

qualitatively follows the temporal evolution of the sulfate cluster for both days (Fig. 6c
and d). Previous studies have suggested nucleated particles that are able to grow to
sizes of at least 30 nm may contribute to CCN concentrations at high supersaturation
conditions (Creamean et al., 2011; Dusek et al., 2010; Kerminen et al., 2005; Kuang
et al., 2009; Kuwata et al., 2008; Laaksonen et al., 2005; Levin et al., 2012; Lihavainen10

et al., 2003; Lowenthal et al., 2002; Matsui et al., 2011; Riipinen et al., 2011; Sihto et al.,
2011; Vakeva et al., 2002; Wiedensohler et al., 2009). Dusek et al. (2010) suggested
that particles of size 40–50 nm are able to activate at higher supersaturation values
(0.74 %), and Lowenthal et al. (2002) suggested aerosol of sizes 30–40 nm observed
at SPL may activate at supersaturation values greater than 0.5 %. Given that the lower15

detection limit of SPLAT II is 80 nm, we hypothesize that particles of sizes smaller than
80 nm are able to act as CCN at the highest supersaturation conditions. Further, the
slight increase in activated fraction at the end of both 11 and 15 March when biomass
burning particles were increasing suggests the presence of hygroscopic material, such
as sulfate, present in the particles.20

4 Derived hygroscopicity

Köhler theory describes the composition and size-dependence of CCN activation (Köh-
ler, 1936). A single-parameter representation of Köhler theory is described by a recently
developed hygroscopicity parameter, kappa, which factors in aerosol composition in-
formation to represent the hygroscopic behavior of multi-component aerosol particles.25

Values of kappa vary between 0 for insoluble particles and 1.4 for highly soluble com-
ponents (Petters and Kreidenweis, 2007).
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The kappa parameter can be inferred from CCN and size distribution measurements
by determining the critical diameter Dcrit at a given water vapor supersaturation. This
is done by assuming fully internally mixed particles and integrating the number size
distribution from its upper limit downward until the integrated number concentration
is equal to the measured CCN concentration; it is assumed that all particles of size5

greater than the critical diameter will activate (Eq. 1). The diameter at which these two
concentrations are equal is then taken as the critical diameter; the kappa parameter
can then be calculated using Eq. (2).

NCCN, measured(SS,t) =

∞∫
Dcrit(SS,t)

N(Dp,t)dDp (1)

SScrit =

[
4

κD3
p

(
4σMw

3RTρw

)3
]1/2

(2)10

In the above equation, κ refers to the particle hygroscopicity kappa parameter, Dp is the
dry diameter, Mw is the molar mass of water, σ is the surface tension of the solution,
and ρw is the density of water. Thus, the critical supersaturation (SScrit) of a parti-
cle with known dry diameter and hygroscopicity can be determined, and the equation15

can be rearranged to determine the critical diameter necessary for CCN activation at
a given supersaturation and hygroscopicity (Petters and Kreidenweis, 2007). Using this
method to derive kappa from the SMPS and CCNC measurements, the campaign av-
erage kappa is 0.20 (±0.15). This value is consistent with an internal aerosol mixture
of sulfate (κ = 0.61) and organics (κ ranges to 0.5). The campaign average of kappa is20

also within the ranges determined at similar sites, including 0.1–0.4 at a high-elevation
site in Switzerland (Juranyi et al., 2010), 0.1–0.3 in the Alaskan Arctic (Moore et al.,
2011; Lathem et al., 2013), 0.07–0.21 in northern Sweden (Kammermann et al., 2010),
and 0.1–0.25 in California (Los Angeles basin, San Joaquin and Sacramento Valleys,
eastern Pacific Ocean) (Moore et al., 2012). More recent field studies have found mean25
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kappa values of 0.15 and 0.11 downwind of Sacramento, CA and Storm Peak Labo-
ratory, respectively, with both sites reporting high organic mass fractions (Hallar et al.,
2013; Mei et al., 2013). Studies of continental aerosol reported a somewhat higher
average kappa parameter of about 0.3 (Andreae and Rosenfeld, 2008), while a pre-
vious modeling study reported a global mean value of 0.27 (±0.21) for continental5

regions (Pringle et al., 2010). Kappa values determined for the detailed case study
days of analysis range from 0.16–0.22, with uncertainties ranging from 0.12–0.16, sim-
ilar to the overall campaign average. These results agree with previous studies and
suggest that free tropospheric aerosol has a somewhat lower kappa value than con-
tinental aerosol. This likely reflects a different average aerosol composition between10

such locations. Furthermore, although compositional analysis shows that the majority
of the aerosol at SPL contained sulfates, the kappa value of sulfates (∼ 0.6) cannot
be used to model the entire aerosol population (∼ 0.2). A single kappa value is not
a poor assumption for these measurements, although uncertainties and the range of
kappa values derived needs to be taken into account in utilizing a single parameter in15

models, and detailed mixing state information is important in assessing the individual
contributions of specific particle types to CCN activation.

5 Conclusions

In this study, CCN concentrations and associated single particle composition and size
were measured at a high-elevation research site. Four case study days of detailed com-20

position analysis were presented to compare CCN activation with single particle com-
position. On these days sulfate particle types dominated the aerosol composition by
number; biomass burning, organic, soot, and sea salt particle types also were present.
CCN activation largely followed the qualitative behavior of the sulfate particle types;
biomass burning particle types, which increased likely due to local residential sources,25

also likely contained hygroscopic material that impacted CCN activation. Freshly nu-
cleated particles also may contribute to CCN activation at higher supersaturation con-
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ditions. Derived kappa parameters corroborate that the aerosol was mainly mixtures of
sulfate and organic components, and are within the range of previous reports of remote
continental kappa values.
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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
a Cloud Condensation Nuclei Counter (CCNC), and Single particle mass spectrometer (SPLAT
II) measured the composition, size, and density of individual particles.
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Fig. 2. Aerosol properties measured during March 2011 at Storm Peak Laboratory (SPL). (a)
CCN concentrations as a function of supersaturation in the CCNC. Colors correspond to CCNC
supersaturations: 0.07 % (blue); 0.12 % (cyan); 0.22 % (green); 0.42 % (yellow); 0.72 % (red).
(b) Activated fraction of CCN; colors are the same as (a). (c) Total particle concentrations as
a function of aerosol size (blue: all particles> 20 nm; green: particles> 50 nm; red: particles>
80 nm; black: particles> 200 nm). (d) Number size distributions (colorbar is dN/dlogDp). Grey
shaded regions indicate days of detailed analysis presented.
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Fig. 3. Calculated back trajectories, aerosol compositions, size distributions, and activated frac-
tion 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 Salt Lake. (b) Time
evolution of composition throughout the day, as measured by SPLAT. (c) Composition-resolved
size distributions. Colors are the same as the composition plot (b). (d) Activated fraction of
particles greater than 80 nm as a function of measured CCN supersaturation and time of day
on 5 March.
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Fig. 4. (a) Back trajectories at a variety of times throughout the day on 7 March. (b) Time
evolution of composition throughout the day, as measured by SPLAT. (c) Composition-resolved
size distributions. Colors are the same as the composition plot (b). (d) Activated fraction of
particles greater than 80 nm as a function of measured CCN supersaturation and time of day
on 5 March.
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Fig. 5. Back trajectories for 11 March (blue) and 15 March (red).
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Fig. 6. Time evolution of composition throughout 11 March (a) and 15 March (b); activated
fraction of particles greater than 80 nm as a function of measured CCN supersaturation and
time on 11 March (c) and 15 March (d). Note clusters and colors are the same for both days.
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 735
Fig. 7. Composition-resolved size distributions of aerosols sampled on 11 March (a) and
15 March (b). Note the colors are the same in both plots. Only the particle types that con-
tributed measurably to the overall composition are shown.
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