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Abstract. We present a comprehensive characterization of

cloud condensation nuclei (CCN) sampled in the Alaskan

Arctic during the 2008 Aerosol, Radiation, and Cloud Pro-

cesses affecting Arctic Climate (ARCPAC) project, a compo-

nent of the POLARCAT and International Polar Year (IPY)

initiatives. Four distinct air mass types were sampled in-

cluding a cleaner Arctic background and a relatively pris-

tine sea ice boundary layer as well as biomass burning

and anthropogenic pollution plumes. Despite differences

in chemical composition, inferred aerosol hygroscopicities

were fairly invariant and ranged from κ = 0.1–0.3 over the

atmospherically-relevant range of water vapor supersatura-

tions studied. Organic aerosols sampled were found to be

well-oxygenated, consistent with long-range transport and

aerosol aging processes. However, inferred hygroscopicities

are less than would be predicted based on previous parame-

terizations of biogenic oxygenated organic aerosol, suggest-

ing an upper limit on organic aerosol hygroscopicity above

which κ is less sensitive to the O:C ratio. Most Arctic

aerosols act as CCN above 0.1 % supersaturation, although

the data suggest the presence of an externally-mixed, non-

CCN-active mode comprising approximately 0–20 % of the

aerosol number. CCN closure was assessed using measured

size distributions, bulk chemical composition, and assumed

aerosol mixing states; CCN predictions tended toward over-

prediction, with the best agreement (±0–20 %) obtained by

assuming the aerosol to be externally-mixed with soluble or-

ganics. Closure also varied with CCN concentration, and
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the best agreement was found for CCN concentrations above

100 cm−3 with a 1.5- to 3-fold overprediction at lower con-

centrations.

1 Introduction

The Arctic is particularly sensitive to climatic changes be-

cause of the complex feedbacks between surface tempera-

ture and surface albedo, among other factors. Trace gas and

aerosol species have the potential to modify this feedback

through their interaction with shortwave and longwave radi-

ation, and are thus, an important area of active research. A

number of long-term measurements around the Arctic have

indicated that these species vary seasonally, and their con-

centrations peak during late winter and early spring when

mid-latitude anthropogenic pollution is transported north-

ward and injected into the vertically-stratified springtime

Arctic atmosphere (Quinn et al., 2007; Shaw, 1995).

Termed “Arctic haze”, these pollution layers can persist

for days or weeks and have been attributed mostly to anthro-

pogenic sources in northern Europe and Asia (Law and Stohl,

2007). Recent work indicates that biomass burning emis-

sions may contribute more to the haze layers than previously

thought (Warneke et al., 2010; Quinn et al., 2008; Stohl et al.,

2006, 2007), possibly because industrial emissions contribut-

ing to the haze have steadily decreased over past decades

(Quinn et al., 2007), or because of improved instrumental

capabilities for detecting and attributing the biomass burning

contribution.
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Aerosol species can impact the Arctic energy balance di-

rectly by absorbing and scattering sunlight, and also indi-

rectly, through their ability to act as cloud condensation nu-

clei (CCN) and modify cloud properties. It is known that in-

creased CCN loadings produce more numerous and smaller

cloud droplets, which reflect more incoming shortwave, so-

lar radiation back into space, thereby cooling the Earth’s sur-

face (Twomey, 1977a). However, it has been suggested by

a number of studies that this cooling effect is more than

offset in the Arctic by changes in longwave cloud emissiv-

ity (Alterskjær et al., 2010; Garrett and Zhao, 2006; Lu-

bin and Vogelmann, 2006; Shupe and Interieri, 2004; Gar-

rett et al., 2002). This is because of decreased solar inso-

lation during the Arctic winter-spring and because low-level

Arctic clouds tend to be diffuse and optically thin. Addi-

tionally, the high albedo of surface snow and ice limits the

potential cooling associated with light scattering from these

clouds. Smaller cloud droplets also inhibit ice crystal riming

and droplet collision-coalescence processes, which increase

the cloud lifetime against precipitation (Lance et al., 2011;

Mauritsen et al., 2011; Borys et al., 2000, 2003; Albrecht,

1989). Thus, accurate in-situ observations of aerosol and

cloud properties are essential for models to account for these

“indirect effects” of aerosols on Arctic clouds and climate.

In past decades, measurements of CCN have been made on

a variety of ground-based and airborne platforms throughout

the Arctic by exposing particles to a specified water vapor

supersaturation and counting the number of droplets that are

formed. Hoppel et al. (1973) used a thermal-gradient dif-

fusion cloud chamber to measure vertical profiles of CCN

above the Yukon Valley, approximately 100 miles north of

Fairbanks, Alaska, during February. A distinct vertical gra-

dient was observed and CCN concentrations were found to

increase by about a factor of three above 2 km altitude (from

∼100 CCN cm−3 near the surface) and exhibited increased

sensitivity to supersaturation.

Shaw (1986) performed CCN measurements of episodic

Arctic haze in central Alaska during January–February, also

using a thermal diffusion chamber, and found that par-

ticles behaved like soluble salts, with approximately 10–

30 CCN cm−3 measured at ∼0.3–0.5 % supersaturation.

Hegg et al. (1995) studied CCN during seven research

flights in April, 1992, which were conducted 350 km north

of Alaska during the Arctic Leads Experiment (LEADEX).

CCN concentrations were generally less than 100 cm−3 with

a mean of 47±19 cm−3, while the Aitken mode particle con-

centration varied from 135 to 4600 cm−3. Most aerosols

did not act as CCN even at 1 % supersaturation (the mean

CCN-active fraction was 0.15±0.08). This unexpectedly-

low CCN-active fraction was attributed to the prevalence of

smaller, Aitken mode particles. Concurrent SO2−
4 measure-

ments did not correlate with CCN concentrations at 0.3 %

supersaturation (r = 0.046), but improved at 1 % supersatu-

ration (r = 0.640), suggesting that the sulfate was present in

the smaller particles.

Hegg et al. (1996) made measurements of aerosol size,

volatility, and CCN activity near Prudhoe Bay, Alaska, dur-

ing June 1995. At 1 % supersaturation, they found mean

CCN concentrations of 0 to 178 cm−3, corresponding to

CCN-active fractions of around 0.10, similar to those of

Hegg et al. (1995). The CCN-active fraction was found to

correlate weakly with the aerosol mass fraction volatile at

320 ◦C (e.g., sulfate and organic species), suggesting that

compositional effects were important in modulating CCN

concentrations (Hegg et al., 1996).

Bigg and Leck (2001) measured CCN from an icebreaker

in the central Arctic Ocean during July to September using

a CCN-remover-type instrument (Ji et al., 1998), and found

CCN concentrations of 1–1000 cm−3 at 0.25 % supersatura-

tion, with median daily concentrations of 15–50 cm−3. The

highest concentrations were observed over open water and

were reduced to less than 200 cm−3 after 24 h transport over

the ice pack. Assuming that all particles were composed of

ammonium sulfate generally overpredicted CCN concentra-

tions by 30 %, which is consistent with the 30 % overpre-

diction bias observed by Zhou et al. (2001) and Leck et al.

(2002) using hygroscopic growth and CCN measurements

during the same cruise. Single-particle electron microscopy

indicated that the majority of particles were internally-mixed,

but also showed the presence of organic species or other non-

hygroscopic, non-volatile aerosol inclusions that likely led to

the overprediction bias. Leck et al. (2002) found that CCN

were underpredicted by approximately 30 % during clear sky

conditions and high wind speeds, which they attributed to the

presence of organic surfactants that made the particles more

CCN-active than would be expected from the contribution of

the inorganic species alone (Leck et al., 2002; Lohmann and

Leck, 2005)

Yum and Hudson (2001) measured the vertical distribution

of CCN concentrations (0.04–0.8 % superaturation) approxi-

mately 500 km north of the Alaskan coast as part of the Arc-

tic Clouds Experiment (ACE) and Surface Heat Budget of the

Arctic Ocean (SHEBA) projects in May, 1998. They found

that both CCN and total particle concentrations increased

with altitude, on average, from less than 100 cm−3 in the

boundary layer to 150–200 cm−3 aloft. Average CCN con-

centrations at all altitudes increased from roughly 10 cm−3 at

0.02 % supersaturation to 100 cm−3 at 0.1 % supersaturation

and 200–300 cm−3 at 0.8 % supersaturation, and the authors

attributed the relatively high CCN-active fraction of 0.63 and

the slope of the CCN-supersaturation spectrum as indicative

of an aged aerosol with few small particles (Yum and Hud-

son, 2001), and whose variability was likely due to cloud

scavenging of higher-altitude aerosol layers that then de-

scended into the boundary layer (Wylie and Hudson, 2002).

This is in contrast to the prevalent small particles and low

CCN activation ratios observed by Hegg et al. (1995).

More recently, Kammermann et al. (2010) measured sum-

mertime CCN and aerosol hygroscopic growth during the

Abisco campaign at the Stordalen mire, Sweden, and saw

Atmos. Chem. Phys., 11, 11807–11825, 2011 www.atmos-chem-phys.net/11/11807/2011/
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Fig. 1. (Left) Aircraft trajectories for the research flights on April 12th, 15th, 18th, 19th, and 21st, colored by air mass type. Due to vertical

profiling, some air mass types overlap. (Right) Vertical profiles showing the altitudes at which each air mass type (background, biomass

burning plumes, anthropogenic plumes, Arctic boundary layer) was frequently encountered.

CCN concentrations ranging from 30–700 cm−3 with mean

CCN-active fractions of 7–27 % at 0.1–0.7 % supersatura-

tion. Inferred values of the hygroscopicity parameter, κ (Pet-

ters and Kreidenweis, 2007), obtained from the CCN mea-

surements, were found to range from 0.07 at the highest su-

persaturation to 0.21 at the lowest supersaturation. CCN con-

centration closure was assessed by using κ values obtained

from the hygroscopic growth measurements to predict CCN,

and agreement was typically achieved to within ±11 %.

In summary, measurements of Arctic CCN over the past

decades have found concentrations to be highly variable, in

part due to seasonal changes, but typically on the order of a

few tens to hundreds of CCN cm−3, which constitutes only

7–63 % of total particles present even at supersaturations as

high as 0.7–1 %. Both CCN and total particle concentrations

have been observed to increase with altitude, underscoring

the need for additional airborne studies to complement sur-

face measurements. Additionally, the aerosol mixing state

remains poorly characterized with some limited evidence for

size-variant aerosol chemistry and the presence of a small

non-hygroscopic aerosol mode.

In this paper, we present observations of the CCN ac-

tivity and hygroscopic properties of Arctic aerosol sampled

during spring 2008 and quantify the uncertainty in CCN

predictions based on simplified models of aerosol mixing

state and chemical composition relevant for global climate

models. We also examine the relationship between aerosol

hygroscopicity and oxidation state. It has been suggested

that more-oxidized organic aerosol are more hygroscopic

(Jimenez et al., 2009), and we explore this relationship in

the context of well-aged, Arctic air masses.

2 Observational data set

2.1 Study Location

An extensive description of the ARCPAC mission and

aerosol instrumentation is given by Brock et al. (2011), so

only a brief summary is included here. Measurements were

made aboard the National Oceanic and Atmospheric Ad-

ministration WP-3D aircraft based out of Fairbanks, AK

(64◦48′54′′ N, 147◦51′23′′ W). A total of eight research

flights were conducted from 3–23 April 2008, including two

transit flights into and out of Alaska. We restrict our anal-

ysis here to five of the research flights conducted entirely

within the Alaskan Arctic (12, 15, 18, 19, and 21 April).

As described by Brock et al. (2011), these flights extended

from western Alaska near Nome, northeast to the Beaufort

Sea, and intercepted four distinct types of air masses (back-

ground, biomass burning plumes, anthropogenic pollution

plumes, and the Arctic sea ice boundary layer), which will

be discussed in detail in Sect. 3.1. A map of the flight tracks

is shown in Fig. 1.

www.atmos-chem-phys.net/11/11807/2011/ Atmos. Chem. Phys., 11, 11807–11825, 2011
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2.2 Chemical composition measurements

Mass loadings of non-refractory, sub-micron aerosol species

were obtained from a compact time-of-flight aerosol mass

spectrometer (C-ToF-AMS) with a pressure-controlled inlet

(Bahreini et al., 2008; DeCarlo et al., 2006; Drewnick et al.,

2005). The C-ToF-AMS focuses the sample aerosol stream

into a narrow beam, which is impacted on a hot plate. Par-

ticles are vaporized and ionized before being detected with

a compact time of flight mass spectrometer. The instrument

was operated in either “particle time of flight” mode or in

“mass spectrum” mode. In the former mode, the narrow par-

ticle beam is periodically interrupted by a rotating chopper,

and the particle time-of-flight across the vacuum chamber is

detected and related to size. Size-resolved mass distributions

were averaged to five-minute intervals to improve signal-to-

noise. In the latter mode, the chopper alternates between

completely opening and completely blocking the beam line

so that the difference mass spectrum is obtained at 0.2 Hz

with good signal-to-noise, but for the entire particle size dis-

tribution. Phase dependent efficiencies were applied to all

species measured by the C-ToF-AMS as described in Mid-

dlebrook et al. (2012). Mass loadings for sulfate, nitrate, am-

monium, and organic aerosol constituents were then calcu-

lated from the mass spectra following the procedure of Al-

lan et al. (2003), with relative uncertainties of ±34–38 %

(Bahreini et al., 2009).

Aerosol volume fractions were calculated from the C-ToF-

AMS mass loadings, assuming internally-mixed aerosol, tab-

ulated inorganic species densities, and an organic density of

1400 kg m−3 (King et al., 2007). Partitioning of the inorganic

aerosol fraction between neutral and acidic sulfate species for

each air mass was calculated using the molar ratio of ammo-

nium ions to sulfate and nitrate ions, RSO4 , and mass balance

as per Nenes et al. (1998). Nitrate constitutes a small fraction

of aerosol volume in all air mass types and is assumed to be

completely neutralized. For RSO4>2, the sulfate is present

as ammonium sulfate, while for 1<RSO4<2, the sulfate is

present as a mixture of ammonium sulfate and ammonium

bisulfate. Finally, for RSO4<1, the sulfate is present as a

mixture of ammonium bisulfate and sulfuric acid.

The C-ToF-AMS provides information about the mass

fraction of non-refractory chemical constituents, but does not

provide any information about the refractory aerosol compo-

nents (e.g., sea salt, mineral dust, elemental carbon) or mix-

ing state. Such information is obtained using a particle anal-

ysis by laser mass spectrometry (PALMS) instrument (Mur-

phy et al., 2006; Thomson et al., 2000). The PALMS instru-

ment ablates and ionizes single particles (0.15–0.75 µm di-

ameters) using a laser, and analyzes the resulting ions with a

reflectron time-of-flight mass spectrometer. The positive- or

negative-ion mass spectral patterns of each particle are then

used to classify the particle as one of six different compo-

sitional types according to the dominant constituent in each

particle. The compositional types are biomass/biofuel, sul-

fate/organic, sea salt, mineral dust, elemental carbon, and

unclassified. The unclassified compositional type refers to

particles that could not be identified by the automated data

processor, although subsequent inspection of these spectra

showed them to be consistent with the distribution of other

particle types. In addition, particles composed primarily of

elemental carbon were found to constitute less than 1 % of

particle number. Consequently, we neglect the unclassified

and elemental carbon particle type categories in this analysis.

Particle number concentrations of each type were computed

with a 60-s resolution and an estimated relative uncertainty

of 15 %.

2.3 Particle size distribution measurements

Dry particle size distribution measurements (0.003 to 8.3 µm

diameters) were obtained at 1 Hz from a white-light optical

particle counter (WLOPC), an ultra-high sensitivity aerosol

size spectrometer (UHSAS), and a nucleation mode aerosol

size spectrometer (NMASS). An impactor with 1 µm cutoff

diameter was located upstream of the UHSAS. The NMASS

consists of five condensation particle counters, with 0.004,

0.008, 0.015, 0.030, and 0.055 µm cutoff diameters. Fine par-

ticle size distributions (0.003 to 1 µm diameters) were then

calculated by coupling these five size bins to the UHSAS dis-

tribution using a nonlinear inversion algorithm (Brock et al.,

2000). The calibrated uncertainty of the fine particle con-

centrations is approximately ±20 %, although an additional

bias of 5–10 % was noted during aircraft ascent and descent

(Brock et al., 2011).

2.4 CCN measurements

CCN measurements were made using a Droplet Mea-

surement Technologies (DMT) streamwise thermal-gradient

cloud condensation nuclei counter (CCNC, Lance et al.,

2006; Roberts and Nenes, 2005), which was located down-

stream of the 1-µm-cutoff-diameter impactor. The CCNC

consists of a cylindrical flow tube with wetted walls, on

which a linear streamwise temperature gradient is applied.

Owing to the greater mass diffusivity of water vapor than

the thermal diffusivity of air, a supersaturation is generated

with a maximum at the centerline of the flow tube. The su-

persaturation depends on the applied temperature gradient,

flow rate, pressure, and, to a lesser extent, the temperature at

the instrument inlet (Roberts and Nenes, 2005). During AR-

CPAC, the instrument was operated at a constant flow rate

(0.75 L min−1) and pressure (450 hPa). A flow orifice and

active control system were used to ensure that the pressure

remained constant, despite changes in ambient pressure with

altitude. In the rare instances when the ambient pressure de-

creased below 450 hPa, the instrument pressure varied freely

with the ambient pressure. All CCN and total particle con-

centration measurements during ARCPAC are reported here

Atmos. Chem. Phys., 11, 11807–11825, 2011 www.atmos-chem-phys.net/11/11807/2011/
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at standard temperature and pressure (STP, 1013 hPa and

273.15 K).

During the research flights, the CCNC instrument super-

saturation was varied between 0.1 % and 0.6 % in a stepwise

manner by changing the streamwise temperature gradient,

1T . Supersaturation, s, scales linearly with 1T (at con-

stant flow rate and pressure), and this relationship was deter-

mined using ammonium sulfate calibration aerosol and Scan-

ning Mobility CCN Analysis (SMCA, Moore et al., 2010).

This technique couples the CCNC to an aerosol generation

system and scanning mobility particle sizer (SMPS). Ammo-

nium sulfate aerosol are size-classified by the SMPS before

being introduced into the CCNC, and particles above a crit-

ical dry diameter, Dp,c, act as CCN and are detected by the

CCNC. Köhler theory (Köhler, 1936), is then used to deter-

mine s from the measured Dp,c for each 1T following the

procedure of Rose et al. (2008) and Moore et al. (2010). Pa-

rameters for computing the osmotic coefficient using the ion-

interaction approach of Pitzer and Mayorga (1973) were ob-

tained from Clegg and Brimblecombe (1988). The secondary

activation peak associated with doubly-charged particles was

removed. The effect of the of the DMA transfer function

and particle non-sphericity were not considered; however,

the error associated with these assumptions is less than 3 %,

relative (Rose et al., 2008), which is less than the variabil-

ity of s from the calibrations throughout the field measure-

ments (±0.04 %, absolute). The instrument operating tem-

perature was operated well above the ambient temperatures

encountered during ARCPAC, which may cause some par-

ticles to partially volatilize prior to activation (Asa-Awuku

et al., 2009); however, insufficient information was available

to deduce this effect. The total uncertainty in the reported

CCN number concentration derived from counting statistics

and small variations in temperature, pressure, and flow rate is

7–16 % for CCN concentrations above 100 cm−3 STP, which

were typical.

3 Results and discussion

3.1 Air masses sampled

During five research flights from 12–21 April, the WP-3D

aircraft sampled aerosol from four distinct air mass types

(Brock et al., 2011), characterized as:

1. Background: Air masses where both carbon monoxide

and acetonitrile mixing ratios were less than 170 ppbv

and 100 pptv, respectively, and that did not contain lay-

ers with large enhancements in aerosol and trace gas

concentrations. Observations are consistent with the

mean springtime “Arctic haze” values reported from

long-term surface observations (Brock et al., 2011). Or-

ganics constitute 51 % of the non-refractory aerosol vol-

ume, on average, with the remaining volume divided

between ammonium nitrate, ammonium sulfate, ammo-

nium bisulfate, and sulfuric acid by an average ratio of

approximately 0:2.5:4:3.5, respectively.

2. Biomass Burning Plumes: Air masses where both

carbon monoxide and acetonitrile mixing ratios were

greater than 170 ppbv and 100 pptv, respectively. Often

layers with enhanced aerosol and trace gas concentra-

tions were present. Organics constitute 70 % of the non-

refractory aerosol volume, on average, with the remain-

ing volume divided between ammonium nitrate, ammo-

nium sulfate, ammonium bisulfate, and sulfuric acid by

an average ratio of approximately 1:4:4:1, respectively.

3. Anthropogenic Pollution: Air masses where the carbon

monoxide mixing ratio exceeded 170 ppbv, but where

the acetonitrile mixing ratio was less than 100 pptv. This

case was only observed on 15 April for a short period

of time. Organics constitute 40 % of the non-refractory

aerosol volume, on average, with the remaining volume

divided between ammonium nitrate, ammonium sulfate,

ammoninum bisulfate, and sulfuric acid by an average

ratio of approximately 0:1.5:7:1.5, respectively.

4. Arctic Boundary Layer: Air masses over sea ice and

below the inversion layer, where ozone mixing ratios

were less than 20 ppbv and/or photochemically-active

bromine was enhanced, indicating sea-ice surface inter-

action. Organics constitute 25 % of the non-refractory

aerosol volume, on average, with the remaining volume

divided between ammonium nitrate, ammonium sulfate,

ammoninum bisulfate, and sulfuric acid by an average

ratio of approximately 0:1.2:6.4:2.3, respectively.

A detailed description of additional aerosol properties as well

as the source and transport characteristics for each air mass

type is given by Brock et al. (2011). The ion balance indi-

cates that much of the aerosol sampled during ARCPAC is

partially acidic.

Figure 1 shows the geographical distribution of the differ-

ent air mass types sampled by the WP-3D. Background and

biomass burning air masses coexisted throughout northern

Alaska at all altitudes sampled, but were sampled most fre-

quently between 3.5 and 5.5 km. Only a few anthropogenic

pollution plumes were intercepted at similar altitudes to the

biomass burning layers. It is important to note that the sam-

pling strategy of the aircraft is reflected somewhat in this fre-

quency distribution, as different air masses were specifically

targeted during some research flights.

The average size distributions for the air mass types are

shown in Fig. 2. Error bars denote the standard devia-

tion in particle number concentration. The size distributions

for all air mass types are dominated by the accumulation

mode, with average geometric mean diameters of approxi-

mately 170 nm for all air mass types except for the biomass

plumes, which were more variable (Dg = 189 ×
÷ 1.19 nm)

www.atmos-chem-phys.net/11/11807/2011/ Atmos. Chem. Phys., 11, 11807–11825, 2011
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(Brock et al., 2011). A detailed comparison of the aerosol

size distributions observed during ARCPAC and those found

for the long-range transport of biomass burning emissions in

other studies is given by Brock et al. (2011).

A much smaller nucleation mode (Dg<50 nm) is also

commonly present for the background case, but is reflected

only as a very slight increase in the average concentration at

smaller sizes in Fig. 2. Although the small features at the

lower end of the size distributions (<80 nm) in Fig. 2 may

not be statistically significant due to uncertainties from dif-

ferencing the concentrations measured by adjacent NMASS

channels, the background nucleation mode remains even af-

ter averaging over the five research flights, suggesting that

it is likely real. Size distributions similar to the background

case have been observed previously for the springtime Arctic

atmosphere at Svalbard for well-aged, continental air masses

transported northward from the mid-latitudes (e.g., Ström

et al., 2003; Covert and Heintzenberg, 1993; Heintzenberg,

1980). Meanwhile, Shaw (1983, 1984) report a more sig-

nificant nucleation mode for springtime Alaskan Arctic haze

aerosol with concentrations on the order of those of the ac-

cumulation mode, which was also seen by Hegg et al. (1995)

but at tenfold lower particle concentrations over the Arctic

Ocean. Measurements also indicate that these Aitken and

nucleation modes become increasingly dominant during the

summer months as larger particles are removed via deposi-

tion and local sources become important (Korhonen et al.,

2008; Heintzenberg et al., 2006; Ström et al., 2003; Hegg

et al., 1996). Thus, the aerosols sampled during ARCPAC

are representative of large, well-aged springtime Arctic pol-

lution aerosol with a significant biomass burning influence.

The strong biomass burning contribution even throughout

the background air mass type means that while this back-
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ground is representative of the Alaskan Arctic during Spring

2008 when Asian wildfires were unusually early and fre-

quent (Warneke et al., 2010), it is not necessary represen-

tative of the Arctic as a whole. In subsequent sections we

evaluate the relative impacts of particle size and chemical

composition on the CCN activity of these air mass types.

3.2 CCN activity

Vertical profiles of measured CCN concentration, NCCN, and

fine particle condensation nucleus (CN, Dp>4 nm) concen-

tration, NCN, for each air mass type are shown in Figs. 3

and 4, respectively. Fine particle concentrations were gener-

ally in the range of 100–1500 cm−3, and show little system-

atic dependence with altitude, except for the Arctic boundary

layer air type, where NCN increases by a factor of four with

height over the first kilometer in altitude. Particle concentra-

tions in the biomass burning plumes generally exceeded the

background by roughly two-fold, and even larger enhance-

ments can be observed in layers between 1500–3000 m (19

April) and at 4500 m (21 April). This structure is largely re-

flected in the CCN concentrations, which range from a few

tens of particles per cm3 to concentrations on the order of

NCN. While a small amount of this variability can be at-

tributed to the range of water vapor supersaturations stud-

ied (0.1–0.6 %), low CCN concentrations were measured fre-

quently at high supersaturations and vice versa.

As a quantitative comparison between CCN and CN, acti-

vation curves showing the fraction of CCN-active particles

(Ra = NCCN/NCN), across the entire aerosol size distribu-

tion and as a function of instrument supersaturation, were

Atmos. Chem. Phys., 11, 11807–11825, 2011 www.atmos-chem-phys.net/11/11807/2011/
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sured during ARCPAC. Data shown are 1 Hz measurements and are

color-coded by air mass type as in Figs. 1 and 2.

computed for each air mass type and are shown in Fig. 5.

The circles and fitted trend lines in Fig. 5 denote the median

activated fraction at each supersaturation, while the shaded

area denotes the interquartile range. Black lines denote the

theoretical activated fractions calculated for constant aerosol

hygroscopicity, κ , using the average size distribution for each

air mass type (discussed in Sect. 3.3). It can be seen that the

activation curves are very similar across air mass types with a

majority of particles acting as CCN above 0.1 % supersatura-

tion. Much of the similarity of these CCN activation curves

can be attributed to the similarity of the aerosol size distri-

butions; that is, size effects are more dominant than chemi-

cal effects in determining CCN activity (Dusek et al., 2006;

Twomey, 1977b).

Compositional effects appear to become important at the

0.3–0.6 % supersaturation range, where the activated frac-

tion reaches a maximum, whose median value is less than

unity. This suggests the presence of an externally-mixed,

non-CCN-active aerosol fraction that constitutes approxi-

mately 0–20 % of the aerosol number, and as much as 40 %

for the background air mass type where increased numbers

of nucleation-mode particles were sometimes observed; al-

though, the combined measurement uncertainties of NCCN

and NCN (7–16 % and 20 %, respectively), make this a

weaker conclusion. For the background case, the maximum

activated ratio is lower than the other cases because of the

sub-40-nm nucleation mode, whose particles are too small to

act as CCN regardless of their composition. Measurements

of the sub-750-nm, single-particle number fractions from the

PALMS, which are also shown in Fig. 5, indicate a non-

negligible dust fraction for all air mass types which would

likely contribute to this non-CCN-active fraction, as well

as less-oxidized organic species present as sulfate/organic

or biomass/biofuel particle types. Previous Arctic studies

have also detected the presence of a small, externally-mixed

and less-hygroscopic aerosol mode either through humidified

tandem differential mobility analyzer (HTDMA) measure-

ments (e.g., Herich et al., 2009; Covert and Heintzenberg,

1993) or from inferences based on volatility measurements

(e.g., Engvall et al., 2008; Hegg et al., 1996).

Past airborne and ground-based studies of springtime Arc-

tic CCN have reported average concentrations in the range

of 0–300 cm−3 and average activated fractions, Ra, of 0.15–

0.63 for supersaturations of 0.3–1 % (Yum and Hudson,

2001; Hegg et al., 1995; Shaw, 1986). Hegg et al. (1996)

and later Kammermann et al. (2010) measured Arctic CCN

during the summer and found higher CCN concentrations of

0–675 cm−3 and Ra of 0.10–0.17 on average. This study

finds 95th-percentile CCN concentrations of 100–550 cm−3

at 0.15–0.42 % supersaturations for the background and Arc-

tic boundary layer air mass types, which would be expected

to be most representative of normal springtime Arctic condi-

tions among the four air types encountered during ARCPAC.

The large observed CCN concentrations appear to be more

consistent with past summertime Arctic measurements than

with the springtime studies. Fine particle concentrations are

consistent with past springtime studies while the CCN-active

number fractions measured in this study are much higher.

Thus, the enhancement in CCN likely results from a shift in

the aerosol size distribution toward larger sizes rather than an

overall increase in the total particle concentration. The 95th-

percentile CCN concentrations at 0.15–0.42 % supersatura-

tions for the anthropogenic pollution and biomass burning

air mass types were 300–800 cm−3 and 500–1500 cm−3, re-

spectively.

3.3 Inferring hygroscopicity

The ability of a particle to act as a CCN depends on its size

and chemical composition and on the ambient water vapor

supersaturation. This relationship is described by Köhler the-

ory (Köhler, 1936), and a single parameter representation of

this theory has been recently developed and widely-adopted

(Petters and Kreidenweis, 2007). The critical water vapor

supersaturation that a particle must be exposed to to act as a

CCN, sc, is given by

sc ≈

√

√

√

√

4

κD3
p

(

4σMw

3RTρw

)3

(1)

where Dp is the dry particle diameter, κ is the hygroscopicity

parameter (Petters and Kreidenweis, 2007), R is the gas con-

stant, T is the absolute temperature, σ is the surface tension

of the solution droplet, and Mw and ρw are the molar mass

and density of water, respectively. Although organic surfac-

tants present in atmospheric aerosols can depress the droplet

surface tension below that of pure water (Asa-Awuku et al.,

www.atmos-chem-phys.net/11/11807/2011/ Atmos. Chem. Phys., 11, 11807–11825, 2011
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Fig. 5. Median CCN activated fraction (Ra = NCCN/NCN) as a function of instrument supersaturation for each air mass sampled during

12–21 April. Thick, colored curves are sigmoidal fits of the form Ra = a0/(1+(s/a1)−a3), where a0, a1, and a2 are fitting constants, and the

shaded region in the figure is the interquartile range. Thin, black lines denote constant values of the hygroscopicity parameter, κ , computed

based on the average size distribution for each air mass type. The stacked bars show the number fraction of each particle type from the

PALMS instrument for particle diameters of 150-750 nm.

2009; Decesari et al., 2003; Facchini et al., 1999), most field

measurement studies, including this one, assume the surface

tension of water in Eq. (1) by convention.

An alternate and equivalent way of expressing Eq. (1) is

to state that when particles with a given κ are exposed to a

constant water vapor supersaturation, those particles larger

than some critical dry diameter, Dp,c will act as CCN. Thus,

we can infer κ directly from measurements of CCN and the

particle size distribution by first determining Dp,c by inte-

grating the particle size distribution to match the measured

CCN concentration at a specified supersaturation,

NCCN=
∫ ∞

Dp,c

nCNdDp (2)

where NCCN is the measured CCN number concentration and

nCN is the particle size distribution function. The derived

Dp,c for each supersaturation is then substituted into Eq. (1)

to find κ . Implicit in this method is the assumption that the

aerosols larger than Dp,c are internally-mixed. Given that κ

is most sensitive to sizes around Dp,c, we expect that the κ

derived in this way is most characteristic of particles with

size Dp,c.

Inferred median κ values from the CCN and size distri-

bution measurements are plotted against their corresponding

values of Dp,c in Fig. 6; error bars denote the interquartile

range of inferred values. Also shown for comparison are pre-

dicted κ values from size-averaged and size-resolved C-ToF-

AMS compositions calculated as

κ =
∑

i

ǫiκi (3)

where ǫi and κi are the volume fraction and pure-component

hygroscopicity of species i, respectively. Values of κi were

found from

κi = (ρi/Mi)(Mw/ρw)νi (4)

where ρi , Mi , and νi are the density, molar mass, and van’t

Hoff factor of the pure solute, respectively. An organic κ

of 0.11 was assumed, which corresponds to a theoretical or-

ganic species with a molar mass of 0.200 kg mol−1, density

of 1400 kg m−3 (King et al., 2007), and a van’t Hoff factor of

unity.

Atmos. Chem. Phys., 11, 11807–11825, 2011 www.atmos-chem-phys.net/11/11807/2011/
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Fig. 6. Inferred values of the hygroscopicity parameter, κ , obtained from the measured CCN concentrations and size distributions and plotted

against the critical activation diameter, Dp,c (squares). Also shown are κ values calculated for particle compositions obtained from size-

resolved (circles) and size-averaged (diamonds) C-ToF-AMS measurements. Markers denote the median values for each air mass type, while

error bars denote the interquartile range. The solid line shows the average particle size distribution from Fig. 2 (on linear scale).

It is apparent from Fig. 6 that the CCN-derived hygro-

scopicities are substantially lower than those suggested by

the non-refractory aerosol composition, and these values also

show a strong size-dependence. This apparent discrepancy

could reflect size-dependent chemistry, where less-soluble

organics are enhanced in the smaller particles relative to the

larger particles measured by the C-ToF-AMS. For example,

Kammermann et al. (2010) found similar κ values of 0.07-

0.21 for accumulation mode aerosol (D = 50-200 nm) sam-

pled in the remote subarctic Stordalen mire in northern Swe-

den using a DMT CCNC and a hygroscopicity tandem differ-

ential mobility analyzer (HTDMA). Alternatively, the lower

κ could reflect the presence of an externally-mixed, non-

CCN-active aerosol mode such as insoluble organics or even

mineral dust, which constitutes ∼6 % by number (Fig. 5).

Since the hygroscopicities shown in Fig. 6 were calculated

assuming an internally-mixed aerosol, the presence of this

less-CCN-active mode would serve to decrease κ . This is es-

pecially true for the lowest values of the CCN-derived κ (s >

0.3%), where all of the CCN-active particles have already ac-

tivated and the effect of a less-hygroscopic mode would dis-

proportionately affect predictions made assuming an internal

mixture. The derived hygroscopicities of 0.1-0.3 in this study

are consistent with those of an aged, pyrogenic aerosol (An-

dreae and Rosenfeld, 2008), which is not surprising given the

influence of biomass burning aerosol, present in all air mass

types sampled.

3.4 Hygroscopicity and Organic Oxygenation

It was also observed during ARCPAC that the geometric

mean diameter of the aerosol size distribution varied with

carbon monoxide mixing ratio for the biomass burning and

background air types (Figure 8 in Brock et al., 2011), and it

was suggested that dilution of the biomass burning aerosols

may evaporate some semi-volatile organic species present in

these particles (Brock et al., 2011). An alternate explanation

would be that the plumes were emitted with lower gas-phase

concentrations or were diluted early in transport, leading

to less secondary aerosol production and smaller particles.

www.atmos-chem-phys.net/11/11807/2011/ Atmos. Chem. Phys., 11, 11807–11825, 2011
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Fig. 7. (a) Average particle size distribution for all biomass burn-

ing plumes sampled, colored by number concentration, and plotted

versus CO mixing ratio. The black trace denotes the distribution ge-

ometric mean diameter. (b) CCN-derived biomass burning aerosol

hygroscopicity, colored by aerosol organic volume fraction from the

C-ToF-AMS, and plotted versus CO mixing ratio. (c) f44 ratio ob-

tained from the C-ToF-AMS (averaged to 5-minute intervals) plot-

ted versus CO mixing ratio. The black-circles in (b) and (c) denote

the mean κ and error bars represents one standard deviation from

the mean.

CCN and large particle concentrations were also found to

correlate linearly with CO (Lance et al., 2011). It would

be expected that the least volatile organic species would be

the most oxidized, and hence most CCN-active, while the

semi-volatile organics would be less-oxidized and therefore
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Fig. 8. Oxidation state of the aerosol expressed as f44 versus f43,

following (Ng et al., 2010). Points denote the 10-second-averaged

observations for each air mass type, and the ellipses denote the 95 %

confidence regions. Dashed lines are the parameterized triangular

bounding region reported by (Ng et al., 2010) for SOA chamber

oxidation and ambient measurements.

less CCN-active (Duplissy et al., 2011; Chang et al., 2010;

Jimenez et al., 2009). To test this assumption, Figure 7

shows the average aerosol size distribution and hygroscop-

icities plotted versus the CO mixing ratio for all biomass

burning plumes encountered during ARCPAC. A notable de-

crease in the aerosol geometric mean diameter and number

concentration is apparent with decreasing CO, and this trend

coincides with an increase in the average κ from 0.1 to 0.2

and increased variability of κ . While the decrease in organic

volume fraction, and corresponding increase in the higher-

κ inorganic fraction is sufficient to explain this behavior, a

slight shift in the degree of organic oxidation toward more-

oxidized aerosol was also observed. The C-ToF-AMS mass

fraction of the m/z 44 peak (mostly the CO+
2 fragment of

highly oxygenated organics such as, e.g., di-acids and esters)

to total organic mass, f44, is correlated with the organic O:C

ratio (Aiken et al., 2008; Zhang et al., 2005), which, in turn,

relates to the organic hygroscopicity (Jimenez et al., 2009).

This is shown for the biomass burning plumes in Fig. 7c. The

relationship between f44 and the O:C ratio was calculated us-

ing the correlation of Aiken et al. (2008). In biomass burning

plumes an average f44 of ∼0.26 ±0.03 was observed, and the

average f44 increased very slightly from 0.24 ±0.02 to 0.27

±0.06 as CO decreased from ∼400 ppbv to 150 ppbv. The

very small change in f44 and κ with CO lends support to

the early dilution / reduced SOA formation explanation ver-

sus evaporation of less-oxidized, semi-volatile species during

later plume dilution.

Atmos. Chem. Phys., 11, 11807–11825, 2011 www.atmos-chem-phys.net/11/11807/2011/
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Figure 8 shows the 95 %-percent simultaneous confidence

ellipses for f44 and f43, where f43 is the ratio of the m/z

43 peak (mostly C3H+
7 and C2H3O+ fragments) to the to-

tal organic mass. The center of each ellipse denotes the

mean values of f43 and f44. Also shown in Fig. 8 is the

triangular bounding region reported by Ng et al. (2010) that

encompasses ambient and chamber data for oxygenated or-

ganic aerosol (OOA). While Ng et al. (2010) define fX as

the ratio of m/z X to only the oxygenated organic aerosol

mass and this study uses the total organic mass measured by

the C-ToF-AMS, direct comparison is reasonable because of

the expected dominance of OOA (versus hydrocarbon-like

organics) in the aged air masses sampled during ARCPAC.

This assumption may explain why the ARCPAC confidence

ellipses are shifted slightly toward larger f43 values relative

to the triangular region.

Most organic aerosols sampled during ARCPAC exhibited

f44>0.15, indicative of well-oxygenated species (O:C ∼0.8–

1.2 using the correlation of Aiken et al. (2008)). Model at-

mospheric compounds with O:C ratios in this range include

succinic, glutaric, and malic acids, although these model

species have slightly lower molar masses (0.118 kg mol−1,

0.132 kg mol−1, and 0.134 kg mol−1, respectively) than the

average organic molar mass inferred from κ during ARC-

PAC (∼0.200 kg mol−1). Jimenez et al. (2009) have shown

that the organic hygroscopicity varies linearly with the O:C

ratio for biogenic organics in smog chambers and for a num-

ber of field studies. Extrapolating the Jimenez et al. (2009)

parameterization to O:C ∼1.0 implies an organic κ of ∼0.43,

which is significantly greater than the hygroscopicities in-

ferred here. This suggests that increased organic oxygenation

via aging processes may increase hygroscopicity only up to

a point (κ ∼0.2-0.3), after which the organic hygroscopic-

ity is less sensitive to the O:C ratio. Despite uncertainties

with regard to the aerosol mixing state, the high O:C ratios

and lower hygroscopicities observed here may suggest, apart

from the different aerosol sources, a different secondary or-

ganic aerosol formation pathway than purely gas-phase ox-

idation chemistry. The ubiquity of Arctic clouds and recent

modeling simulations showing oxalate concentrations of 20-

30 % that of sulfate in the Arctic suggest that this formation

pathway may be through aqueous phase chemistry (Myrioke-

falitakis et al., 2011), which can produce both organic acids

in cloud droplets and multi-functional humic-like substances

with O:C ratio ∼1 in wet aerosols (Lim et al., 2010; Ervens

et al., 2004).

3.5 Sensitivity of CCN to Composition Effects

While being consistent with previous studies of pyrogenic

aerosol, the hygroscopicities inferred in Sect. 3.3 are notably

lower than expected from the C-ToF-AMS measurements,

especially at higher supersaturations. However, given that

most particles have activated already above about 0.1 % su-

persaturation (see Figure 5), it is unclear how important these

differences in κ are for CCN concentrations. Here, we assess

the sensitivity of CCN concentrations to composition effects

using parameters typical of those measured during ARCPAC.

The sensitivity of CCN concentrations to changes in chem-

ical composition can be computed analytically by first using

Equation 1 to find the sensitivity of Dp,c to κ , and then de-

termining the sensitivity of CCN concentration to changes

in Dp,c determined by the steepness of the size distribution

function:

∂NCCN

∂κ
=
(

∂Dp,c

∂κ

)(

∂NCCN

∂Dp,c

)

(5)

Differentiating Eq. (1) yields

∂Dp,c

∂κ
=

−Dp,c

3κ
(6)

For simplicity, we assume here that the aerosol size-

distribution is lognormal as

nCN=
NCN√

2πDp lnσg

exp

(

−ln2(Dp/Dg)

2ln2σg

)

(7)

where Dg is the geometric mean diameter of the size distri-

bution and σg is the geometric standard deviation. Substitut-

ing Equation 7 into Eq. (2) and differentiating with respect to

Dp,c gives

∂NCCN

∂Dp,c
=

−NCN√
2πDp,c lnσg

exp

(

−ln2(Dp,c/Dg)

2ln2σg

)

(8)

Finally, substituting Equations 6 and 8 into Eq. (5) and incor-

porating κ and NCN into the left-hand-side yields the sensi-

tivity of the activated ratio, Ra, as

∂Ra

∂ lnκ
=

1

3
√

2π lnσg

exp

(

−ln2(Dp,c/Dg)

2ln2σg

)

(9)

Equation (9) is expressed in terms of the size distribution

constants and Dp,c, which depends on s and κ . Thus,

for a given κ , we can express ∂Ra/∂ lnκ across the range

of relevant supersaturations. This is shown in Fig. 9 for

Dg = 170 nm and σg = 1.5, which are values representative

of the average size distributions for the background, anthro-

pogenic pollution, and Arctic boundary layer air mass types

(Brock et al., 2011)

The log-normal nature of ∂Ra/∂ lnκ can be interpreted as

that Ra is most sensitive to composition effects when Dp,c

is near the maximum of the size distribution, where a small

change in Dp,c translates into a larger change in CCN than

at the tails of the distribution. This is also true in s-space for

a constant value of κ . The curves for κ = 0.1–0.2 shown in

Fig. 9 indicate that CCN concentrations are most sensitive to

composition effects near s ∼0.1–0.2, because this combina-

tion of s and κ produces values of Dp,c ∼Dg .
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Fig. 9. Sensitivity of Ra to κ as a function of superaturation. Solid

traces were computed assuming an internal mixture and constant

values of κ , while the dashed trace represents an external mixture of

50 % inorganic aerosol (κ = 0.6) and 50 % organic aerosol (κ = 0.1),

by number.

The dashed curve in Fig. 9 shows the approximate CCN

sensitivity of an externally-mixed aerosol with the same log-

normal size distribution as before, but now with 50 % inor-

ganic particles (κ = 0.6) and 50 % organic particles (κ = 0.1),

by number. This is computed as the sum of the individ-

ual modal sensitivity distributions weighted by the number

fraction of each mode. The externally-mixed case shows a

similar sensitivity to that of the internally-mixed case with

κ = 0.2, but with a slightly wider distribution in s-space.

This analysis implies that weakly-forced Arctic stratiform

clouds with maximum supersaturations of around 0.1-0.2 %

are at the peak of sensitivity to aerosol chemical composition

effects.

3.6 CCN closure

In this section, we use chemical compositions from the C-

ToF-AMS and the measured size distributions to quantify

the uncertainty associated with CCN predictions and to test

the impacts of mixing state and solubility assumptions com-

monly employed in models. Such “CCN closure” analy-

ses are commonplace in the literature and typical reported

overprediction uncertainties range from 0–20 % (e.g., Asa-

Awuku et al., 2011; Rose et al., 2010; Wang et al., 2010;

Bougiatioti et al., 2009; Broekhuizen et al., 2006; Rissler

et al., 2004; VanReken et al., 2003, and others).

The C-ToF-AMS was not operational during the April

12th flight, so we restrict our analysis to the flights on April

15th, 18th, 19th, and 21st. Only the April 19th flight ex-

amined supersaturations above 0.3 %, so we also restrict our

analysis here to water vapor supersaturations of 0.1, 0.2,

and 0.3 %. Finally, because of relatively low aerosol mass

loadings at particle diameters less than 150-200 nm, the res-

olution of the C-ToF-AMS is too noisy to assess closure

using size-resolved composition measurements as has been

performed by some previous studies in more polluted en-

vironments (e.g., Asa-Awuku et al., 2011; Medina et al.,

2007), and size-invariant chemistry is assumed for this anal-

ysis. From Figure 6 it can be seen that the size-averaged

and size-resolved compositions yield similar values of κ over

the diameter range of 200-800 nm, as this is where the mass

distribution is located, which would seem to support the

size-invariance assumption; however, it is an open question

whether the measured particle composition at these sizes is

the same as at smaller sizes.

CCN concentrations are predicted as follows. First, C-

ToF-AMS mass loadings are used to find the volume frac-

tions of organics, ammonium nitrate, ammonium sulfate, am-

monium bisulfate, and sulfuric acid, where the inorganic

species are partitioned as described in Sect. 3.1. Then, Equa-

tions 3 and 4 are used to find the overall hygroscopicity of

the aerosol, which is used in Equation 1 to find the critical

activation diameter, Dp,c, above which particles will act as

CCN.

In applying Eqs. (1), (3), and (4), it is necessary to make

an assumption about the aerosol mixing state. For example,

one can assume that the aerosols are internally mixed with

a composition that yields one Dp,c for the entire population,

and NCCN is found directly from Eq. (2).

Alternatively, one can assume that the aerosol are exter-

nally mixed, where each particle contains either only organic

species or only inorganic species, and the number fraction of

each particle type is described by the overall volume frac-

tions. In this case, two distinct particle populations exist,

each with their own Dp,c. Since the organic species are less

hygroscopic than the inorganic species, Dp,c,org > Dp,c,inorg,

and

NCCN =
∫ Dp,c,org

Dp,c,inorg

(1−ǫorg)nCNdDp

+
∫ ∞

Dp,c,org

nCNdDp (10)

Equation (10) treats all particles (both organic and inorganic)

larger than Dp,c,org as CCN, while only the inorganic fraction

of particles with diameters between Dp,c,inorg and Dp,c,org are

counted as CCN.

In addition, it is necessary to make an assumption re-

garding the hygroscopicity of the organic species. In this

analysis we test two cases: one where the organic parti-

cle fraction can be assumed to be slightly soluble (κ = 0.11)

and one where the organic particle fraction is assumed

to be completely insoluble (κ = 0). Given the aged na-

ture of the organics, the latter assumption is unlikely,

but still a useful sensitivity scenario. Closure is reported
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Table 1. Percent overprediction (8−1)×100 % in CCN number concentration from different organic solubility and mixing state assumptions.

Data from the CCNC, C-ToF-AMS, and size distributions were averaged over 10-s periods, and N reflects the number of 0.1-Hz data points

used to calculate each mean and standard deviation.

Internal Mixture External Mixture Size

Soluble Insoluble Soluble Insoluble Dependent

Air Mass Type N Organics Organics Organics Organics Mixturea

Anthropogenic Pollution

s = 0.1 ±0.04 (%) 93 81±22 73±22 20±20 9±22 44±20

s = 0.2 ±0.04 (%) 77 20±10 19±10 −7±8 −31±11 −7±8

s = 0.3 ±0.04 (%) 53 13±9 13±9 −1±8 −35±9 −1±8

Biomass Burning Plumes

s = 0.1 ±0.04 (%) 1088 47±27 18±25 −12±16 −65±21 17±18

s = 0.2 ±0.04 (%) 540 16±10 9±10 −4±9 −70±14 −4±9

s = 0.3 ±0.04 (%) 267 12±8 9±7 3±9 −67±12 3±9

Background

s = 0.1 ±0.04 (%) 471 95±79 79±77 21±45 −4±48 48±51

s = 0.2 ±0.04 (%) 298 34±37 30±33 3±26 −30±30 3±27

s = 0.3 ±0.04 (%) 282 19±13 17±13 3±11 −47±21 3±11

Arctic Boundary Layer

s = 0.1 ±0.04 (%) 76 61±18 55±21 15±19 1±28 35±18

s = 0.2 ±0.04 (%) 64 38±13 37±13 17±13 3±18 19±14

s = 0.3 ±0.04 (%) 41 41±9 41±9 29±9 10±16 29±9

All Air Mass Types

s = 0.1 ±0.04 (%) 1715 62±52 39±53 0±31 −42±43 27±34

s = 0.2 ±0.04 (%) 955 23±24 18±23 −1±17 −50±31 0±18

s = 0.3 ±0.04 (%) 623 17±13 15±13 5±12 −51±26 5±12

a Particles with Dp>200 nm assumed to be internally mixed, while particles with Dp<200 nm are externally mixed. Organics are assumed to be soluble.

in this section in terms of a CCN prediction error ratio,

8=NCCN,predicted/NCCN.

CCN predictions tended toward overprediction, and the

average percent overprediction for each supersaturation and

air mass type is shown in Table 1. Overall, the largest dis-

crepancies between predicted and measured concentrations

were observed at s = (0.1±0.4) %. This is consistent with

Figs. 5 and 9; a small change in κ at ∼0.1 % supersatura-

tion would cause a large change in the activated fraction,

and hence CCN concentration. Assuming the aerosol to be

internally-mixed with soluble organics produced the largest

overprediction of the four models tested, and treating the or-

ganics as insoluble reduced this overprediction only slightly.

Assuming the aerosol to be externally-mixed with soluble or-

ganics resulted in a reasonable overall closure (8 ∼1-1.2 for

all air mass types), which was worsened substantially by as-

suming that organics were insoluble (8∼0.5 for all air mass

types).

Thus, assuming Arctic aerosol to be composed of an ex-

ternal mixture of soluble organic and inorganic particles al-

lowed prediction of CCN concentrations to within roughly

0–20 %, on average. This was also true for the individ-

ual air mass types, except for within the Arctic bound-

ary layer, where assuming insoluble organics further im-

proved closure. The good closure obtained from assuming

an externally-mixed aerosol is somewhat unexpected, con-

sidering the long lifetime of these particles in the atmosphere,

during which time, particle coagulation, gas condensation,

and photochemistry would be expected to shift the aerosol

population toward a more internally-mixed state. One expla-

nation for this result is that the organic species are signifi-

cantly less-soluble (κ<0.11), or even insoluble, and that the

aerosol mixing state is some combination of internally- and

externally-mixed aerosol.

The PALMS data products show clearly that the fine mode

aerosols are an external mixture of different particle types

from different sources (Fig. 5 here and Fig. 7 in Brock et al.

(2011)), while examination of single particle spectra show

that most particles are internally mixed with both secondary

sulfate and organic species. Thus, the internal and external

www.atmos-chem-phys.net/11/11807/2011/ Atmos. Chem. Phys., 11, 11807–11825, 2011
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mixture cases explored here bound reality and constrain the

CCN activity of the real aerosol population. As an interme-

diate case, a size-dependent mixing state scenario was ex-

amined, where particles greater than a specified threshold di-

ameter are assumed to be internally mixed, while particles

smaller than the threshold diameter are treated as externally

mixed. Organic species present across the entire size dis-

tribution are treated as slightly soluble as before. During

ARCPAC, the C-ToF-AMS mass spectra signal-to-noise ratio

was very low for particle diameters below 150-200 nm, and

so we use 200 nm as the threshold diameter in this scenario.

The average overprediction assuming a size-dependent mix-

ing state is shown in Table 1. Comparing this closure sce-

nario to the internal mixture and external mixture cases with

soluble organics shows the overprediction to be the same

as the externally-mixed case at 0.2–0.3 % supersaturations.

Meanwhile the closure overprediction for s = (0.1±0.04) %

falls between the two bounding cases. This is consistent with

the peak sensitivity uncovered in Sect. 3.5, and provides a

closure prediction estimate that is more consistent with the

PALMS observations.

FLEXPART modeling of the transport of the biomass

burning and anthropogenic pollution plumes indicates an

Asian source with transport times of 4–9 days, while the

background and Arctic boundary layer air mass types may

reside in the Arctic atmosphere for a longer time (Brock

et al., 2011; Fisher et al., 2010; Warneke et al., 2009).

We speculate, then, that the biomass burning and anthro-

pogenic plumes undergo aging and mixing processes during

transport that result in an internally-mixed, well-oxidized-

organic-dominated aerosol type that is injected into the strat-

ified Arctic atmosphere, where further mixing processes are

somewhat suppressed. Meanwhile, the background and Arc-

tic boundary layer air mass types are dominated by an exist-

ing population of predominantly-inorganic aerosol. The fact

that PALMS shows a significant biomass burning signature

for all air mass types indicates that mixing of air types is not

completely suppressed, however, and aging processes blur

the distinction between different particle types.

CCN prediction error was also found to vary with number

concentration, as shown in Figs. 10a and b for the internally-

mixed and externally-mixed cases, respectively (and assum-

ing soluble organics). The median overprediction increases

for both cases as CCN concentration decreases, which can-

not be fully-explained by the increase in measurement un-

certainty associated with decreased CCN counting statis-

tics (solid curves in Fig. 10). Higher AMS composition

uncertainties at low particle concentrations may also con-

tribute somewhat to this uncertainty. Additionally, analysis

of PALMS spectra obtained during periods of low CCN con-

centration (<70 cm−3) in the background air masses suggests

a relatively larger role of mineral dust with less soluble ma-

terial than present at higher CCN concentrations. This would

not be reflected in the closure calculation and may also ex-

plain the increased overprediction. CCN concentrations be-

low 100 cm−3 were somewhat infrequent during ARCPAC

and had little influence on the overall predictions reported in

Table 1, as reflected by the low occurrence of large 8 values
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in the inset frequency plots in Fig. 10. However, the range of

0–300 CCN cm−3 for springtime Arctic aerosol reported by

previous studies suggests that the CCN prediction uncertain-

ties associated with more pristine conditions occurring in the

absence of strong biomass burning conditions may be even

greater. Given the susceptibility of Arctic stratus to compo-

sition effects, such errors become important under low CCN

concentrations

4 Summary and conclusions

Measurements of CCN and aerosol properties obtained dur-

ing the ARCPAC project in April, 2008, are presented and

analyzed. We find that size effects dominate the CCN ac-

tivity because of the accumulation mode size distribution,

and that most particles act as CCN above 0.1 % supersatura-

tion. However, we also find that aerosol chemistry and mix-

ing state have important secondary effects, particularly in the

prediction of CCN number concentration, which is shown

to be sensitive to compositional assumptions near 0.1 % su-

persaturation. Assuming the aerosol to be internally-mixed

significantly overpredicts CCN concentration, and the best

closure (0–20 % overprediction error) is obtained assuming

an externally-mixed aerosol with soluble organics. Closure

worsens for low CCN concentrations (<100 cm−3), where

CCN are overpredicted by a factor of 1.5–3. While these

low concentration periods were infrequent during ARCPAC,

and thus do not substantially affect the overall closure, past

studies have frequently reported CCN concentrations in this

range. Consequently, CCN prediction errors might be ex-

pected to be even greater for those conditions.

While this study indicates that aerosol mixing state plays

a significant role in determining CCN activity, many current

models treat aerosols solely as internal mixtures for com-

putational efficiency. Consequently, we also quantify the

CCN activity in terms of the size-dependent hygroscopic-

ity parameter, κ , which was found to vary with supersatu-

ration (and, hence, Dp,c) from 0.04 at the highest supersat-

urations (s = 0.4–0.6 %) to 0.15–0.3 at the lowest supersatu-

rations (s = 0.1–0.3 %). This observed size-dependence cap-

tures the size-dependent chemistry and mixing state effects

not explicitly treated by the single-parameter model.

Strong biomass burning plumes originating in Asia and

advected into the Arctic atmosphere during this study made

this dataset particularly useful for examining a wide variety

of Arctic pollution sources; however, mixing of the biomass

emissions across air types means that extrapolating these re-

sults to more pristine springtime conditions without a sig-

nificant biomass burning signature should be done with care.

Recent work suggests, however, that biomass burning may be

a larger contributor to Arctic haze than previously thought,

and a warming climate will likely increase the prevalence of

severe fire years in the future (Warneke et al., 2010; Stocks

et al., 1998).
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