
Atmos. Chem. Phys., 11, 2423–2453, 2011

www.atmos-chem-phys.net/11/2423/2011/

doi:10.5194/acp-11-2423-2011

© Author(s) 2011. CC Attribution 3.0 License.

Atmospheric
Chemistry

and Physics

Characteristics, sources, and transport of aerosols measured in

spring 2008 during the aerosol, radiation, and cloud processes

affecting Arctic Climate (ARCPAC) Project

C. A. Brock1, J. Cozic1,2,*, R. Bahreini1,2, K. D. Froyd1,2, A. M. Middlebrook1, A. McComiskey1,2, J. Brioude1,2,

O. R. Cooper1,2, A. Stohl3, K. C. Aikin1,2, J. A. de Gouw1,2, D. W. Fahey1,2, R. A. Ferrare4, R.-S. Gao1, W. Gore5,
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Abstract. We present an overview of the background, sci-

entific goals, and execution of the Aerosol, Radiation, and

Cloud Processes affecting Arctic Climate (ARCPAC) project

of April 2008. We then summarize airborne measurements,

made in the troposphere of the Alaskan Arctic, of aerosol

particle size distributions, composition, and optical proper-

ties and discuss the sources and transport of the aerosols.

The aerosol data were grouped into four categories based on

gas-phase composition. First, the background troposphere

contained a relatively diffuse, sulfate-rich aerosol extending

from the top of the sea-ice inversion layer to 7.4 km alti-

tude. Second, a region of depleted (relative to the back-

ground) aerosol was present within the surface inversion
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layer over sea-ice. Third, layers of dense, organic-rich smoke

from open biomass fires in southern Russia and southeastern

Siberia were frequently encountered at all altitudes from the

top of the inversion layer to 7.1 km. Finally, some aerosol

layers were dominated by components originating from fos-

sil fuel combustion.

Of these four categories measured during ARCPAC, the

diffuse background aerosol was most similar to the average

springtime aerosol properties observed at a long-term mon-

itoring site at Barrow, Alaska. The biomass burning (BB)

and fossil fuel layers were present above the sea-ice inver-

sion layer and did not reach the sea-ice surface during the

course of the ARCPAC measurements. The BB aerosol lay-

ers were highly scattering and were moderately hygroscopic.

On average, the layers produced a noontime net heating of

∼0.1 K day−1 between 3 and 7 km and a slight cooling at the

surface. The ratios of particle mass to carbon monoxide (CO)
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in the BB plumes, which had been transported over distances

>5000 km, were comparable to the high end of literature val-

ues derived from previous measurements in wildfire smoke.

These ratios suggest minimal precipitation scavenging and

removal of the BB particles between the time they were emit-

ted and the time they were observed in dense layers above the

sea-ice inversion layer.

1 Introduction

Global temperature records show a statistically significant

warming in the last century, with most of the change at-

tributed to anthropogenically emitted greenhouse gases and

associated feedbacks (IPCC, 2007). Temperature increases

in the Arctic exceed the global average increase, especially

in winter and spring. Coincident with the observed and mod-

eled warming is an observed decrease in seasonal Arctic

sea-ice coverage and thickness. The summertime extent of

sea-ice has decreased significantly in recent decades (Lind-

say et al., 2009), and this reduction now clearly exceeds

that expected from natural short-term variability (Francis and

Hunter, 2006; Johannessen et al., 2004; IPCC, 2007; Holland

et al., 2010). Many climate models predict an ice-free sum-

mertime Arctic Ocean within a few decades (Winton, 2006;

Stroeve, 2007; Holland et al., 2010), with attendant disrup-

tions to Arctic ecosystems, ocean circulation, weather pat-

terns, and global climate. Additional effects of a warmer

Arctic may include substantial expansion of resource extrac-

tion and seasonal shipping traffic due to improved sea access

(Corbett et al., 2010).

Modeling of the Arctic climate system is difficult due to

complex and sensitive feedbacks (Serreze and Francis, 2006)

and many climate simulations struggle to replicate histori-

cal temperature, precipitation, cloudiness, and sea-ice prop-

erties (Walsh et al., 2002; Chapman and Walsh, 2007; Wang

et al., 2007). Simulations of future climates result in substan-

tial model-to-model variability in Arctic climate parameters

such as sea-ice extent and thickness, indicating that some im-

portant processes are not being adequately described in the

simulations (Winton, 2006; Chapman and Walsh, 2007; Hol-

land et al., 2010).

Analyses of observations and recent climate simulations

suggest that, in addition to long-lived greenhouse gas-

induced warming and feedbacks, Arctic warming may also

be caused by shorter-lived climate forcing agents (Law and

Stohl, 2007; Quinn et al., 2008; Shindell et al., 2008; Shin-

dell and Faluvegi, 2009). In particular, four processes have

been postulated to contribute significantly to observed at-

mospheric warming and reductions in sea-ice in the Arc-

tic. These processes include: (1) direct warming of the

lower troposphere by the absorption of solar radiation and

infrared (IR) emission by aerosol particles (e.g., Ritter et

al., 2005; Treffeisen et al., 2007; Shindell and Faluvegi,

2009); (2) changes in snow melt and surface tempera-

ture due to deposition of soot (containing light-absorbing

black carbon, BC) to the surface in springtime (Hansen and

Nazarenko, 2004; Jacobson, 2004, 2010; Flanner et al.,

2007, 2009); (3) increases in IR emissivity of wintertime and

springtime clouds in the Arctic due to the effects of anthro-

pogenic aerosol particles on cloud properties (Garrett and

Zhao, 2006; Lubin and Vogelmann, 2006; Alterskjær et al.,

2010); and (4) direct radiative effects of tropospheric ozone

in the Arctic (Mickley et al., 1999; Hansen et al., 2005; Shin-

dell and Faluvegi, 2009). Recent modeling studies suggest

that the Arctic climate is particularly influenced by aerosol

radiative forcing, and is sensitive to the composition, and

hence optical properties, of the aerosol (Shindell and Falu-

vegi, 2009; Jacobson, 2010).

Airborne and surface observations in the Arctic have

long reported the annual occurrence of visibility-reducing

aerosol hazes in the Arctic in springtime (Shaw, 1975; Rahn,

1981; Barrie, 1986; Garret and Verzella, 2008; Stone et al.,

2010). An extensive literature has documented the chemi-

cal and optical characteristics of these hazes (Schnell, 1984;

Clarke et al., 1984; Radke, et al., 1984; Brock et al., 1990;

see also http://www.agu.org/contents/sc/ViewCollection.do?

collectionCode=ARCTHZ1\&journalCode=GL), and a cli-

matology of some key parameters extending more than 20

years has been developed for a few Arctic sites (e.g., Quinn

et al., 2002, 2007, 2009; Sharma et al., 2002, 2004, 2006).

The springtime submicron aerosol at all remote Arctic sur-

face sites is composed predominantly of partially neutral-

ized sulfate and sea-salt, with lesser contributions from ni-

trate, BC, soil and trace elements (e.g., Quinn et al., 2002).

There are few reported measurements of organic concen-

tration or composition in the deep Arctic (Li and Winch-

ester, 1989; Kawamura et al., 1996), and residual mass unac-

counted for by comparing compositional measurements with

gravimetric mass concentrations has been assigned to this

component (Quinn et al., 2002). Recent measurements re-

port that both anthropogenic and biomass/biofuel burning

sources contribute to the organic aerosol fraction in the Arc-

tic in spring (Shaw et al., 2010). There is a strong seasonal

cycle to both intensive (e.g., type, size, composition, single

scattering albedo) and extensive (e.g., mass and number con-

centration, light scattering) aerosol properties at surface sites

throughout the Arctic, with one or more maxima in the late

winter and early spring, and a pronounced minimum in the

summer months (Bodhaine, 1989; Delene and Ogren, 2002;

Quinn et al., 2002). There is some additional evidence for

a slightly different seasonal cycle to Arctic haze properties

aloft, with higher concentrations occurring aloft later in the

spring than at the surface (Scheuer et al., 2003; Stohl, 2006).

In addition, aerosol layers associated with BB sources have

been observed in the Arctic troposphere in summer (Brock et

al., 1989; Stohl et al., 2006; Paris et al., 2009); extreme BB

events have been observed at the surface across much of the

Arctic (Stohl et al., 2006).
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Because of the cold temperatures at the Arctic surface, the

dominant sources contributing to the springtime maximum

in Arctic surface aerosol concentrations lie in northern mid-

latitudes (Rahn and McCaffery, 1980; Raatz and Shaw, 1984;

Barrie, 1986; Koch and Hansen, 2005; Stohl, 2006). Diabatic

cooling produces large-scale descent of air from the mid-

dle to lower Arctic free troposphere (Stohl, 2006), although

small-scale mixing processes may be needed to facilitate fur-

ther transport to the sea-ice inversion layer (Spackman et al.,

2010). Such cooling and mixing could result in transport

of aerosol from slightly warmer midlatitude sources to the

Arctic free troposphere and thence downward into the cold

surface layer. However, on average, the largest contributions

to the springtime surface aerosol in the Arctic are believed to

come from northern Europe and the Russian Arctic, where

large industrial complexes have long operated (Rahn et al.,

1977; Rahn 1981; Raatz and Shaw, 1984; Barrie, 1986; Koch

and Hansen, 2005; Sharma et al., 2006; Stohl, 2006). Due

to declines in emissions from the former Soviet Union and

eastern Europe, light scattering, light absorption, and black

carbon concentrations have fallen in the Arctic in springtime

since the 1980s, with a possible leveling or slight increase

in the 21st century (Sharma et al., 2006; Quinn et al., 2007,

2009; Hirdman et al., 2010). Because most industrial sources

in North America lie southward of the mean position of the

Arctic front, and since advection from these sources to the

Arctic involves transport through the meteorologically active

North Atlantic region, North American sources are not be-

lieved to contribute more than occasionally to surface Arc-

tic haze, and the North American influence is likely most

pronounced in the vicinity of Greenland (Stohl, 2006; Mc-

Connell et al., 2007). Koch and Hansen (2005) suggest a sig-

nificant contribution to springtime Arctic BC loadings from

southern Asia, but Stohl (2006) and Hirdman (2010) find this

source region to be only a small contributor to the Arctic BC

budget. A few studies suggest that biomass burning, primar-

ily associated with springtime agricultural activities, can be a

sporadic but potentially important contributor to the budgets

of Arctic gas-phase and aerosol species (Lavoué, et al., 2000;

Stohl et al., 2007; Warneke et al., 2009, 2010).

In spring 2008, the United States (US) National Oceanic

and Atmospheric Administration (NOAA) undertook a large

airborne field campaign, the Aerosol, Radiation, and Cloud

Processes affecting Arctic Climate (ARCPAC) study, primar-

ily to evaluate phenomena and processes contributing to non-

greenhouse gas climate forcing in the Arctic (http://www.

esrl.noaa.gov/csd/arcpac). The ARCPAC project used the

heavily instrumented NOAA WP-3D aircraft to make obser-

vations in the troposphere over northern Alaska and the ad-

jacent Arctic seas. Four general topic areas were the foci

of study: (1) improving understanding of the chemical, opti-

cal, and microphysical characteristics of aerosols in the Arc-

tic in springtime; (2) evaluating the sources and sinks of the

various aerosol components using observations of gas and

particulate composition and transport models; (3) examining

the role of aerosol particles in modifying the microphysi-

cal and optical properties of Arctic clouds and the role of

those clouds in modifying and removing aerosol particles;

(4) evaluating the occurrence and mechanisms of halogen

photochemistry that leads to tropospheric ozone loss in the

Arctic. Additional topics studied during the project included

examining local emissions and cold-weather chemistry asso-

ciated with urban areas and industrial facilities encountered

in the Arctic, during flights in the Denver, Colorado area, and

in transit between the aircraft base in Tampa, Florida and

Fairbanks, Alaska. Emission, transport, and process mod-

eling were recognized as essential tools to interpret the ob-

servations given the distance and transport time from likely

sources. Further details of specific science questions and ap-

proaches employed in planning, executing, and analyzing the

data from ARCPAC are listed in the Supplement in Table S1.

The ARCPAC project was one of several complementary

activities associated with the International Polar Year (IPY)

and coordinated through the Polar Study using Aircraft, Re-

mote Sensing, Surface Measurements and Models, of Cli-

mate, Chemistry, Aerosols, and Transport (POLARCAT)

program (http://www.polarcat.no/). The ARCPAC project

overlapped in space and time with the springtime deploy-

ment of the US National Aeronautics and Space Administra-

tion (NASA)-sponsored Arctic Research of the Composition

of the Troposphere from Aircraft and Satellites (ARCTAS)

project (http://www.espo.nasa.gov/arctas/), which had many

similar goals as ARCPAC but which covered a larger area of

the Arctic (Jacob et al., 2010). Coordination between AR-

CPAC and ARCTAS included wingtip-to-wingtip compar-

isons with the NASA DC-8 and P-3B aircraft and simultane-

ous vertically stacked flight segments combining the NOAA

WP-3D with the NASA P-3B and the lidar-equipped NASA

B-200 aircraft (Bierwirth et al., 2010). The ARCPAC project

also coordinated one flight segment in clear and cloudy air

with the Convair 580 aircraft operated as part of the US

Department of Energy/Canadian National Research Council-

sponsored Indirect and Semi-Direct Aerosol Campaign (IS-

DAC), which focused on the meteorology, microphysics, ra-

diation, and interaction with aerosols of near-surface clouds

in the Alaskan Arctic (http://acrf-campaign.arm.gov/isdac/).

The ARCPAC program was also linked with ship-borne ob-

servations made in the North Atlantic and European Arctic

as part of the NOAA-sponsored International Chemistry Ex-

periment in the Arctic LOwer Troposphere (ICEALOT) cam-

paign (http://saga.pmel.noaa.gov/Field/icealot/).

The purpose of this paper is (1) to provide information

on the scientific background and objectives, methods, and

execution of the ARCPAC project, and (2) to summarize

the aerosol chemical, microphysical, cloud-nucleating, and

optical properties observed during the project. More de-

tailed work on aerosol composition, aerosol radiative effects,

cloud-aerosol interactions, long-range transport, aerosol de-

position, gas-phase chemistry, the Arctic radiative environ-

ment, and Arctic emissions from the ARCPAC project can be
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Table 1. Instruments, uncertainties, references.

Parameter Method Uncertainty Sampling

frequency

Reference

Size-resolved non-refractory aerosol composition, physical di-

ameters <0.5 µm

Compact time-of-flight aerosol mass

spectrometer (AMS)

34% NH+
4 , NO−

3 ;

36% SO2−
4 , Cl−;

38% organics

10 s Bahreini et al. (2008)

Single-particle refractory black carbon mass DMTa single particle soot photometer 40% 1 s Schwarz et al. (2006)

Single particle composition Laser ablation/ionization mass spec-

trometer (PALMS)

not applicable variable Murphy et al. (2006)

Aerosol size distribution 0.004–1.0 µm (fine),

1.0–8.3 µm (coarse)

Multiple condensation and optical par-

ticle counters

number +22
−19%,

surface +36
−27%,

volume +45
−31%

fine-1 s

coarse-30 s

Brock et al. (2008);

Supplements

Aerosol extinction (532, 1064 nm), γ (RH) Cavity ringdown spectrometer 532 nm, 0.5 Mm−1+2%;

1064 nm, 0.5 Mm−1+4%;

γ (RH), <16%

1 s Baynard et al. (2007)

Aerosol absorption (467, 530, 660 nm) Particle soot absorption photometer calculated point-by-

point, ∼50%

1 s Bond et al. (1999)

Cloud condensation nuclei (CCN) concentration 1-channel DMT CCN counter <17% for concentra-

tion >100 cm−3
1 s Roberts and

Nenes (2006); Lance

et al. (2006)

Liquid water content Hot wire probes (King) 10% 1 s King (1978)

Cloud particle size distribution (0.6–50 µm) Forward/back scattering: DMT

cloud and aerosol spectrometer

did not function in

ARCPAC

1 s Baumgartner et al. (2001)

Cloud particle size distribution (3–50 µm) Forward scattering: DMT cloud droplet

probe

varies 1 s Lance et al. (2010a)

Cloud particle size distribution (50–6000 µm),

morphology

DMT cloud imaging probe; precipita-

tion imaging probe

varies 1 s Lance et al. (2010a)

Actinic fluxes (280–690 nm, up and down) Spectral actinic flux radiometer ∼15% 1 s Stark et al. (2007)

Spectral irradiance (360–2200 nm, up and down) Solar spectral flux radiometer 3% 1 s Pilewskie et al. (2003)

IR irradiance (4.5–42 µm, up and down) Pyrgeometers 5% 1 s Reda et al. (2002)

Ozone (O3) NO chemiluminescence 0.05 ppbv+4% 1 s Ryerson et al. (1998)

NO

NO2

NOy

O3 chemiluminescence 0.02 ppbv+8%;

0.04 ppbv+10%;

0.05 ppbv+12%

1 s Ryerson et al. (1998); Ry-

erson et al. (2000)

Carbon dioxide (CO2) Nondispersive IR absorption ±0.13 ppmv 1 s Peischl et al. (2010)

Carbon monoxide (CO) UV vacuum fluorescence 3% 1 s Holloway et al. (2000)

Long-lived trace gasesb Glass flask sampler; GC and fluores-

cence analysis

varies 7–20 s sample

time, 12

flasks/flight

Montzka et al. (2004)

Oxygenated VOCs Proton transfer reaction mass spectrom-

eter

varies ∼15 s de Gouw et al.

(2003a); de Gouw and

Warneke (2007)

SO2 UV fluorescence 13%±0.55 ppbv 1 s Ryerson et al. (1998)

SO2 CIMSc with SF−
6 as reagent ion 20%±0.05 ppbv 3 s Huey et al. (2004)

HNO3 CIMS with SF−
6 as reagent ion 25%±0.15 ppbv 3 s Huey et al. (2004)

Peroxyacyl nitric anhydrides (PANs) CIMS with I− as reagent ion 20%±20 pptv ∼5 s Slusher et al. (2004)

HOBr+Br2

BrO, BrCl

CIMS with I− as reagent ion 15%+2 pptv

40%+3 pptv

2 s Neuman et al. (2010)

a Droplet Measurement Technologies, Inc., Boulder, Colorado, USA
b Analyzed for 21 halocarbons, 6 non-methane hydrocarbons, CO, CO2, H2, N2O, SF6, COS, CS2, and CH4.
c Chemical ionization mass spectrometer

found in Warneke et al. (2009, 2010), Bierwirth et al. (2010),

Fisher et al. (2010), Lance et al. (2010, 2011), Neuman et

al. (2010), and Spackman et al. (2010), and will be pub-

lished in other contributions. A summary of NASA’s ARC-

TAS project (Jacob et al., 2010) has been published, as has

an overview of the Arctic meteorology occurring during the
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time frame of the ARCTAS and ARCPAC projects (Fuel-

berg et al., 2010). Many papers related to the above pro-

grams and others associated with POLARCAT may be found

in a special issue of Atmos. Chem. Phys. (http://www.

atmos-chem-phys.net/special issue182.html).

2 Methods

2.1 Airborne instrumentation

Fast-response, airborne measurements were made of trace

gases, of aerosol compositional, microphysical, cloud nucle-

ating and optical properties, of hydrometeor concentration,

size, and shape, of atmospheric state parameters and winds,

of ultraviolet, visible, and infrared radiation, and of location

(Table 1). These measurements were made aboard a NOAA

WP-3D aircraft, a four-engine turboprop airplane capable

of flight durations in excess of 8 hours at true airspeeds of

∼100 m s−1 (http://www.aoc.noaa.gov/). Characteristics and

sampling details for most of the instruments may be found

in prior publications (Ryerson et al., 1998, 1999, 2000; Hol-

loway et al., 2000; Brock et al., 2008). All but one cabin-

mounted aerosol instruments operated downstream of a low

turbulence inlet (LTI, Wilson et al., 2004) and a multi-orifice

impactor with greased substrate and a 1 µm aerodynamic di-

ameter (∼0.7 µm physical diameter) cut-point. Our analysis

will focus on measurements made in the cabin with a com-

pact time-of-flight aerosol mass spectrometer (AMS), a sin-

gle particle soot photometer (SP2), a particle soot absorption

photometer (PSAP), a cloud condensation nucleus (CCN)

counter, an ultra high sensitivity aerosol spectrometer (UH-

SAS), a white light optical particle counter (WLOPC, which

sampled upstream of the 1 µm impactor) and an aerosol

cavity ringdown spectrometer (CRDS). In addition to these

instruments that operated downstream of the LTI, a five-

channel condensation particle counter (Brock et al., 2000)

was mounted in an unpressurized underwing pod and sam-

pled from a separate inlet with known particle transmis-

sion characteristics (Jonsson et al., 1995). A single-particle

aerosol mass spectrometer (PALMS), also mounted in the

pod, alternately sampled from either a forward facing aerosol

inlet or a redesigned version of a counterflow virtual im-

pactor (CVI) inlet (Cziczo et al., 2004). In addition to

the aerosol observations, measurements of CO, acetonitrile

(CH3CN), O3, SO2, and the halogen species HOBr + Br2,

BrO, and BrCl are key to the analysis presented here.

Accuracy and precision for many of the instruments were

determined by in-flight calibration and zeroing. Instru-

ment comparisons were performed during separate coordi-

nated flights with the NASA DC-8 and P-3B aircraft in

which the NOAA WP-3D flew at the same altitude with

a typical horizontal separation of 0.25 (±0.10) km. Re-

sults from this comparison (http://www-air.larc.nasa.gov/

TAbMEP2 polarcat.html) show that submicron particle com-
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Fig. 1. Map of flight track for entire ARCPAC mission. Earth image

courtesy NASA/JPL-Caltech.

position, number, surface area, and volume largely agreed

within experimental uncertainties. In contrast, supermicron

particle size distributions and quantities derived from those

measurements compared poorly, with differences often ex-

ceeding the stated experimental uncertainties. These su-

permicron data are not central to this paper. All quality-

controlled and processed airborne data from the ARC-

PAC project are available at http://www.esrl.noaa.gov/csd/

tropchem/2008ARCPAC/P3/DataDownload/.

Measurements were made during 10 flights, 4 of which

involved transit to Alaska or measurements in the Denver,

Colorado area (Fig. 1, Table 2). The aircraft was based in

Fairbanks, Alaska from 3 to 23 April 2008. The 6 flights en-

tirely within the Alaskan Arctic, from 11–21 April 2008 (in

addition to arrival and departure profiles on 3 and 23 April,

respectively), encompassed a region bounded by the west-

ern edge of Alaska near the Bering Strait to the Chukchi and

Beaufort Seas northwest and northeast of Barrow, Alaska,

respectively. Aircraft flight tracks (Fig. 2) included verti-

cal profiles to altitudes as high as 7.4 km, level flight legs

sampling airmasses of interest, and transects at low alti-

tude (<500 m) over the sea-ice surface, often within the

surface inversion layer, with brief descents to ∼70 m. The

aircraft flight path was planned to sample specific regions

based upon predictions by transport and coupled transport-

chemistry models, notably FLEXPART (http://transport.nilu.

no/flexpart) and the Regional Air Quality Monitoring Sys-

tem (http://raqms-ops.ssec.wisc.edu/index.php). As a result,

the statistics of aircraft sampling are biased toward fore-

cast transport events. Furthermore, early and widespread

www.atmos-chem-phys.net/11/2423/2011/ Atmos. Chem. Phys., 11, 2423–2453, 2011
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Fig. 2. Flight tracks (left column), in situ measurements (center column) and FLEXPART model simulations (right column) for all flights

within Alaska during ARCPAC. Measured parameters are altitude, CO, and fine SO4=. (on 12 April 2008, the AMS instrument did not

function and fine particle volume is shown.) Modeled parameters are anthropogenic SO2, CO from BB sources and CO from anthropogenic

sources, including emissions within only the last 20 days. A 150 ppbv offset is applied to CO values to represent background CO, which

includes aged BB, anthropogenic, and biogenic components.
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Table 2. Flights times, locations, coordination with other platforms, and conditions encountered.

Date Location Coordination Conditions

29 Mar 2008 Tampa, FL-Denver, CO Boundary layer legs in polluted conditions; low

altitude leg and missed approach over Denver

1 Apr 2008 Denver, CO-area flight Tall tower CO2 sampling site

flyby

Sampling of urban, agricultural, and industrial

emissions

3 Apr 2008 Denver, CO-Billings,

MT-Fairbanks, AK

6–7 km cruise altitude, descent and ascent to/from

Billings

11 Apr 2008 Fairbanks, AK N to coastline,

south to Alaska Range

Abbreviated flight; background haze; multiple

approaches to Fairbanks in modest local pollution

12 Apr 2008 North Slope, Beaufort Sea Comparison with DC-8,

NASA B-200 HSRL overflight

BB layers; background haze; Prudhoe bay plumes

ages ∼30 and ∼40 h; O3 depletion

15 Apr 2008 West-central Alaska, Bering

Strait, Chukchi Sea, North

Slope

Comparison and radiative

closure stacked legs with

NASA P-3B, NASA B-200

HSRL overflight

BB layers; anthropogenic pollution layers;

background haze; O3 depletion over sea-ice

18 Apr 2008 North Slope, Prudhoe Bay,

Beaufort Sea

BB layers; fresh Prudhoe Bay plume; aged Prudhoe

Bay plume; background haze; O3 depletion

19 Apr 2008 North Slope, Barrow,

Chukchi and Beaufort

Seas

Comparison with Canadian

NRC Convair 580 aircraft

with 5-min. separation,

NASA B-200 HSRL over-

flight, Barrow ground-based

observations

Very dense BB plumes, some mixed with clouds, in

wave cyclone warm sector with strong midlatitude

advection; background haze in cold sector;

O3 depletion; in-cloud measurements

21 Apr 2008 North Slope, Beaufort Sea,

Banks Island

BB layers; background haze; stacked legs on cold

and warm sides of front above, within, and below

clouds; O3 depletion

23 Apr 2008 Fairbanks, AK-Denver, CO Dense BB smoke over Fairbanks; dust layer and BB

smoke at 7 km altitude over SE Alaska

seasonal BB in Russia occurred during the ARCPAC mea-

surement period, strongly affecting aerosol properties and

dominating observed transport events. Despite these biases,

the NOAA WP-3D aircraft sampled airmasses containing

diffuse anthropogenic Arctic haze, some denser aerosol lay-

ers with evident anthropogenic influences, and air within the

sea-ice surface layer with distinctive gas-phase and aerosol

characteristics.

2.2 Transport models

To assist the flight planning during the ARCPAC project,

the FLEXPART model (Stohl et al., 2005) was used in for-

ward mode to predict the spatial distribution of a few emis-

sion tracers in the study domain using meteorological fore-

cast data. After the campaign, FLEXPART version 8.0 was

used in backward mode to evaluate the sources and transport

paths that contributed to concentrations of gas-phase com-

pounds sampled by the WP-3D aircraft (http://zardoz.nilu.

no/∼andreas/ARCPAC/). Every time the aircraft changed

horizontal location by 0.2 degrees of latitude or longitude, or

when aircraft static pressure changed by more than 10 hPa,

6 × 104 parcel backtrajectories of 20-day duration were cal-

culated from a grid box surrounding the location of the air-

craft. The trajectories were calculated using the ECMWF

gridded hemispheric meteorological fields with turbulence

and convection parameterizations (Stohl et al., 2005). The

FLEXPART emission sensitivity output for the lowest 100 m

of the atmosphere was convolved with emission invento-

ries to predict the distribution and mixing of specific trace

species. For ARCPAC, the EDGAR anthropogenic emis-

sions inventory (Olivier and Berdowski, 2001) was used out-

side of North America and Europe for NO2, SO2, and CO,

while the inventories of Frost et al. (2006) for North Amer-

ica and EMEP 2005 for Europe were used for these species.

The inventory from Bond et al. (2004) was used to describe

anthropogenic BC emissions. Emissions of CO and BC from

BB were modeled as described by Stohl et al. (2007) using

fire locations detected by the moderate-resolution imaging

spectrometer (MODIS) on the Aqua and Terra satellites and

a land-cover vegetation classification. Smoke was injected

within the lowest 100 m above the surface; it quickly mixed

vertically to fill the planetary boundary layer. No chem-

istry was incorporated into the model as used in this anal-

ysis; all emitted species were assumed to be passive tracers.

The resulting model products included estimates of CO, BC,

and total nitrogen and sulfur (as NO2 and SO2, respectively)

at the location of the aircraft, the transport pathway of the

air to the aircraft, and maps and numerical data regarding

the predicted contribution of different anthropogenic and BB

sources to the sampled air. Emission sources were tagged

www.atmos-chem-phys.net/11/2423/2011/ Atmos. Chem. Phys., 11, 2423–2453, 2011
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as anthropogenic or BB, and by region as European, North

American, or Asian, or as originating from two specific fire-

prone regions in Russia.

Chemical and aerosol forecasts from RAQMS were also

used for flight planning activities during ARCPAC. RAQMS

is a unified (stratosphere/troposphere), online meteorologi-

cal, chemical, and aerosol modeling system which has been

developed for assimilating satellite observations of atmo-

spheric chemical composition and providing real-time pre-

dictions of trace gas and aerosol distributions (Pierce et

al., 2007). The RAQMS aerosol model incorporates on-

line aerosol modules from GOCART (Chin et al., 2003).

Six aerosol species (SO=
4 , hydrophobic organic carbon (OC),

hydrophilic OC, BC, dust, and sea-salt) are transported.

Biomass burning emissions in RAQMS are produced from

twice daily ecosystem/severity based emission estimates

coupled with MODIS Rapid Response fire detections (Al-

Saadi et al., 2008). Movies showing RAQMS-simulated

sulfate, OC + BC, and dust transport are provided in the

Supplement.

3 Results

The remainder of this manuscript contains a brief discussion

of aerosol measurement consistency, and then focuses on ob-

servations made in four different regimes:

1. background haze – regions above the top of the surface

boundary layer, over both land and sea-ice, to 7.2 km

that did not contain layers of locally enhanced aerosol

or gas-phase species directly transported within the last

20 days from identifiable sources. Mixing ratios of CO

were <170 ppbv (see below for exact screening meth-

ods), and acetonitrile (CH3CN) was <100 pptv. Air

with stratospheric influence was not removed from this

category.

2. biomass burning (BB) plumes – regions containing el-

evated mixing ratios of CO and acetonitrile. Sam-

ples in this category had CO>170 ppbv and acetoni-

trile >100 pptv. Often CO2, methanol, NOy (the sum of

NO + NO2 (=NOx), HNO3, acyl peroxynitrates (PANs),

alkyl nitrates, and other reactive nitrogen species) were

enhanced compared to surrounding air.

3. anthropogenic plumes – regions containing elevated

mixing ratios of CO (>170 ppbv) while acetonitrile re-

mained <100 pptv. Often CO2, NOy, and/or SO2, were

also enhanced. These cases were infrequently observed,

and were adjacent to BB plumes.

4. Arctic boundary layer over sea-ice (ABL) – regions

within the Arctic surface inversion layer over sea-

ice and containing O3 mixing ratios <20 ppbv and/or

significant enhancements in photochemically active

bromine. Air within this region is assumed to have been

in chemical contact with the sea-ice surface (Neuman et

al., 2010), which included open and thinly ice-covered

leads. Data between the top of the inversion layer and

the ABL as defined above are excluded.

Data were placed into these categories by screening ac-

cording to aircraft position and the gas-phase conditions in-

dicated above. However, if the aircraft was flying predom-

inantly in one airmass type and briefly (<10 s) passed into

a different airmass type, the airmass classification was not

changed for the short interval. This strategy was used be-

cause of differing sampling intervals and response times

for various measurements, and to allow sufficient dynamic

range for regression analyses. Thus there are, for exam-

ple, some brief periods of data included in the “BB” cat-

egory when acetonitrile and CO mixing ratios were appro-

priate for the “background haze” category. In addition to

the four airmass categories listed above, measurements were

made in air influenced by local emissions from the city of

Fairbanks, Alaska (population ∼100 000), from the oil ex-

traction, handling, and transport facilities in the vicinity of

Prudhoe Bay, Alaska, and from the exhaust of the WP-3D

itself. These data, clearly identifiable by geographic loca-

tion and enhanced concentrations of NO, NO2, CO, CO2,

and/or aerosol number, have been excluded from the cate-

gories above. Periods when the aircraft was in cloud have

also been excluded, due to potential aerosol sampling arti-

facts from droplet and ice crystal shattering.

A vertical profile of several gas-phase and aerosol param-

eters (Fig. 3) illustrates the separation of the data into three

of the four categories, as well as the complex vertical struc-

ture. Layers of enhanced CO, acetonitrile, organic aerosol

mass, BC, and aerosol optical extinction and absorption are

evident, and are identified as being of BB origin. Note that

the region from 3 to 3.5 km is identified as BB, despite the

lack of acetonitrile data (instrument zeroing), due to the sim-

ilarity in other constituents with nearby BB layers. This fig-

ure illustrates the difficulty in separating observations into

different classifications, and also emphasizes that the Arctic

troposphere is composed of superimposed layers with dif-

fering characteristics, origins, and transport histories, rather

than being a homogeneous airmass of static properties.

3.1 Consistency among aerosol measurements

Aerosol compositional, microphysical, and optical properties

were measured by diverse techniques, including mass spec-

trometry, cavity ringdown spectrometry, light attenuation, in-

candescence, Kelvin diameter measurement, and light scat-

tering amplitude (Table 1). In this analysis, we primarily

use submicron particle composition measurements (from the

AMS and SP2), single particle composition measurements

from the PALMS, particle size distributions, aerosol light ex-

tinction from the CRDS, aerosol light absorption from the

Atmos. Chem. Phys., 11, 2423–2453, 2011 www.atmos-chem-phys.net/11/2423/2011/
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Fig. 3. Vertical profile measured during a slantwise ascent over sea-ice from 22:32–22:57 UTC on 18 April 2008 from 72.3◦ N, 143.2 ◦ W

to 73.1◦ N, 137.7◦ W. (A) submicron particle composition measured by the AMS, CO mixing ratio, and BC concentration. (B) aerosol

extinction, O3, and acetonitrile mixing ratios. Tan and purple shading show regions identified as being directly influenced by BB, and being

within the ABL, respectively. Regions with no shading are in the “background” category. (C) mixing ratio of CO and number fraction of

particles with aerodynamic diameters <0.7 µm classified as containing a biomass/biofuel burning component by the PALMS instrument.

Data gaps are instrument calibrations or zeros.

PSAP, and CCN concentrations. Here we assess the level

of consistency among the different aerosol instruments that

quantitatively measure the dry submicron aerosol.

The primary instrument measuring the accumulation mode

aerosol size distribution, the UHSAS optical particle size

spectrometer, had substantial pressure-dependent concentra-

tion biases caused by the sample flow control system (see

Supplement). These biases were corrected, and uncertainty

estimates (Table 1) account for potential errors caused by the

correction.

The dry particle volume calculated from the measured size

distributions agrees within stated uncertainty with volume

calculated from the particle composition measurements (Ta-

ble 1), assuming densities of 1.30 × 103, 1.75 × 103, and

1.80 × 103 kg m−3 for the organic (Turpin and Lim, 2001),

inorganic, and BC (Bond and Bergstrom, 2006) constituents,

respectively (Fig. 4). Although the measurements are highly

correlated (r2 >0.91) and agree within stated uncertainties,

there is a systematic bias of up to 25% in which the vol-

ume derived from the compositional measurements (primar-

ily the AMS) is less than that derived from the size measure-

ments for all the analyzed data. This apparent bias changes

signs, with AMS higher than size distribution measurements

by 8% when considering only those data with a molar ra-

tio, Fmr, of ammonium to the sum of the inorganic anionic

species <1.5 (Fig. 4), or when the organic mass fraction

is <0.7 (not shown). This composition-dependent variation

suggests biases introduced by particle phase-dependent AMS

collection efficiency (Matthew et al., 2008), for which the

correction applied in data processing may not be accurate.

Part of the discrepancy may also be due to lens transmission

of the AMS, since 5 to 8% of the mass resides in particles

large enough to be sampled with <100% transmission effi-

ciency. Refractive index variations, which would affect par-

ticle sizing from the UHSAS (Cai et al., 2008), could also

contribute to the evident bias, especially since volume is cal-

culated from the 3rd moment of particle diameter. Since

the refractive index of organic compounds is poorly con-

strained (Kanakidou et al., 2005; Dick et al., 2007), a con-

stant refractive index of 1.52–0i, appropriate for the ammo-

nium sulfate particles used for calibration (Toon et al., 1976)

and near the center of the estimated range for oxidized or-

ganic matter, was used to relate scattered light intensity to

particle size. A final cause of the bias may be due to re-

fractory material (sea-salt and dust) that is measured by the

UHSAS but not volatilized in the aerosol impactor/heater in

www.atmos-chem-phys.net/11/2423/2011/ Atmos. Chem. Phys., 11, 2423–2453, 2011
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Fig. 4. Submicron dry particle volume determined from AMS

and SP2 speciated mass measurements. Dots were acquired in

BB plumes; crosses were acquired in anthropogenic plumes and

background and sea-ice boundary layer conditions. Symbols color-

coded by the measured molar ratio of NH+
4 /(SO=

4 + NO−
3 ), Fmr.

Lines are fits to data with Fmr ≥1.5 (red line) and <1.5 (blue line).

the AMS. However, dust is a minor contributor to the sub-

0.5 µm aerosol mass, while sea-salt is likely to be significant

only near the Arctic surface, where it can comprise ∼20% of

the submicron mass (Quinn et al., 2002).

The integrated light scattering at a wavelength of 532 nm,

σ scat,532, was calculated using Mie theory (Bohren and Huff-

man, 1983) from the measured dry size distributions, as-

suming a refractive index of 1.52-0i. The calculated scat-

tering was compared with that derived from the extinction

at 532 nm, σ ext,532, measured by the CRDS and absorp-

tion at 530 nm, σ abs,530, measured by the PSAP. The scat-

tering derived from these two approaches was highly corre-

lated (r2 = 0.98) and the slope was within stated experimen-

tal uncertainty (Fig. 5). However, a bias of 26% is evident,

with the more directly measured extinction-absorption value

higher than that calculated by Mie theory from the size distri-

butions. The scattering calculated from the size distributions

is subject to minor errors due to the assumed refractive index,

to the uncertainty in the size of the calibration particles, and

to the assumption of homogeneous, spherical scattering. A

larger contributor to the observed bias is likely concentration

uncertainties exacerbated by the pressure-dependent flow is-

sues described in the Supplement. In contrast, the extinc-

tion measurement, which dominates scattering, is calibrated

by gas-phase absorption and is subject to smaller uncertain-

ties (Baynard et al., 2007).
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In summary, the extinction data are higher than the size

distribution data, which in turn are higher than the AMS data.

While the AMS, size distribution, and optical measurements

are consistent within stated uncertainties, remaining biases

are substantial and should be considered when interpreting

the data.

3.2 Background arctic haze

The free troposphere over northern Alaska and adjacent wa-

ters was strongly influenced by anthropogenic and biomass

emissions, even in the absence of discrete plumes from iden-

tifiable sources. This influence was most obvious in the mix-

ing ratio of CO, which in winter is produced primarily from

combustion (Fisher et al., 2010). Mean CO mixing ratios

were 160 ± 3 ppbv (Fig. 6c, Table 3). This relatively high

CO mixing ratio is characteristic of the polluted northern

hemisphere in early spring and is caused by a decrease in

the photochemical loss of CO in the winter months as well

as a seasonal increase in anthropogenic and biomass/biofuel

emissions, especially in Europe and northern Asia (e.g., Nov-

elli et al., 1992, 1998; Pétron et al., 2002; Fisher et al., 2010;

Kopacz et al., 2010).

3.2.1 Aerosol composition and microphysical properties

The concentrations of submicron aerosol constituents in

background haze conditions were also enhanced relative

to remote, unpolluted areas in the springtime midlatitude

Atmos. Chem. Phys., 11, 2423–2453, 2011 www.atmos-chem-phys.net/11/2423/2011/
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Table 3. Values of trace gas and aerosol parameters in different airmass typesa.

Parameter Sea-ice Free tropospheric Anthropogenic BB plumes

boundary layer background haze plumes

CO (ppbv) 160±3 161±8 174±6 190×
÷1.21b

Acetonitrile (pptv) 48±20 77±46 107×
÷1.58 172×

÷1.97

O3 (ppbv) 10×
÷2.39 52±14 56±1 69±14

NO (ppbv) −0.002±0.01 −0.001±0.01 0.000±0.01 0.007±.01

NO2 (ppbv) 0.008±0.03 0.012±0.04 0.016±0.03 0.037±0.04

HNO3 (ppbv) 0.01±0.08 0.03±0.1 0.01±0.05 0.09±0.2

NOy (ppbv) 0.32±0.4 0.40±0.17 0.54±0.18 0.91±0.47

SO2 (ppbv) 0.01±0.3 0.05±0.5 0.16±0.6 0.16±0.5

Submicron number (cm−3 STP) 178×
÷1.30 371×

÷1.84 627×
÷1.24 910×

÷1.90

Submicron volume (µm cm−3 STP) 1.1×
÷1.42 1.2×

÷2.01 3.2×
÷1.38 5.6×

÷2.27

Supermicron volume

(µm cm−3 STP)

1.0×
÷2.07 0.7×

÷2.19 1.2×
÷1.33 1.7×

÷2.59

Number geometric mean diameter (µm) 0.178±0.01 0.167± 0.02 0.174±0.01 0.189×
÷1.19

Geometric standard deviation 1.52×
÷1.05 mode 1: 1.54×

÷1.15 1.54×
÷1.08 1.50×

÷1.05

mode 2: 1.19×
÷1.03

Extinction at 532 nm (Mm−1 at STP) 6.3×
÷1.41 8.9×

÷1.82 27×
÷1.33 55×

÷2.47

Absorption at 532 nm (Mm−1 at STP) 0.15×
÷2.11 0.40×

÷2.23 1.2×
÷1.46 2.2×

÷2.89

Single scattering albedo 0.974±0.019 0.959±0.019 0.957±0.011 0.967±0.022

γ extinction 0.97
(1.06

0.55

)

c 0.63
(0.83

0.49

)

1.09
(1.17

0.96

)

0.45
(0.68

0.34

)

Angstrom exponent of extinction 1064/532 1.73×
÷2.10 2.04×

÷1.57 2.65×
÷1.19 2.26×

÷1.13

Asymmetry parameter 0.62±0.05 0.58±0.06 0.60±0.03 0.62±0.04

Fraction of particles active as CCN at SS:

0.10±0.04% 0.54±0.11 0.36±0.12 0.41±0.07 0.40±0.09

0.15 to 0.42% 0.88±0.15 0.88±0.15 0.87±0.11 0.88±0.11

BC (ng m−3 STP) 18×
÷3.20 60×

÷3.74 148×
÷2.26 312×

÷2.73

AMS organic (µg m−3 STP) 0.27×
÷1.99 0.71×

÷3.15 2.0×
÷1.68 5.4×

÷2.57

AMS sulfate (µg m−3 STP) 1.2×
÷1.33 1.1×

÷2.01 3.5×
÷1.18 1.9×

÷2.22

AMS nitrate (µg m−3 STP) 0.012
(0.022

0.006

)

0.03×
÷5.80 0.06×

÷2.42 0.36×
÷5.27

AMS ammonium (µg m−3 STP) 0.15×
÷1.85 0.21×

÷2.73 0.55×
÷1.23 0.84×

÷2.18

AMS total (µg m−3 STP) 1.6×
÷1.40 2.1×

÷2.44 6.1×
÷1.16 9.0×

÷2.30

a From least-square Gaussian (normal) fits to probability distribution function (PDF) for each parameter and airmass type.
b A ×

÷ symbol indicates that the probability density function and associated fit for this measurement is lognormal.
c Median values and interquartile range shown (data were distributed neither normally nor lognormally).
d Fit to histogram of instantaneous (10-s) sum of AMS total non-refractory aerosol mass. May not equal sum of the individual component means calculated as in a.

www.atmos-chem-phys.net/11/2423/2011/ Atmos. Chem. Phys., 11, 2423–2453, 2011



2434 C. A. Brock et al.: Characteristics, sources, and transport of aerosols

A B C 

E F G H 

I J K L 

D 

Mm-1 Mm-1 

Fig. 6. Statistics of occurrence for parameters separated by airmass classification. Each box encloses the interquartile range and the whiskers

the 5th and 95th percentiles. The vertical bar and symbol are the median and arithmetic mean, respectively. ((A) submicron aerosol

number concentration, (B) submicron non-refractory aerosol mass concentration, (C) CO mixing ratio, (D) acetonitrile mixing (AN) ratio,

(E) fine aerosol extinction at 532 nm (σ ext), (F) fine aerosol absorption at 530 nm (σ abs), (G) fine aerosol single scattering albedo ωo, H)

hygroscopicity parameter γ (Eq. 1), (I) fraction of fine mass that is SO=
4 (FSO4), (J) fraction of fine mass that is organic (Forg), (K) fraction

of fine mass that is NO−
3 (FNO3), and (L) fraction of fine mass that is BC (FBC). All extensive aerosol parameters, including σ ext and σ abs,

are at STP (1013 hPa, 273.15 K) conditions at a measurement RH of <10%. Additional statistical summaries for these and other parameters

are in Table 3.

free troposphere (e.g., Brock et al., 2004; Peltier et al.,

2008; Dunlea et al., 2009). Histograms of concentra-

tions of extensive aerosol parameters were lognormally dis-

tributed. For all lognormally distributed data we use geo-

metric means and standard deviations to describe their statis-

tics of occurrence; otherwise Gaussian statistics are applied

(Table 3). We also use medians and quartiles to graph-

ically summarize several parameters (Fig. 6). Geometric

mean aerosol sulfate concentrations in background haze were

1.1 (×÷2.01) µg m−3, and organic concentrations were highly

variable at 0.71 (×÷3.15) µg m−3 (values with ×
÷ are geomet-

ric standard deviations). Nitrate and ammonium were ∼1%

and ∼10%, respectively, of the non-refractory submicron

aerosol mass, and nitrate was often below the detection limit

of 0.02 µg m−3 for 10-s measurements. The mean ionic ra-

tio of ammonium to the sum of measured anions was 0.6,

indicating that the inorganic constituents of the aerosol were

only partially neutralized. Black carbon was ∼3% of the to-

tal submicron mass.

Particle size distributions in these polluted background

conditions were varied, attesting to the diverse sources and

ages of the layers found within this airmass classification.

Typical size distributions included an accumulation mode

with a number geometric mean diameter, Dg,n, of ∼0.17 µm.

A mode of coarse particles was present between 1 and 5 µm

in the volume distribution (Fig. 7). The total volume within

this mode was ∼60% of that found in the accumulation

mode (Table 3). An Aitken mode contributing 10% or more

of the total particle number was present 58% of the time in

the background haze; this mode had a variable Dg,n rang-

ing from 0.008 to 0.05 µm. Mean particle number and mass

concentrations were 371 cm−3 and 2.1 µg m−3, respectively

(Fig. 6a, b; Table 3), with a composition that was 35% or-

ganic with sulfate comprising the large majority of the re-

maining mass (Fig. 6i, j, k, Fig. 7, Table 3). At a supersatura-

tion (SS) of 0.10 (±0.04)%, 36 (±12)% of the particles were

active CCN. This fraction of CCN increased to 88 (±15) %

for SS between 0.15 and 0.42%.

Particles with diameters in two size classes (fine, 0.15

to 0.7 µm and coarse, 0.7 to 3 µm) were placed into one

of six compositional categories based upon the positive or

negative mass spectrum from individual particles as mea-

sured by the PALMS instrument (Froyd et al., 2009). The

categories include particles with a biomass/biofuel compo-

nent (Hudson et al. 2004), sulfate/organic internal mixtures

with no biomass material, elemental carbon, mineral dust,

sea-salt, and unclassified. Note that the particles are clas-

sified according to their dominant spectral characteristics;
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Fig. 7. Average composition and size distributions apportioned into the 4 airmass categories. Left column: bulk composition for submicron

particles (OA=organic aerosol; BC = black carbon). First pie chart contains submicron particle mass from 1997–2000 from the NOAA

Observatory at Barrow, Alaska (Quinn et al., 2002); NSS = non sea-salt; residual = unspeciated mass (probably organic); sea-salt components

not shown. Second column: approximate charge balance from major ions as determined by the AMS. Third and fourth columns: number

fraction of particles with diameters from 0.15–0.7 µm and 0.7–3 µm, respectively, placed into 6 compositional categories based on single

particle mass spectra measured by the PALMS instrument (EC = elemental carbon). Right column: particle number (symbols, left axis) and

volume (line, right axis) size distributions.

many particles are likely to be a mixture of types, yet

are placed in the category with the most dominant spec-

tral signature. Within the “background” category, 64% of

fine particles had a biomass/biofuel compositional signa-

ture, while particles with sulfate/organic signatures com-

prised 18% of the fine particle number (Fig. 7). In contrast,

in the coarse mode, 49% of the particles were mineral dust,

followed in number contribution by sea-salt, particles with

a biomass/biofuel signature, unclassified particles and par-

ticles with sulfate/organic signatures. In both the fine and

coarse mode, elemental carbon particles contributed 1% or

less of the particle number.

The reader’s attention may be drawn to the difference in

particle composition as reported by the AMS and the PALMS

instruments (Fig. 7). Due to transmission losses within

its aerodynamic lens, the AMS did not efficiently sample

particles with physical diameters >0.5 µm (Bahreini et al.,

2008). Furthermore, the AMS composition is mass-based

while the PALMS apportionment is based on number fre-

quency of occurrence. The PALMS categorization is based

on the presence of marker species, and does not necessar-

ily represent the only important contributor to that particle’s

mass. Thus the fact that the AMS shows that 52% of the non-

refractory fine particle mass measured in the Arctic back-

ground aerosol was composed of sulfate does not contradict

www.atmos-chem-phys.net/11/2423/2011/ Atmos. Chem. Phys., 11, 2423–2453, 2011
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the PALMS measurements showing that only 18% by num-

ber of the fine mode particles were classified as predomi-

nantly sulfate/organic internal mixtures, since particles clas-

sified as BB by the PALMS can also contain substantial non-

refractory sulfate material (Hudson et al., 2004).

3.2.2 Aerosol optical properties

In the polluted background airmass, dry aerosol extinction

at 532 nm was <10 Mm−1 and the aerosol was highly scat-

tering, with a single scattering albedo of ∼0.96. The asym-

metry parameter (the cosine-weighted integral of the scat-

tering phase function, used in radiative transfer calculations)

was ∼0.6 at 532 nm, similar to values of ∼0.58 for 550 nm

reported for the springtime submicron aerosol at the sur-

face at Barrow, Alaska (Fiebig and Ogren, 2006). The term

γ , which is a key parameter in understanding the variation

in light extinction due to changing atmospheric relative hu-

midity, f (RH), was determined from continuously operating,

parallel, humidified extinction measurements and is defined

such that (Doherty et al., 2005)

f (RH) =
σext,532,RH

σext,532,RH0

=

(

100−RH0

100−RH

)γ

, (1)

where RHo and RH are the dry (<10%) and humidi-

fied (∼60% and ∼85%) instrumental relative humidity con-

ditions, respectively. The value of γ was determined by fit-

ting the extinction data at the three measurement humidities.

For the background haze category, the geometric mean value

of γ at 532 nm was 0.63 (Fig. 6h, Table 3).

3.2.3 Origins and transport

Simulations of the origins of the background aerosol are

difficult because of the long time scales of transport in-

volved. FLEXPART simulations during background condi-

tions do not show substantial direct transport from known

sources. Analysis with an Eulerian atmospheric transport and

chemistry model shows an increase in CO during the winter

and spring months due to transport of anthropogenic emis-

sions from Europe, northwestern Asia, and China (Fisher

et al., 2010). The observed background concentrations of

CO are consistent with this model of enhanced emission

and transport, and reduced wintertime photochemical loss.

The aerosol composition and size distribution measurements

are also consistent with an aged, predominantly fossil fuel-

derived aerosol with a significant contribution from biomass

and/or biofuel burning sources.

3.3 Biomass burning plumes

3.3.1 Aerosol composition and microphysical properties

The striking feature dominating the measurements made

aboard the NOAA WP-3D aircraft from 12 to 23 April,

2008 was the unexpected, frequent occurrence of layers

of enhanced aerosol and gas-phase species that were at-

tributable to BB (Warneke et al., 2009, 2010). These lay-

ers were identified by enhancements in CO from back-

ground values of ∼160 ppbv to a 95th-percentile value of

273 ppbv (Fig. 6c) and a maximum value of 419 ppbv, and by

correlated enhancements in acetonitrile, a specific tracer of

biomass/biofuel combustion (de Gouw et al., 2003b). Single-

particle compositional measurements (Fig. 7) showed that on

average 83% of the 0.15 to 0.7 µm diameter particles in these

plumes had a substantial biomass/biofuel signature (Hudson

et al., 2004). Geometric mean fine aerosol mass concentra-

tions were 9.0 µg m−3 with a geometric standard deviation of

2.30 and a 95th percentile value of 27 µg m−3. Aerosol com-

position within the BB plumes was dominated by organic

compounds which comprised 60% of the non-refractory sub-

micron mass. Sulfate was present within the BB layers at

a higher concentration than in the background haze (Fig. 7,

Table 3). While agricultural and wild fires are not thought

to be large sources of sulfur compounds (Hegg et al., 1987;

Andreae and Merlet, 2001), the presence of enhanced partic-

ulate sulfate concentrations in these plumes, in the absence

of obvious fossil fuel combustion sources co-located or im-

mediately upwind of the fires, may call that assumption into

question. Nitrate (NO−
3 ) and ammonium (NH+

4 ) were sig-

nificantly higher within the BB plumes compared with the

background haze, probably originating from fire emissions of

NOx and NH3, respectively (e.g., Andreae and Merlet, 2001).

Black carbon concentrations were enhanced within the BB

plumes, but generally increased proportionally to the total

aerosol mass concentrations. The BC mass fraction of the

quantified submicron aerosol composition was 3.8 ± 1.1%

for the BB plumes, similar to the background BC fraction.

Submicron particles were present as a single mode

with Dg,n = 0.19 µm and a geometric standard deviation

σ g = 1.5 (Fig. 7, Table 3). These mean values are consistent

with those from various sources summarized in Table 6 and

Fig. 11 of Petzold et al. (2007) for BB smoke transported

for ∼6 days, and with those recommended by Dentener et

al. (2006) for biomass burning aerosol parameters for use in

global system models. However, in ARCPAC, the BB plume

particles were present in a single accumulation mode (Fig. 7),

while Petzold et al. reported the presence of an attenuated

Aitken mode (Dg,n <0.10 µm) in BB smoke transported from

Alaska and western Canada over periods >10 days to Eu-

rope. Furthermore, in ARCPAC values of Dg,n varied sys-

tematically with CO within the BB plumes (Fig. 8) in a man-

ner not described in these earlier studies. This relationship

between Dg,n and CO may have occurred because mixing of

concentrated BB smoke with background air resulted in par-

titioning of semivolatile organic matter from the condensed

to the gas phase (e.g., Donahue et al., 2009), thereby decreas-

ing particle size in diluted BB smoke.

Submicron particle concentrations within the BB mode

varied from 470 to 2000 cm−3 (5th and 95th percentiles),
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with a geometric mean of 910 cm−3. Submicron volume

concentration ranged from 2.4 to 25 µm3cm−3 (5th and

95th percentiles) with a geometric mean of 5.6 µm3 cm−3.

Submicron particle surface area ranged from 56 to 464

µm2 cm−3 (5th and 95th percentiles) with a geometric mean

of 122 µm2 cm−3. Coarse particle geometric mean volume

was 1.7 µm3 cm−3, with a mass median diameter of ∼4 µm.

At a supersaturation (SS) of 0.10 (±0.04)%, 40 (±9)% of

the particles were active CCN. The fraction of activated

CCN increased to 88 (±11) % for SS between 0.15 and

0.42% (Table 3).

3.3.2 Aerosol optical properties

Submicron single scattering albedos at 532 nm were similar

between the background Arctic haze and the BB plume cases,

with 5th and 95th percentile values for the BB of 0.94 and

0.98, respectively, and a median value of 0.97 (Fig. 6g). The

calculated asymmetry parameter (the cosine-weighted inte-

gral of the scattering phase function) was not highly vari-

able, with 5th and 95th percentile values of 0.57 and 0.66,

respectively, and a median value of 0.62. The aerosol was

moderately hygroscopic, with a geometric mean value of γ

of 0.45. These values of γ are comparable to the higher end

of those in oxidized airmasses measured downwind of Asia,

India, and North America for similar levels of organic mass

fraction (Quinn et al., 2005), and suggest the organic mat-

ter was oxidized and not hydrophobic. This finding is con-

sistent with analysis of AMS organic spectra (Zhang et al.,

2005), which shows that >90% of the organic mass in the

BB plumes was highly oxygenated (not shown), and with the

large fraction of particles active as CCN. In sum the BB par-

ticles were organic rich (yet still contained enhanced sulfate)

were aged, highly scattering, significantly hygroscopic, and

effective as CCN.

3.3.3 Origins and transport

The FLEXPART model often simulated the transport of CO

from BB sources with remarkable spatial fidelity and with

modeled mixing ratio enhancements generally within a factor

of two of the measurements (Fig. 2). The model did not pre-

dict the occurrence of some plumes, particularly above 4 km

altitude; these misses may be at least partly attributable to al-

titude displacement rather than gross errors in transport. The

RAQMS model effectively simulated the general location of

the transport of CO and aerosol particles from BB sources

to the Arctic, although the Eulerian RAQMS model tended

to overpredict CO mixing ratios and underpredict OC + BC

concentrations.

Two primary sources of smoke were identified based upon

the FLEXPART and RAQMS simulations, which incorpo-

rate real-time emissions estimates from fires identified by

MODIS satellite sensor imagery (Fig. 9). The first of these

smoke sources was a broad region located along the Rus-

0.30

0.25

0.20

0.15

0.10

G
e
o

m
e
tr

ic
 M

e
a
n

 D
ia

m
e
te

r 
(µ

m
)

100 2x10
2 3 4

CO (ppbv)

 Sea-ice boundary layer
 Background
 Anthropogenic/fossil fuel
 Biomass/biofuel burning

100             200       300         400 

Fig. 8. Number geometric mean diameter as a function of CO mix-

ing ratio calculated for particles with diameters from 0.08–1 µm in

four different airmass categories.

sia/Kazakhstan border, but predominantly on the Russian

side. The vegetation in this area is a mix of agricultural

lands, steppe grasslands and forest. Fires in this region prob-

ably originated with agricultural burning; some of these be-

came wildfires. Fires in this region in springtime are an an-

nual occurrence (Warneke et al., 2010). A second region of

BB originated in southeastern Siberia, between Lake Baikal

and the Pacific Ocean in the vicinity of the Chita and Amur

Rivers. The vegetation in this region is a mix of grassland,

shrubland, and coniferous forest. Images from the MODIS

satellite sensors (NASA/University of Maryland, 2002) sug-

gest that most of the fires occurred on forested land. Al-

though there are no substantial vegetation differences across

the Russia/China border, there were very strong gradients in

BB occurrence (Fig. 9; Warneke et al., 2010). This suggests

that fire ignition and/or control strategies differed across the

political border. MODIS images indicate that much of the

land in this region was snow-covered in late March; fires

began soon after the snow at lower altitudes melted, sug-

gesting deliberate ignition of moist fuels. MODIS images

show merged plumes covering a broad region downwind of

the many small fires.

Smoke from the two regions, henceforth referred to as

southern Russia and southeastern Siberia, respectively, was

episodically generated and transported to the Arctic based

on the fire occurrence and meteorologically driven transport

events. Figure 10 shows the FLEXPART-simulated emission

and transport of these plumes over a 24-day period (movies

of these images and of FLEXPART simulated BB transport

superimposed on satellite cloud images are available in the
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Fig. 9. Map showing fire locations for April 2008 determined from

MODIS (NASA/University of Maryland, 2002), color-coded by the

underlying vegetation type (Hansen et al., 2000).

online Supplement). Fires began east of Lake Baikal near the

end of March and became widespread in mid-April. Trans-

port from the midlatitudes to the Arctic occurred in 2 pri-

mary pulses (6 to 12 April and 16 to 25 April), each associ-

ated with midlatitude cyclones that advected smoke cycloni-

cally upward and northward (Stohl et al., 2003). Within the

Arctic, some of the smoke was sheared horizontally into fil-

aments as it exited the cyclonic systems into the upstream

anticyclones. Some of this sheared smoke became entrained

into Arctic cyclonic and anticyclonic systems, although the

majority of emitted smoke remained in high midlatitudes.

By late April smoke had penetrated deeply into the Arctic,

reaching the North Pole and extensively covering the pan-

Arctic region (Fig. 10; Saha et al., 2010). The primary con-

sequences of such smoke layers on the Arctic environment

are likely to be caused by direct and indirect radiative forc-

ing and by in-cloud scavenging and wet deposition to the sur-

face during transport. More long-term influences may result

if the smoke does not rapidly exit the Arctic and is mixed

to the ABL, in which case dry deposition to the surface may

occur. These issues are discussed in Sect. 4.

3.4 Anthropogenic/fossil fuel plumes

Plumes that were predominantly from fossil fuel sources

were classified as “anthropogenic/fossil fuel”. These plumes,

which were observed during only ∼1 h of total flight time

on 15 April 2008, were identified by CO mixing ratios

>170 ppbv in the absence of corresponding increases in ace-

tonitrile. Furthermore, SO2 from the CIMS instrument was

significantly elevated in these regions (mean mixing ratio

50 pptv) and was positively correlated with aerosol sulfate.

3.4.1 Aerosol composition and microphysical properties

The submicron aerosol composition in the anthro-

pogenic/fossil fuel airmasses was dominated by sulfate,

ammonium, and organics. Organic matter comprised only

33% of the non-refractory mass (Fig. 7, Table 3), in con-

trast to the organic-rich BB plumes (∼65% organic mass

fraction). The geometric mean sulfate concentration was

3.5 µg m−3. The mean ion balance between ammonium

and measured anionic species was ∼0.5, indicating that the

sulfate was not fully neutralized (Fig. 7). The geometric

mean concentration of BC was 148 ng m−3. The fractions

of particles in each composition category were similar to

those in background air. Both the number and volume size

distributions were dominated by the accumulation mode,

with a number geometric mean diameter of 0.17 µm and

a number concentration of 627 cm−3. Despite the higher

sulfate concentrations and the SO2 that was present, there

were no modes of smaller particles that would suggest

recent new particle formation. At a supersaturation (SS)

of 0.10 (±0.04)%, 41 (±07)% of the particles were active

CCN. The fraction of activated CCN increased to 87 (±11)

% for SS between 0.15 and 0.42%. The CCN activation

fractions at either SS do not differ significantly from those

for the background haze and biomass/biofuel burning cases.

3.4.2 Aerosol optical properties

Median values of extinction and absorption at 532 nm and

submicron mass in the fossil fuel plumes were all approxi-

mately 1/2 of the mean values for the BB plumes (Fig. 6b,e,f;

Table 3). The anthropogenic aerosol was significantly more

hygroscopic (γ = 1.09) than was the BB aerosol (γ = 0.59).

This degree of hygroscopicity in the anthropogenic plumes

is higher than values reported in several aged fossil fuel in-

fluenced airmasses by Quinn et al. (2005) and Massoli et

al. (2009) for similar organic mass fractions. The single scat-

tering albedo in the anthropogenic layers was 0.96 ± 0.01,

which was not significantly different from the BB value of

0.97 ± 0.02. In sum, the aerosol was dominated by acidic

sulfate, and was monomodal, hygroscopic, and highly scat-

tering.

3.4.3 Origins and transport

FLEXPART and RAQMS simulations indicate that the pri-

mary source of sulfur species within the anthropogenic layers

encountered on 15 April 2008 was eastern China, with some

contribution from eastern Europe. The sulfur-rich plumes

were near other plumes dominated by BB emissions. The

sulfur species likely originated from anthropogenic sources

as indicated by the models, and were transported by the same

midlatitude synoptic low pressure system that carried the BB
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Fig. 10. Flexpart transport model simulations of a 20-day conserved CO tracer emitted by BB sources. These perturbations lie on top of a

large CO background from other sources, primarily anthropogenic, of ∼900 mg m−2 (not shown).

plumes. Similar long-range transport of different types of

pollution in adjacent layers without substantial mixing has

been observed before (Clarke et al., 2001; Brock et al., 2004,

2008) and shows that laminar transport of sheared filaments

and layers from different sources over intercontinental dis-

tances is common.

3.5 Arctic Sea-Ice Boundary Layer (ABL)

In winter and spring, a persistent surface inversion of vari-

able depth and strength occurs over the Arctic Ocean (e.g.

Vowinckel, 1970; Tjernström and Graversen, 2009). The air

within this inversion is at or very near ice saturation (Andreas

et al., 2002). Diffuse low-level clouds and clear-air “diamond

dust” precipitation are common (Ohtake et al., 1982) because

of heat and moisture fluxes from open and thinly ice-covered

leads. Static stability is high, and wind-generated mechani-

cal turbulence very near the surface and sporadic convective

turbulence from newly exposed open-water leads are the pri-

mary mechanisms for vertical transport (Andreas and Mur-

phy, 1986; Strunin et al., 1997; Pavelsky et al., 2010). The air

within this layer is isolated from the air aloft due to the high

static stability and may have a different source and transport

history (Stohl, 2006).

The WP-3D aircraft penetrated the sea-ice inversion layer

on 16 occasions, briefly descending to altitudes of ∼70 m.

An infrared sea-surface temperature (SST) sensor reported

that open and thinly ice-covered leads (indicated by brief in-

creases in SST 3 K or more above the local mean SST) were

present directly below the aircraft ∼10% of the time while

in the ABL. Although the top of the inversion layer was of-

ten above 1 km altitude, the moist ABL in which there was

evidence of halogen chemistry was generally confined to al-

titudes <800 m. Several extended flight legs ∼200 m above

the surface were made (Fig. 2). In situ data were classified
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into the ABL category based on the meteorological and gas-

phase chemical criteria described previously. A total of 5 h

of flight time were spent within this airmass type.

3.5.1 Aerosol composition and microphysical properties

Within the moist ABL, the aerosol extensive properties,

including mass concentration, extinction, absorption, and

chemical species concentrations, were comparable to or less

than values in the polluted background of the free tropo-

sphere (Fig. 6a–f; Table 3). Notably, BC and organic mass

concentrations were lower than in the background airmass,

while sulfate concentrations were similar or higher (Fig. 7).

The ABL submicron aerosol size distribution was similar

to that of the background free troposphere (Fig. 7), although

number concentrations were lower within the ABL (Fig. 6a).

The coarse mode volume concentration was significantly

lower in the ABL compared with the background air (Fig. 7,

Table 3). Single particle composition information from

the PALMS mass spectrometer instrument shows a distinct

change in particle characteristics between the ABL and the

free troposphere (Fig. 7). In the ABL, the coarse parti-

cle mode was composed mostly (79%) of sea-salt particles.

Coarse particles with dust and BB characteristics were in-

frequent in the inversion layer over sea-ice. About 22% of

fine particles with diameters from 0.15 to 0.7 µm were com-

posed of sea-salt; this is consistent with the findings that sea-

salt contributes to ∼20% of fine aerosol mass measured at

Barrow, Alaska (Quinn et al., 2002). The fraction of fine

particles with a BB signature (31%) was significantly lower

than in the other airmass types, and was comparable to typi-

cal midlatitude tropospheric background values (Hudson et

al., 2004). At a supersaturation (SS) of 0.10 (±0.04)%,

54 (±11)% of the submicron particles were active CCN, a

higher activated fraction than was found in the other airmass

categories (Table 3). The activated CCN fraction increased

to 88 (±15) % for SS between 0.15 and 0.42%.

3.5.2 Aerosol optical properties

Submicron aerosol extinction and absorption at 532 nm were

lower in the ABL than in the background free troposphere,

consistent with the decrease in particle mass and BC, respec-

tively. As expected for the low BC fraction in the ABL,

the single scattering albedo in the ABL was higher, 0.97,

than the background case, 0.96 (Fig. 6g, Table 3). The

ABL aerosol was more hygroscopic at 532 nm (γ = 0.97)

than were the background or BB cases, and was similar to the

anthropogenic/fossil fuel case, in which the composition was

also dominated by acidic sulfate. In sum, compared to the

free tropospheric Arctic background haze, the ABL aerosol

was reduced in quantity, enhanced in sulfate, deficient in or-

ganic matter and BC, more hygroscopic, and more highly

scattering.

3.5.3 Origins and transport

Despite some statistical similarities in gas-phase properties

between the background and ABL airmasses, during indi-

vidual vertical profiles there were often discrete changes in

submicron aerosol characteristics as the aircraft penetrated

the top of the ABL. In particular, particle number concen-

tration, extinction, absorption, and BC concentrations were

frequently lower by a factor of ∼2 in the ABL relative to val-

ues in background air immediately above. These lower con-

centrations were associated with the moist, halogen-active,

O3-depleted portion of the sea-ice inversion layer that indi-

cates chemical interaction with the surface. These observa-

tions suggest that dry or wet (ice) deposition may have been

occurring within the ABL. Spackman et al. (2010) show ev-

idence of dry deposition of BC in the vicinity of open leads

where enhanced vertical mixing may accelerate the dry de-

position process. However, differences in airmass histories,

and therefore aerosol sources, may also contribute to the ob-

served vertical structure.

Twenty-day airmass histories calculated with the FLEX-

PART transport model and initialized in the ABL most fre-

quently remained within the Arctic. The modeled air parcels

tended to circulate within the North American sector of the

Arctic, particularly in the vicinity of the Canadian Arctic

archipelago (Fig. 11). In many cases the simulations showed

several days of transport within the ABL, preceded by grad-

ual descent from the free troposphere. This transport pat-

tern is consistent with the expected climatological mean cir-

culation of diabatic cooling and descent in the Arctic; as a

result the ABL air over the North American Arctic has the

longest residence time of any air in the Arctic (Stohl, 2006).

Mean mixing ratios of CO observed in the ABL did not differ

significantly from those found in the background free tropo-

sphere, indicating that mixing times between these two air-

masses were short relative to the many-month timescales of

photochemical CO loss in high latitude winter/spring (Nov-

elli et al., 1992). The wide range of possible residence times

of air parcels within the ABL – several days to perhaps a

month (Stohl, 2006) – suggests that aerosol particles in the

ABL could be subject to dry or wet deposition mechanisms

over long time scales. Even slow or sporadic deposition

processes, perhaps associated with turbulence and moisture

fluxes over open leads, could become significant over such

periods (Spackman et al., 2010).

4 Discussion

4.1 “Background haze” measurements are consistent

with surface climatologies

Of the four airmass categories, the background haze and

ABL groupings are most consistent with aerosol climatolo-

gies measured at surface sites. At Barrow, Alaska, long-term
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Fig. 11. FLEXPART Lagrangian transport model backward trans-

port simulation of 6 × 104 air particles initialized at the location of

the WP-3D aircraft within the ABL on 16 April 2010 at 00:22 UTC.

Color scale (logarithmic) is the column-integrated potential emis-

sion sensitivity, which is proportional to the cumulative residence

time of each particle in a grid cell. Numeric labels show the cen-

troid particle location on each day.

measurements of CO and submicron aerosol scattering, sul-

fate concentration, and particle number measured during

springtime may be compared with similar measurements

aboard the WP-3D aircraft (Fig. 12). Extinction at 532 nm

for the background and ABL airmass categories lie at the

28th and 18th percentiles of the Barrow 550 nm scattering

data, respectively (scattering and extinction are equivalent to

within a few percent), while the airborne sulfate measure-

ments lie at the 73rd and 92nd percentiles of the Barrow

measurements for these airmass categories. Although the

aerosol measured in background haze conditions was some-

what less light-scattering and had a higher sulfate concentra-

tion than the typical surface haze measured at Barrow, these

parameters were within the interquartile range of the surface

record. Particle number and CO for both the background

and ABL groupings were also within the interquartile range

of the Barrow measurements. Measurements by the WP-3D

in the ABL over the remote sea ice consistently showed the

lowest concentrations of fine particle number, mass, extinc-

tion, and absorption and of CO and acetonitrile (Fig. 6a to

f), yet climatological means measured at the Barrow Obser-

vatory were often more similar to the background haze cate-

gory measured in the free troposphere (Fig. 12). It is possible

that the ABL north of Barrow was more aged (Stohl, 2006),

or the aerosol more depleted (Spackman et al., 2010), than

surface-layer air typically sampled at the Barrow Observa-

tory. In this case the ARCPAC measurements may be more

representative of the remote ABL than those made at Barrow.

Layers of enhanced aerosol extinction at 532 nm ob-

served aloft during ARCPAC, whether originating from

biomass/biofuel or fossil fuel sources, were at the high

end (>94th percentile) of the probability distribution func-

tion for the 550 nm Barrow surface observations. Thus these

layers were not representative of the typical springtime Arc-

tic haze as measured by surface sites. However, these aerosol

layers were similar in terms of scattering and aerosol compo-

sition to those measured during many previous airborne mea-

surements in the Arctic (Shaw, 1975; Schnell, 1984; Radke,

et al., 1984; Rahn et al., 1977; Clarke et al., 1984; Ottar et

al., 1986; Hansen and Novakov, 1989; Brock et al., 1990;

Stone et al., 2010). Since the BB haze layers measured dur-

ing ARCPAC and ARCTAS contained substantial quantities

of sulfate, and since earlier airborne campaigns did not mea-

sure gas-phase tracers of combustion or organic aerosol mass

with sufficient time response to characterize the discontinu-

ous layers, an open question remains regarding how many

aerosol haze layers observed in past airborne campaigns were

primarily of BB (or mixed BB and fossil fuel) origin.

4.2 Chronic pollution vs. episodic transport events:

defining “Arctic haze”

In the ARCPAC airborne measurements, locally enhanced

aerosol loadings were always associated with mixing ra-

tios of CO >170 ppbv. Mixing ratios of CO were rarely

<140 ppbv in the absence of air with a stratospheric influ-

ence. The seasonal cycle of CO at the Barrow surface ob-

servatory is pronounced and repeatable from year-to-year,

with little variability (5th and 95th percentile mixing ratios

are 147 and 176 ppbv, respectively). There are only a few

episodes of high CO measured at the surface of Barrow (val-

ues >195 ppbv exceed the 99th percentile), implying that the

dense haze layers of particles and CO frequently found aloft

are rarely seen at the surface (although such events have oc-

curred (Stohl et al., 2006)). The limited variability in the

springtime values of CO and aerosol scattering measured at

Barrow indicate that the frequency of dense aerosol layers

does not determine the climatological seasonal cycle. Instead

the seasonal aerosol cycle observed at Barrow is better char-

acterized as a gradual cycle in background conditions. The

seasonality of these aerosol properties at Barrow and other

surface stations in the Arctic (notably Alert, Canada) provide

the canonical definition of “Arctic haze”. In contrast, much

of the focus of airborne missions has been on dense layers of

enhanced aerosol and gas concentrations found aloft; these

occurrences have also been termed “Arctic haze” by investi-

gators (e.g., Rahn et al., 1977; Garrett and Verzella, 2008).

Evaluating the ARCPAC data in the context of past sur-

face and airborne measurements in the Arctic, it is appar-

ent that the Arctic aerosol may best be described as having

both chronic and episodic characteristics. The low-variance,

seasonal cycle of CO as measured at Arctic surface stations

is associated with a similar low-variance, seasonal cycle in
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Fig. 12. (A) Cumulative probability distribution of CO measured at the NOAA Baseline Observatory in Barrow, Alaska (Novelli et al., 2008).

Data are hourly measurements from February–April over the period 2005–2008. Arrow indicates arithmetic mean value. Data have not been

filtered for possible contamination from local sources. Symbols and error bars are the geometric mean and standard deviation for the four

airmass classifications (see legend) measured on the NOAA WP-3D during ARCPAC and are positioned vertically on the Barrow cumulative

probability distributions. (B) As for (A), but for sub-1 µm light scattering at 550 nm measured at Barrow from 1987–2008 (line) and sub-1 µm

extinction at 532 nm from the WP-3D during ARCPAC (symbols). Arrow indicates geometric mean value from Barrow. Barrow aerosol data

have been filtered for possible contamination from local sources (Delene and Ogren, 2002). (C) As for (B), but for sub-1 µm sulfate measured

by the University of Washington over approximately 2-day periods at Barrow from 1997–2008 (line) and sub-1 µm sulfate measured on the

NOAA WP-3D during ARCPAC (symbols). (D) As for (B), but for total particle concentrations measured at Barrow (line) and aboard the

NOAA WP-3D aircraft (symbols).

aerosol properties (Fig. 12). Multiple, independent lines of

evidence, from atmospheric transport studies (e.g., Raatz and

Shaw, 1984; Stohl, 2006) to global chemical transport mod-

eling (e.g., Koch and Hansen, 2005; Fisher et al., 2010) to

compositional fingerprinting (e.g., Rahn, 1981), point to fos-

sil fuel and biomass/biofuel combustion sources in the north-

ern midlatitudes – especially from northeastern Europe and

Siberia – as the principal source of this chronic pollution

near the surface of the Arctic. Arctic haze is best defined as

the winter/spring maximum in this seasonal cycle in aerosol

and trace gas concentrations. Episodic events are distinct

from this seasonal maximum, and are associated with direct,

rapid transport from a variety of mid- and northern-latitude

sources. These transport events typically take the form of
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dense aerosol layers found at altitudes from above the sea-

ice inversion layer to the upper troposphere (and occasion-

ally at the surface (Stohl, et al., 2006, 2007; Stone et al.,

2008)). Due to atmospheric mixing, some of these dense

but thin haze layers aloft may ultimately contribute to the

chronic Arctic background haze, although Arctic residence

times above the surface layer decrease with increasing al-

titude (Stohl, 2006). We note that long-range transport to

the Arctic has been observed in summer as well as in win-

ter and spring (e.g., Brock et al., 1989; Stohl et al., 2006;

Paris et al., 2009).

We suggest that the term “Arctic haze” not be used for

episodic transport events, despite its common use in the liter-

ature, since long-range, intercontinental transport of aerosol

layers in the free troposphere is not unique to the Arctic (e.g.,

Stohl et al., 2002). The sources of the layers associated with

episodic transport events in the Arctic appear to be diverse

(Fisher et al., 2010). In 2008, unusually early and exten-

sive biomass burning in southeastern Siberia contributed to

aerosol layers found over the western Arctic (Warneke et al.,

2010). Agricultural fires in southern Russia, which are a reg-

ular springtime occurrence (Warneke et al., 2010), also con-

tributed to the aerosol layers observed in the Arctic. Aerosol

layers originating from fossil fuel combustion, while infre-

quent in the ARCPAC dataset, were more common in the

wider geographic region sampled by the ARCTAS research

DC-8 and P-3B aircraft (Fisher et al., 2010, Jacob et al.,

2010), and past airborne measurements have also reported

many layers originating from such sources. Transport mod-

eling (Koch and Hansen, 2005; Stohl, 2006; Fisher et al.,

2010) and some observations (Scheuer et al., 2003) suggest

a seasonally varying transition from high latitude to midlati-

tude sources with increasing altitude in the Arctic. However,

our limited observations do not indicate systematic changes

in the characteristics of the background aerosol (chronic Arc-

tic haze) as a function of altitude above the ABL.

4.3 Background and ABL aerosol contains a biomass or

biofuel burning component

The background Arctic haze submicron non-refractory

aerosol mass measured during ARCPAC was approximately

2/3 inorganic material and 1/3 organic compounds (Fig. 7).

The PALMS instrument reported that 64% by number of the

fine mode particles were classified as containing a biomass

burning component based on potassium and organic carbon

marker ions, following the scheme of Hudson et al. (2004).

This fraction is noticeably higher than typical levels of 20

to 40% that are consistently observed throughout the mid-

latitude and tropical troposphere (Hudson et al., 2004; Froyd

et al., 2009). The FLEXPART model predicts a small but

detectable BB influence on Arctic air from fires in north-

ern Asia and other mid-latitude regions prior to the ARC-

PAC measurement period (Warneke et al., 2010). It is likely

that these earlier plumes were partially entrained into the

background Arctic air, enhancing the BB aerosol fraction.

Based on the observed coexistence on single particles of con-

densed material such as sulfate, ammonium, and lead with

the BB marker species, BB particles in background air were

more aged than those within the intense BB aerosol layers,

consistent with earlier emission from sources and longer at-

mospheric residence times. In the ABL the BB particle frac-

tion (31%) was near typical mid-latitude free tropospheric

values, but signatures of particle aging were even stronger

than in background air aloft. In particular, the high sulfate

content in the single particle mass spectra suggests extensive

aging (Hudson et al., 2004). The observed low concentra-

tions of VOCs, as well as the FLEXPART transport simula-

tions, indicate that ABL air was isolated to Arctic regions for

the previous few weeks and had little recent influence from

mid-latitude emission sources. The source of BB aerosol ma-

terial in the springtime background haze and in the ABL is

presumably the same as the seasonally enhanced CO, i.e.,

winter and spring emissions from northern midlatitudes. In

northern Europe during the cold season, wood burned for

heating creates smoke that is co-emitted with anthropogenic

pollution (Gelencsér et al., 2007; Yttri et al., 2009). Both this

cold-season biofuel source and mid-latitude springtime fires

likely contribute to the seasonal background of BB aerosol

material found in free tropospheric Arctic air.

4.4 No evidence of precipitation scavenging from

layers aloft

Black carbon deposited on snow is a potentially significant

climate forcing agent in the Arctic (Hansen and Nazarenko,

2004; Jacobson, 2004, 2010; Flanner et al., 2007, 2009;

Shindell et al., 2008; Shindell and Faluvegi, 2009). It is im-

portant to understand the origin of the BC that has been ob-

served in snow at the surface of the Arctic if effective mitiga-

tion strategies are to be developed (Quinn et al., 2008). Both

airborne BC concentrations and precipitation rates are low in

the Arctic, making direct measurements of depositional flux

rare (Noone and Clarke, 1988; Doherty, et al., 2010). Re-

cent analysis based on compositional measurements of snow

samples collected across the Arctic in springtime indicate a

dominant biomass and/or biofuel burning source over much

of the Arctic (Hegg et al. 2009, 2010; Doherty et al., 2010).

Since snow compositional measurements suggest a

biomass/biofuel burning source, one might expect to see evi-

dence for wet deposition of particles from the BB layers ob-

served aloft during ARCPAC. In 2004 measurements near the

eastern coast of North America, we found regions highly en-

hanced in gas-phase BB markers but relatively depleted with

respect to aerosols and highly soluble gas-phase species, and

have interpreted these observations as evidence for wet depo-

sition (de Gouw et al., 2006). In ARCPAC, CO mixing ratios

and aerosol mass (estimated from volume) were highly cor-

related in plumes that were enhanced in acetonitrile (Fig. 13).

However, there were no cases during ARCPAC in which CO

www.atmos-chem-phys.net/11/2423/2011/ Atmos. Chem. Phys., 11, 2423–2453, 2011



2444 C. A. Brock et al.: Characteristics, sources, and transport of aerosols

or acetonitrile were enhanced yet aerosol number and mass

concentrations were not. Instead, the slope between aerosol

mass and CO stands at the high end of literature values for

particle emissions from biomass burning sources (Fig. 13).

Dry deposition might occur if the smoke aerosol were

mixed to near the sea-ice surface. However, the dense aerosol

layers observed aloft during ARCPAC were decoupled from

the sea-ice ABL due to persistent strong inversions, and there

was no indication of direct mixing of the BB aerosol plumes

aloft to the sea-ice surface layer over the time scales of the

ARCPAC measurements. On one occasion, BB smoke mea-

sured on 19 April 2010 over the Barrow airport reached

the lowest altitude, ∼70 m, sampled by the WP-3D aircraft.

However, this measurement was over land rather than sea-

ice, and occurred as a result of strong warm advection within

a midlatitude airmass rather than mixing from aloft into the

ABL. Smoke associated with this transport event was found

aloft above the ABL over sea-ice north of Barrow (Lance et

al., 2011).

Spackman et al. (2010) report evidence for dry deposition

of BC and other aerosol constituents within the ABL; this

is the only evidence of loss of aerosol particles to the sur-

face found during ARCPAC. This deposition mechanism ap-

peared to operate over the lowest few hundred meters within

the ABL over sea-ice, and thus did not directly act upon the

dense layers that were found only aloft, above the sea-ice in-

version layer.

4.5 Arctic aerosol produces heating aloft and cooling

at the surface

While there is no evidence that the BB particles in layers

observed aloft during ARCPAC deposited to the snow, the

direct radiative forcing of the aerosol layers remains of po-

tential significance. To evaluate this effect, aerosol direct ra-

diative forcing was calculated for the shortwave spectrum as

the difference in flux with and without aerosol. The radiative

transfer model used for the calculations was the Santa Bar-

bara DISORT Atmospheric Radiative Transfer model (SB-

DART; Ricchiazzi et al., 1998) implemented as described in

McComiskey et al. (2008).

In this 1st-order modeling exercise, a solar zenith an-

gle (SZA) of 60 degrees, which represents a maximum daily

solar elevation for ARCPAC latitudes, was assumed, as was a

surface albedo of 0.85, which is the average April value from

a 10 year climatology at Barrow (calculated from data col-

lected by the Department of Energy ARM Climate Research

Facility). A standard Arctic profile of absorbing gases (Mc-

Clatchey et al., 1972) was used. Holding all of these factors

constant allows us to focus on the maximum possible forc-

ing caused by the aerosol alone under representative Arc-

tic conditions. More complete radiative transfer modeling

constrained by spectrally resolved actinic flux and irradi-

ance measurements (Bierwirth et al., 2010) under varying
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Fig. 13. Particle mass as a function of CO for all data classified as

biomass/biofuel burning during ARCPAC (dots). Mass calculated

from particle volume measurements and density of 1.36 determined

from AMS composition measurements in BB plumes. Squares are

data from a BB case in 28 July 2004 in which precipitation scav-

enging occurred (de Gouw et al., 2006) with CO values adjusted to

intercept the x-axis at 150 ppbv to facilitate comparison with ARC-

PAC data. Lines are fits to measurements in a variety of prescribed,

laboratory, and wild fires as summarized in Janhäll et al. (2009),

except that 2 outliers have been removed and an x-intercept of

150 ppbv assigned.

surface albedos and SZA conditions, will be the subject of

future work.

Ambient values of light extinction were calculated from

ambient RH measurements using the mean γ values at

532 nm for each airmass category (Table 3). Single scattering

albedo was recalculated using this ambient extinction value

and the dry absorption measurement. A fixed asymmetry pa-

rameter of 0.65, lying between the values calculated from the

dry size distributions (Table 3) and values reported for Bar-

row, Alaska, was used. McComiskey et al. (2008) show that

radiative forcing sensitivity to varying asymmetry parameter

in these Arctic conditions is negligible. From the entire AR-

CPAC campaign, ten representative profiles, including sam-

pling in all four regimes (Fig. 14a), of ambient extinction

and SSA derived from the observations were averaged into

150 m bins from the surface to 8 km for the radiative trans-

fer calculations (Fig. 14b,c). Our calculations do not con-

sider the effect of changes in the solar radiative balance on IR

emissions (e.g., Pueschel and Kinne, 1995), a subject com-

plicated by strong sensitivities to surface, atmospheric, and

cloud characteristics (e.g., Stone et al., 2008).
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Fig. 14. (A) Vertical profiles of ambient aerosol extinction determined from dry extinction measurements corrected to ambient humidity

and air density. Biomass burning (green points), Arctic sea-ice boundary layer (blue), background (grey), and anthropogenic (red) airmass

classifications. (B) Data from (A) averaged into 150 m altitude bins. (C) Aerosol single scattering albedo averaged into 150 m increments.

(D) Calculated instantaneous noontime heating rate given by average profiles in (B) and (C) and other parameters as specified in text. Grey

shading indicates one standard deviation for each 150 m bin.

The average of the results of the radiative transfer calcu-

lations for each the 10 binned vertical profiles are shown

in Fig. 14d. Average heating rates of ∼0.1 K day−1 oc-

curred between 3 and 7 km, where most of the BB layers

were observed, with a maximum value of the average pro-

file of ∼0.2 K day−1. However, this maximum heating var-

ied substantially with individual profiles depending on the

properties of the aerosol layer, surface albedo, and height

above the surface. Layers with maximum heating rates of

∼0.6 K day−1 were calculated for individual profiles. The

top-of-atmosphere radiative forcing for the average profile

was +3.3 W m−2, while surface forcing was -1.5 W m−2 and

tropospheric column forcing +4.8 W m−2. Note that these

values are for the instantaneous forcings calculated at solar

noon, which is the maximum possible. Diurnally averaged

values would be lower. These values can be compared to

surface in situ measurements at Barrow, Alaska for a repre-

sentative case of Arctic haze (Quinn et al., 2007). For this

case, calculations were made at solar noon on April 15, sim-

ilar solar geometry to our calculations, and with a surface

albedo of 0.92, higher than our average value of 0.85. This

case resulted in top-of-atmosphere forcing of +2.5 W m−2

and surface forcing of -0.93 W m−2, resulting in a tropo-

spheric forcing of 3.43 W m−2. These calculations show that

the short term effects of both the background haze and dense

haze layers aloft are to cool the surface and heat the atmo-

spheric column, while producing net energy absorption by

the earth-atmosphere system. These preliminary findings

are consistent with more complete studies of the effects of

BB plumes (Stone et al., 2008) and dust layers (Stone et

al., 2007) over Barrow, Alaska on the surface-radiation bal-

ance. In their Fig. 10, Stone et al. (2008) show a strong

sensitivity of both instantaneous surface and TOA radiative

forcing to surface albedo. Net atmospheric cooling occurs

when BB smoke is present over dark tundra and open wa-

ter, but net radiative heating occurs when the smoke overlies

brighter, snow-covered surfaces. These authors also point out

that such surface cooling, coupled with heating aloft within

the BB layers, may change the thermal structure of the at-

mosphere to potentially modify atmospheric circulation and

cloud formation.

Finally, to examine the relative radiative forcing of the four

aerosol classifications, a column integrated radiative forcing

efficiency (RFE), the radiative forcing per unit optical depth,

was calculated (Table 4). For the same optical depth, the

background, BB, and anthropogenic regimes have larger pos-

itive top-of-atmosphere and tropospheric column forcing and

more negative surface forcing than does the ABL case. As

discussed in Section 4.1, observations at Barrow, Alaska cap-

ture well the seasonal cycle of the background aerosol and

would thus accurately characterize the vertically integrated

forcing associated with the background haze classification.

However, when ABL air, with its depleted aerosol concentra-

tions and high single scatter albedo, is present, in situ mea-

surements at the surface will not accurately represent aerosol

characteristics for the calculation of radiative forcing.
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Table 4. Radiative forcing efficiency (W m−2τ−1), the radiative

forcing per optical depth, to the top-of-atmosphere, atmosphere, and

surface for the four aerosol regimes measured during ARCPAC.

ABL Background Anthropogenic BB

Top-of-atmosphere 2.0 32.9 29.2 37.6

Troposphere 10.2 44.3 41.5 50.4

Surface −8.3 −11.4 −12.3 −12.8

5 Conclusions

Airborne measurements from the NOAA WP-3D aircraft in

April 2008 in the Alaskan Arctic could be placed into one

of four categories based on trace gas mixing ratios: (1) air

measured within the ABL that had been in chemical and

physical contact with the sea-ice surface; (2) air that was

strongly influenced by BB originating primarily from sources

in southern Russia and in southeastern Siberia; (3) air that

was affected primarily by anthropogenic fossil fuel combus-

tion sources; and (4) air that was not influenced by any recent

source, but that represented the aged, polluted background of

the springtime Arctic.

Aerosol layers associated with transport from the BB

events were common in the Alaskan Arctic in spring 2008.

The aerosol was often abundant and was highly scattering

with single scattering albedos of ∼0.97. Radiative trans-

fer calculations suggest that, on average, these haze lay-

ers cool the surface and heat the troposphere at the altitude

where they are found. Maximum noontime heating rates

of ∼0.1 K day−1 were calculated for the average haze con-

dition, although maximum heating rates of ∼0.6 K day−1

were calculated for specific dense haze layers. Warneke et

al. (2010) and Fisher et al. (2010) show that, although the

incidence of fires in the Russian/Siberian fire region was ∼3

times greater in 2008 compared to more typical years, signif-

icant fires occur somewhere within the region from southern

Russia to southeastern Siberia every year. These fires are

modest contributors to the Arctic budgets of most gas-phase

species, including CO. However, because the springtime

midlatitude fires are prodigious producers of particles (per

CO molecule emitted, Fig. 13), and because the background

Arctic haze aerosol is relatively diffuse, they have a very

large impact on the Arctic aerosol budget compared to the

background haze, contributing ∼30% of the total aerosol

mass and ∼45% of the total BC mass poleward of 70◦ N in a

typical fire year (Warneke et al., 2010), not accounting for the

presence of dense layers from fossil fuel sources. Further-

more, while the most dense smoke observed during ARCPAC

was primarily confined to the Alaskan Arctic, transport mod-

eling (Fig. 10, Supplementary Material) and pan-Arctic sun-

photometry and lidar observations (Saha et al., 2010) show

significant smoke over much of the Arctic region poleward of

70◦ N by the end of April 2008. Thus springtime midlatitude

Eurasian BB emissions represent a consequential source of

aerosol to the entire Arctic region during the snowmelt sea-

son. The strongly differing burning patterns across political

boundaries (Fig. 9) demonstrate that fire management poli-

cies can greatly affect emissions from BB during the Arctic

snowmelt season
Our measurements in Arctic background air are consistent

with previously reported surface observations suggesting that
∼25% of the non-sea-salt submicron mass during the Arctic
haze season is organic (Quinn et al., 2002). Single parti-
cle composition measurements in the background Arctic air-
mass suggest that biomass and/or biofuel combustion con-
tributes to this organic fraction, while fossil fuel emissions
contribute most of the sulfate in the background haze. Gas-
phase and aerosol parameters measured in these background
haze conditions are similar to median values reported during
the springtime Arctic haze maximum at the long-term sur-
face site in Barrow, Alaska. These observations strongly sug-
gest that a seasonal cycle in background tropospheric con-
centrations, rather than an increase in the frequency of in-
tense pollutant transport events, is responsible for the sur-
face climatology. We suggest that the term “Arctic haze”
be used to refer to this chronic, diffuse springtime pollution
that is associated with seasonal increases in fossil fuel and
biomass/biofuel emissions, reductions in photochemical and
depositional loss mechanisms, and enhanced transport from
source regions in the midlatitudes. Spackman et al. (2010)
provide evidence for loss of this background haze via trans-
port through the ABL to the Arctic surface. In contrast,
episodic pollution events, resulting from rapid transport from
heavily polluted but varied source types and regions, produce
dense haze layers aloft that rarely directly reach the surface
monitoring sites; these phenomena are distinct from the sea-
sonal cycle in background haze. These haze layers aloft are
not unique to the Arctic, but are consistent with observations
throughout the midlatitudes of intercontinental transport of
aerosols in the free troposphere. In the Arctic, it is likely that
some fraction of these layers may ultimately mix and con-
tribute to the polluted background, although Arctic lidar ob-
servations show distinct layering of even aged smoke (Saha
et al., 2010). Our observations do not provide any direct
evidence for deposition from these layers aloft to the snow
surface.
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Lavoué, D., Liousse, C., Cachier, H., Stocks, B., and Goldammer,

J.: Modeling of carbonaceous particles emitted by boreal and

temperate wildfires at northern latitudes, J. Geophys. Res., 105,

26871–26890, 2000.

Law, K. S. and Stohl, A.: Arctic air pollution: origins and impacts,

Science, 315, 1537, doi:10.1126/science.1137695, 2007.

Li, S. M. and Winchester, J. W.: Geochemistry of organic and in-

organic ions of late winter Arctic aerosols, Atmos. Environ., 23,

2401–2415, 1989.

Lindsay, R. W., Zhang, J., Schweiger, A., Steele, M., and Stern, H.:

Arctic sea-ice retreat in 2007 follows thinning trend, J. Climate,

22, 165–176, 2009.

Lubin, D. and Vogelmann, A. M.: A climatologically significant

aerosol longwave indirect effect in the Arctic, Nature Lett., 439,

2006.

Massoli, P., Bates, T. S., Quinn, P. K., Lack, D. A., Bay-

nard, T., Lerner, B. M., Tucker, S. C., Brioude, J., Stohl, A.,

and Williams, E. J.: Aerosol optical and hygroscopic prop-

erties during TexAQS-GoMACCS 2006 and their impact on

aerosol direct radiative forcing, J. Geophys. Res., 114, D00F07,

doi:10.1029/2008JD011604, 2009.

Matthew, B. M., Middlebrook, A. M., and Onasch, T. B.:

Collection efficiencies in an Aerodyne aerosol mass spec-

trometer as a function of particle phase for laboratory gen-

erated aerosols, Aerosol Sci. Technol., 42, 884, 884–898,

doi:10.1080/02786820802356797, 2008.

McClatchey, R. A., Fenn, R. W., Selby, J. E. A., Volz, F. E., and

Garing J. S.: Optical Properties of the Atmosphere, Air Force

Cambridge Res. Lab., Hanscom A. F. B., Mass., available at:

http://handle.dtic.mil/100.2/AD753075, 1972.

McComiskey, A., Schwartz, S. E., Schmid, B., Guan, H., Lewis, E.

R., Ricchiazzi, P., and Ogren J. A.: Direct aerosol forcing: Cal-

culation from observables and sensitivities to inputs, J. Geophys.

Res., 113, D09202, doi:10.1029/2007JD009170, 2008.

McConnell, J. R., Edwards, R., Kok, G. L., Flanner, M. G., Zender,

C. S., Saltzman, E. S., Banta, J. R., Pasteris, D. R., Carter, M. M.,

and Kahl, J. D. W.: 20th-century industrial black carbon emis-

sions altered Arctic climate forcing, Science, 317, 1381–1384,

doi:10.1126/science.1144856, 2007.

Mickley, L. J., Murti, P. P., Jacob, D. J., Logan, J. A., Rind, D., and

Koch, D.: Radiative forcing from tropospheric ozone calculated

with a unified chemistry-climate model, J. Geophys. Res., 104,

30, 153–30,172, 1999.

Montzka, S. A., Aydin, M., Battle, M., Butler, J. H., Saltzman, E.

S., Hall, B. D., Clarke, A. D., Mondeel, D., and Elkins, J. W.: A

350-year atmospheric history for carbonyl sulfide inferred from

Antarctic firn air and air trapped in ice, J. Geophys. Res., 109,

D22302, doi:10.1029/2004JD004686, 2004.

Murphy, D. M., Cziczo, D. J., Froyd, K. D., Hudson, P. K., Matthew,

B. M., Middlebrook, A. M., Peltier, R. E., Sullivan, A., Thomson,

D. S., and Weber, R. J.: Single-particle mass spectrometry of

tropospheric aerosol particles, J. Geophys. Res., 111, D23S32,

doi:10.1029/2006JD007340, 2006.

NASA/University of Maryland. MODIS Hotspot/Active Fire

Detections. Data set. MODIS Rapid Response Project,

NASA/GSFC (producer), University of Maryland, Fire In-

formation for Resource Management System (distributors),

available at: http://maps.geog.umd.edu/firms/, 2002.

Neuman, J. A., Nowak, J. B., Huey, L. G., Burkholder, J. B., Dibb,

J. E., Holloway, J. S., Liao, J., Peischl, J., Roberts, J. M., Ryer-

son, T. B., Scheuer, E., Stark, H., Stickel, R. E., Tanner, D. J.,

and Weinheimer, A.: Bromine measurements in ozone depleted

air over the Arctic Ocean, Atmos. Chem. Phys., 10, 6503–6514,

doi:10.5194/acp-10-6503-2010, 2010.

Noone, K. J. and Clarke, A. D.: Soot scavenging measurements in

Arctic snowfall, Atmos. Environ., 22, 2773–2778, 1988.

Novelli, P. C., Steele, L. P., and Tans, P. P.: Mixing ratios of car-

bon monoxide in the troposphere, J. Geophys. Res., 97, 20,731–

20,750, doi:10.1029/92JD02010, 1992.

Novelli, P. C., Masarie, K. A., and Lang, P. M.: Distributions and re-

cent changes in tropospheric carbon monoxide, J. Geophys. Res.,

103, 19,015–19,033, doi:10.1029/98JD01366, 1998.

Ohtake, T., Jayaweera, K., and Sakurai, K.-I.: Observation of ice

crystal formation in lower Arctic atmosphere, J. Atmos. Sci., 39,

2898–2904, 1982.

Olivier, J. G. J. and Berdowski, J. J. M.: Global emissions sources

and sinks, in: The Climate System, A. A. Balkema/Swets &

Zeitlinger, Lisse, The Netherlands, ISBN 90 5809 255 0, 33–78,

2001.

Ottar, B., Pacyna, J. M., and Berg, T.C.: Aircraft measurements of

air pollution in the Norwegian Arctic, Atmos. Environ, 20, 87–

100, 1986.
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Sharma, S., D. Lavoué, H. Cachier, L. A. Barrie, and S. L.

Gong: Long-term trends of the black carbon concentrations

in the Canadian Arctic, J. Geophys. Res., 109, D15203,

doi:10.1029/2003JD004331, 2004.

Sharma, S., Andrews, E., Barrie, L. A., Ogren, J. A., and Lavoué,
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