Atmos. Chem. Phys., 11, 2423453 2011 iy —* -
www.atmos-chem-phys.net/11/2423/2011/ Atmospherlc
doi:10.5194/acp-11-2423-2011 Chemistry

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

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. Brock?, J. Cozic"2", R. Bahreinil2, K. D. Froyd12, A. M. Middlebrook 1, A. McComiskey'?2, J. Brioude!2,

0. R. Coopert?, A. Stohl®, K. C. Aikin 12, J. A. de Gouw!?, D. W. Fahey*?, R. A. Ferrare®, R.-S. Gad, W. Gore®,
J. S. Holloway'?, G. Hiibler2, A. Jeffersont, D. A. Lack'?, S. Lancé?, R. H. Moore®, D. M. Murphy 1, A. Nene$§’,
P. C. Novellit, J. B. Nowak!?, J. A. Ogrent, J. Peischt?, R. B. Piercé, P. Pilewski€, P. K. Quinnl®, T. B. Ryersont,
K. S. Schmidt®, J. P. SchwarZ2, H. Sodeman™, J. R. Spackmart2, H. Stark!2, D. S. Thomsori2™",

T. Thornberry 12, P. Veres-2, L. A. Watts12, C. Warneke'2, and A. G. Wollny1:2™*

1Earth System Research Laboratory, National Oceanic and Atmospheric Administration, Boulder, Colorado, USA
2Cooperative Institute for Research in Environmental Sciences, University of Colorado, Boulder, Colorado, USA
3Norsk Institutt for Luftforskning, Kjeller, Norway

4Langley Research Center, National Aeronautics and Space Administration, Hampton, Virginia, USA

SAmes Research Center, National Aeronautics and Space Administration, Moffett Field, California, USA

5Chemical and Biomolecular Engineering, Georgia Institute of Technology, Atlanta, Georgia, USA

"Earth and Atmospheric Science, Georgia Institute of Technology, Atlanta, Georgia, USA

8National Environmental Satellite, Data, and Information Service, National Oceanic and Atmospheric Administration,
Madison, Wisconsin, USA

9Atmospheric and Oceanic Sciences, University of Colorado, Boulder, Colorado, USA

1Opacific Marine Environmental Laboratory, National Oceanic and Atmospheric Administration, Seattle, Washington, USA
11 aboratory for Atmospheric and Space Physics, University of Colorado, Boulder, Colorado, USA

“now at: Laboratoire de Glaciologie eé6Gphysique de I'Environnement, Grenoble, France

" now at: Institute for Atmospheric and Climate Science, ETH Zurich, Zurich, Switzerland

" now at: Droplet Measurement Technologies Inc., Boulder, Colorado, USA

“ now at: Biogeochemistry, Max Planck Institute for Chemistry, Mainz, Germany

Received: 8 October 2010 — Published in Atmos. Chem. Phys. Discuss.: 11 November 2010
Revised: 28 January 2011 — Accepted: 4 March 2011 — Published: 16 March 2011

Abstract. We present an overview of the background, sci- layer over sea-ice. Third, layers of dense, organic-rich smoke
entific goals, and execution of the Aerosol, Radiation, andfrom open biomass fires in southern Russia and southeastern
Cloud Processes affecting Arctic Climate (ARCPAC) project Siberia were frequently encountered at all altitudes from the
of April 2008. We then summarize airborne measurementsfop of the inversion layer to 7.1 km. Finally, some aerosol
made in the troposphere of the Alaskan Arctic, of aerosollayers were dominated by components originating from fos-
particle size distributions, composition, and optical proper-sil fuel combustion.

ties and discuss the sources and transport of the aerosols. Of these four categories measured during ARCPAC, the
The aerosol data were grouped into four categories based adiffuse background aerosol was most similar to the average
gas-phase composition. First, the background troposphergpringtime aerosol properties observed at a long-term mon-
contained a relatively diffuse, sulfate-rich aerosol extendingitoring site at Barrow, Alaska. The biomass burning (BB)
from the top of the sea-ice inversion layer to 7.4km alti- and fossil fuel layers were present above the sea-ice inver-
tude. Second, a region of depleted (relative to the backsion layer and did not reach the sea-ice surface during the
ground) aerosol was present within the surface inversiorcourse 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
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in the BB plumes, which had been transported over distance2009); (2) changes in snow melt and surface tempera-
>5000 km, were comparable to the high end of literature val-ture due to deposition of soot (containing light-absorbing
ues derived from previous measurements in wildfire smokeblack carbon, BC) to the surface in springtime (Hansen and
These ratios suggest minimal precipitation scavenging andNazarenko, 2004; Jacobson, 2004, 2010; Flanner et al.,
removal of the BB particles between the time they were emit-2007, 2009); (3) increases in IR emissivity of wintertime and
ted and the time they were observed in dense layers above thepringtime clouds in the Arctic due to the effects of anthro-
sea-ice inversion layer. pogenic aerosol particles on cloud properties (Garrett and
Zhao, 2006; Lubin and Vogelmann, 2006; Alterskjeer et al.,
2010); and (4) direct radiative effects of tropospheric ozone
in the Arctic (Mickley et al., 1999; Hansen et al., 2005; Shin-
1 Introduction dell and Faluvegi, 2009). Recent modeling studies suggest
that the Arctic climate is particularly influenced by aerosol
Global temperature records show a statistically significantradiative forcing, and is sensitive to the composition, and

warming in the last century, with most of the change at-hence optical properties, of the aerosol (Shindell and Falu-
tributed to anthropogenically emitted greenhouse gases angegi, 2009; Jacobson, 2010).

associated feedbacks (IPCC, 2007). Temperature increasesajrborne and surface observations in the Arctic have

in the Arctic exceed the global average increase, especiallyong reported the annual occurrence of visibility-reducing
in winter and spring. Coincident with the observed and mod-aerosol hazes in the Arctic in springtime (Shaw, 1975; Rahn,
eled warming is an observed decrease in seasonal Arcti¢og1; Barrie, 1986; Garret and Verzella, 2008; Stone et al.,
sea-ice coverage and thickness. The summertime extent afp10). An extensive literature has documented the chemi-
sea-ice has decreased significantly in recent decades (Lingal and optical characteristics of these hazes (Schnell, 1984;
say et al., 2009), and this reduction now clearly exceedsC|arke et al., 1984; Radke, et al., 1984; Brock et al., 1990;
that expected from natural short-term variability (Francis andsee alsdnttp://www.agu.org/contents/sc/ViewCollection.do?
Hunter, 2006; Johannessen et al., 2004; IPCC, 2007, H0||an@oIIectionCodezARCTHZﬂ&journaICode=GI), and a cli-
et a.l., 2010) Maﬂy climate models prediCt an ice-free SUm-mato|Ogy of some key parameters extending more than 20
mertime Arctic Ocean within a few decades (Winton, 2006; years has been deve|oped for a few Arctic sites (e_g_, Quinn
Stroeve, 2007; Holland et al., 2010), with attendant disrup-et al., 2002, 2007, 2009: Sharma et al., 2002, 2004, 2006).
tions to Arctic ecosystems, ocean circulation, weather patThe springtime submicron aerosol at all remote Arctic sur-
terns, and glObal climate. Additional effects of a warmer face sites is Composed predominanﬂy of par“a”y neutral-
Arctic may include substantial expansion of resource extracized sulfate and sea-salt, with lesser contributions from ni-
tion and seasonal shipping traffic due to improved sea accesgate, BC, soil and trace elements (e.g., Quinn et al., 2002).
(Corbett et al., 2010). There are few reported measurements of organic concen-
Modeling of the Arctic climate system is difficult due to tration or composition in the deep Arctic (Li and Winch-
complex and sensitive feedbacks (Serreze and Francis, 200@kter, 1989; Kawamura et al., 1996), and residual mass unac-
and many climate simulations struggle to replicate histori-counted for by comparing compositional measurements with
cal temperature, precipitation, cloudiness, and sea-ice propgravimetric mass concentrations has been assigned to this
erties (Walsh et al., 2002; Chapman and Walsh, 2007; Wangomponent (Quinn et al., 2002). Recent measurements re-
etal., 2007). Simulations of future climates result in substan-port that both anthropogenic and biomass/biofuel burning
tial model-to-model variability in Arctic climate parameters sources contribute to the organic aerosol fraction in the Arc-
such as sea-ice extent and thickness, indicating that some imic in spring (Shaw et al., 2010). There is a strong seasonal
portant processes are not being adequately described in thgcle to both intensive (e.g., type, size, composition, single
simulations (Winton, 2006; Chapman and Walsh, 2007; Hol-scattering albedo) and extensive (e.g., mass and number con-
land et al., 2010). centration, light scattering) aerosol properties at surface sites
Analyses of observations and recent climate simulationghroughout the Arctic, with one or more maxima in the late
suggest that, in addition to long-lived greenhouse gaswinter and early spring, and a pronounced minimum in the
induced warming and feedbacks, Arctic warming may alsosummer months (Bodhaine, 1989; Delene and Ogren, 2002;
be caused by shorter-lived climate forcing agents (Law andQuinn et al., 2002). There is some additional evidence for
Stohl, 2007; Quinn et al., 2008; Shindell et al., 2008; Shin-a slightly different seasonal cycle to Arctic haze properties
dell and Faluvegi, 2009). In particular, four processes havealoft, with higher concentrations occurring aloft later in the
been postulated to contribute significantly to observed atspring than at the surface (Scheuer et al., 2003; Stohl, 2006).
mospheric warming and reductions in sea-ice in the Arc-In addition, aerosol layers associated with BB sources have
tic. These processes include: (1) direct warming of thebeen observed in the Arctic troposphere in summer (Brock et
lower troposphere by the absorption of solar radiation andal., 1989; Stohl et al., 2006; Paris et al., 2009); extreme BB
infrared (IR) emission by aerosol particles (e.g., Ritter etevents have been observed at the surface across much of the
al., 2005; Treffeisen et al., 2007; Shindell and Faluvegi, Arctic (Stohl et al., 2006).
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Because of the cold temperatures at the Arctic surface, théhe role of aerosol particles in modifying the microphysi-
dominant sources contributing to the springtime maximumcal and optical properties of Arctic clouds and the role of
in Arctic surface aerosol concentrations lie in northern mid-those clouds in modifying and removing aerosol particles;
latitudes (Rahn and McCaffery, 1980; Raatz and Shaw, 1984(4) evaluating the occurrence and mechanisms of halogen
Barrie, 1986; Koch and Hansen, 2005; Stohl, 2006). Diabaticphotochemistry that leads to tropospheric ozone loss in the
cooling produces large-scale descent of air from the mid-Arctic. Additional topics studied during the project included
dle to lower Arctic free troposphere (Stohl, 2006), although examining local emissions and cold-weather chemistry asso-
small-scale mixing processes may be needed to facilitate fureiated with urban areas and industrial facilities encountered
ther transport to the sea-ice inversion layer (Spackman et alin the Arctic, during flights in the Denver, Colorado area, and
2010). Such cooling and mixing could result in transportin transit between the aircraft base in Tampa, Florida and
of aerosol from slightly warmer midlatitude sources to the Fairbanks, Alaska. Emission, transport, and process mod-
Arctic free troposphere and thence downward into the coldeling were recognized as essential tools to interpret the ob-
surface layer. However, on average, the largest contributionservations given the distance and transport time from likely
to the springtime surface aerosol in the Arctic are believed tosources. Further details of specific science questions and ap-
come from northern Europe and the Russian Arctic, whereproaches employed in planning, executing, and analyzing the
large industrial complexes have long operated (Rahn et al.data from ARCPAC are listed in the Supplement in Table S1.
1977; Rahn 1981; Raatz and Shaw, 1984; Barrie, 1986; Koch The ARCPAC project was one of several complementary
and Hansen, 2005; Sharma et al., 2006; Stohl, 2006). Duactivities associated with the International Polar Year (IPY)
to declines in emissions from the former Soviet Union andand coordinated through the Polar Study using Aircraft, Re-
eastern Europe, light scattering, light absorption, and blackmote Sensing, Surface Measurements and Models, of Cli-
carbon concentrations have fallen in the Arctic in springtimemate, Chemistry, Aerosols, and Transport (POLARCAT)
since the 1980s, with a possible leveling or slight increaseprogram http://www.polarcat.ng/ The ARCPAC project
in the 21st century (Sharma et al., 2006; Quinn et al., 2007 pverlapped in space and time with the springtime deploy-
2009; Hirdman et al., 2010). Because most industrial sourcesnent of the US National Aeronautics and Space Administra-
in North America lie southward of the mean position of the tion (NASA)-sponsored Arctic Research of the Composition
Arctic front, and since advection from these sources to theof the Troposphere from Aircraft and Satellites (ARCTAS)
Arctic involves transport through the meteorologically active project http://www.espo.nasa.gov/arctasihich had many
North Atlantic region, North American sources are not be- similar goals as ARCPAC but which covered a larger area of
lieved to contribute more than occasionally to surface Arc-the Arctic (Jacob et al., 2010). Coordination between AR-
tic haze, and the North American influence is likely most CPAC and ARCTAS included wingtip-to-wingtip compar-
pronounced in the vicinity of Greenland (Stohl, 2006; Mc- isons with the NASA DC-8 and P-3B aircraft and simultane-
Connell et al., 2007). Koch and Hansen (2005) suggest a sigous vertically stacked flight segments combining the NOAA
nificant contribution to springtime Arctic BC loadings from WP-3D with the NASA P-3B and the lidar-equipped NASA
southern Asia, but Stohl (2006) and Hirdman (2010) find thisB-200 aircraft (Bierwirth et al., 2010). The ARCPAC project
source region to be only a small contributor to the Arctic BC also coordinated one flight segment in clear and cloudy air
budget. A few studies suggest that biomass burning, primarwith the Convair 580 aircraft operated as part of the US
ily associated with springtime agricultural activities, can be aDepartment of Energy/Canadian National Research Council-
sporadic but potentially important contributor to the budgetssponsored Indirect and Semi-Direct Aerosol Campaign (IS-
of Arctic gas-phase and aerosol species (Lay@tal., 2000; DAC), which focused on the meteorology, microphysics, ra-
Stohl et al., 2007; Warneke et al., 2009, 2010). diation, and interaction with aerosols of near-surface clouds

In spring 2008, the United States (US) National Oceanicin the Alaskan Arctic littp://acrf-campaign.arm.gov/isdac/
and Atmospheric Administration (NOAA) undertook a large The ARCPAC program was also linked with ship-borne ob-
airborne field campaign, the Aerosol, Radiation, and Cloudservations made in the North Atlantic and European Arctic
Processes affecting Arctic Climate (ARCPAC) study, primar- as part of the NOAA-sponsored International Chemistry Ex-
ily to evaluate phenomena and processes contributing to norperiment in the Arctic LOwer Troposphere (ICEALOT) cam-
greenhouse gas climate forcing in the Arctigt://www. paign bttp://saga.pmel.noaa.gov/Field/icedlot/
esrl.noaa.gov/csd/arcpac The ARCPAC project used the The purpose of this paper is (1) to provide information
heavily instrumented NOAA WP-3D aircraft to make obser- on the scientific background and objectives, methods, and
vations in the troposphere over northern Alaska and the adexecution of the ARCPAC project, and (2) to summarize
jacent Arctic seas. Four general topic areas were the focthe aerosol chemical, microphysical, cloud-nucleating, and
of study: (1) improving understanding of the chemical, opti- optical properties observed during the project. More de-
cal, and microphysical characteristics of aerosols in the Arc-tailed work on aerosol composition, aerosol radiative effects,
tic in springtime; (2) evaluating the sources and sinks of thecloud-aerosol interactions, long-range transport, aerosol de-
various aerosol components using observations of gas angosition, gas-phase chemistry, the Arctic radiative environ-
particulate composition and transport models; (3) examiningment, and Arctic emissions from the ARCPAC project can be
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Table 1. Instruments, uncertainties, references.

Parameter Method Uncertainty Sampling Reference
frequency
Size-resolved non-refractory aerosol composition, physical dtompact time-of-flight aerosol mass34% Nl-q, NO3'; 10s Bahreini et al. (2008)
ameters<0.5um spectrometer (AMS) 36% Scii' cl—:
38% organics
Single-particle refractory black carbon mass DMIngle particle soot photometer 40% 1s Schwarz et al. (2006)
Single particle composition Laser ablation/ionization mass spewst applicable variable Murphy et al. (2006)
trometer (PALMS)
Aerosol size distribution 0.004-1.0 um (fine), Multiple condensation and optical par-numberf%é%, fine-1s Brock et al. (2008);
1.0-8.3 pum (coarse) ticle counters coarse-30s Supplements
surface’ 35%,
volumefgi%
Aerosol extinction (532, 1064 nmy,(RH) Cavity ringdown spectrometer 532nm, 0.5MMH2%; 1s Baynard et al. (2007)
1064nm, 0.5 Mm14+4%;
y(RH), <16%
Aerosol absorption (467, 530, 660 nm) Particle soot absorption photometer calculated point-by- 1s Bond et al. (1999)
point,~50%
Cloud condensation nuclei (CCN) concentration 1-channel DMT CCN counter <17% for concentra- 1s Roberts and
tion >100 cnt3 Nenes (2006); Lance
et al. (2006)
Liquid water content Hot wire probes (King) 10% 1s King (1978)
Cloud particle size distribution (0.6—-50 pm) Forward/back scattering: DMT did not function in 1s Baumgartner et al. (2001)
cloud and aerosol spectrometer ARCPAC
Cloud patrticle size distribution (3—50 um) Forward scattering: DMT cloud droplegries 1s Lance et al. (2010a)
probe
Cloud particle size distribution (50-6000 pm), DMT cloud imaging probe; precipita- varies 1s Lance et al. (2010a)
morphology tion imaging probe
Actinic fluxes (280-690 nm, up and down) Spectral actinic flux radiometer ~15% 1s Stark et al. (2007)
Spectral irradiance (360—2200 nm, up and down) Solar spectral flux radiometer 3% 1s Pilewskie et al. (2003)
IR irradiance (4.5-42 pm, up and down) Pyrgeometers 5% 1s Reda et al. (2002)
Ozone (@) NO chemiluminescence 0.05 ppbd% 1s Ryerson et al. (1998)
NO O3 chemiluminescence 0.02 ppb8%; 1s Ryerson et al. (1998); Ry-
NO, 0.04 ppbw-10%; erson et al. (2000)
NOy 0.05 ppbw-12%
Carbon dioxide (CQ) Nondispersive IR absorption +0.13 ppmv 1s Peischl et al. (2010)
Carbon monoxide (CO) UV vacuum fluorescence 3% 1s Holloway et al. (2000)
Long-lived trace gas@s Glass flask sampler; GC and fluoresvaries 7-20s sample Montzka et al. (2004)
cence analysis time, 12

Oxygenated VOCs

SO,

SO,

HNO;3

Peroxyacyl nitric anhydrides (PANSs)

HOBr+Bra
BrO, BrCl

Proton transfer reaction mass spectronaries

eter

UV fluorescence

CIMSE with SF; as reagent ion

CIMS with SF; as reagent ion
CIMS with las reagent ion

CIMS with |~ as reagent ion

13%0.55 ppbv
20%0.05 ppbv
25%0.15 ppbv
20%20 pptv

15%2 pptv
40%+3 pptv

flasks/flight

~15s de Gouw et al.
(2003a); de Gouw and
Warneke (2007)

1s Ryerson et al. (1998)

3s Huey et al. (2004)

3s Huey et al. (2004)
~5s Slusher et al. (2004)
2s Neuman et al. (2010)

aDroplet Measurement Technologies, Inc., Boulder, Colorado, USA
b Analyzed for 21 halocarbons, 6 non-methane hydrocarbons@0g, Hy, NoO, SFs, COS,CS;, andCHj.

¢ Chemical ionization mass spectrometer

found in Warneke et al. (2009, 2010), Bierwirth et al. (2010), lished in other contributions. A summary of NASA's ARC-
Fisher et al. (2010), Lance et al. (2010, 2011), Neuman efTAS project (Jacob et al., 2010) has been published, as has
al. (2010), and Spackman et al. (2010), and will be pub-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. Phyhttg://www.
atmos-chem-phys.net/speciasue182.html

2 Methods

2.1 Airborne instrumentation ColOradozareatigis

; Arctic flights
\",‘.*q Transit Alaska-Colerado
u)_'\‘

Fast-response, airborne measurements were made of trac
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 -
~100m st (http://www.aoc.noaa.goy/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 Position, number, surface area, and volume largely agreed
impactor with greased substrate and a 1 um aerodynamic diithin experimental uncertainties. In contrast, supermicron
ameter 0.7 um physical diameter) cut-point. Our analysis Particle size distributions and quantities derived from those
will focus on measurements made in the cabin with a com-measurements compared poorly, with differences often ex-
pact time-of-flight aerosol mass spectrometer (AMS), a sin-ceeding the stated experimental uncertainties. These su-
gle particle soot photometer (SP2), a particle soot absorptiofermicron data are not central to this paper. All quality-
photometer (PSAP), a cloud condensation nucleus (CCNyontrolled and processed airborne data from the ARC-
counter, an ultra high sensitivity aerosol spectrometer (UH-PAC project are available dtttp://www.esrl.noaa.gov/csd/
SAS), a white light optical particle counter (WLOPC, which tropchem/2008ARCPAC/P3/DataDownload/
sampled upstream of the 1um impactor) and an aerosol
cavity ringdown spectrometer (CRDS). In addition to these Measurements were made during 10 flights, 4 of which
instruments that operated downstream of the LTI, a five-involved transit to Alaska or measurements in the Denver,
channel condensation particle counter (Brock et al., 2000)Colorado area (Fig. 1, Table 2). The aircraft was based in
was mounted in an unpressurized underwing pod and sanfFairbanks, Alaska from 3 to 23 April 2008. The 6 flights en-
pled from a separate inlet with known particle transmis- tirely within the Alaskan Arctic, from 11-21 April 2008 (in
sion characteristics (Jonsson et al., 1995). A single-particleaddition to arrival and departure profiles on 3 and 23 April,
aerosol mass spectrometer (PALMS), also mounted in theespectively), encompassed a region bounded by the west-
pod, alternately sampled from either a forward facing aerosokrn edge of Alaska near the Bering Strait to the Chukchi and
inlet or a redesigned version of a counterflow virtual im- Beaufort Seas northwest and northeast of Barrow, Alaska,
pactor (CVI) inlet (Cziczo et al., 2004). In addition to respectively. Aircraft flight tracks (Fig. 2) included verti-
the aerosol observations, measurements of CO, acetonitrileal profiles to altitudes as high as 7.4km, level flight legs
(CH3CN), O3, SO, and the halogen species HOBr+Br sampling airmasses of interest, and transects at low alti-
BrO, and BrCl are key to the analysis presented here. tude (<500m) over the sea-ice surface, often within the
Accuracy and precision for many of the instruments weresurface inversion layer, with brief descents~@0m. The
determined by in-flight calibration and zeroing. Instru- aircraft flight path was planned to sample specific regions
ment comparisons were performed during separate coordibased upon predictions by transport and coupled transport-
nated flights with the NASA DC-8 and P-3B aircraft in chemistry models, notably FLEXPARTitp://transport.nilu.
which the NOAA WP-3D flew at the same altitude with no/flexpar} and the Regional Air Quality Monitoring Sys-
a typical horizontal separation of 0.25-@.10)km. Re- tem (ttp://ragms-ops.ssec.wisc.edu/index)phs a result,
sults from this comparisonhfttp://www-air.larc.nasa.gov/ the statistics of aircraft sampling are biased toward fore-
TAbMEPZ2 polarcat.html show that submicron particle com- cast transport events. Furthermore, early and widespread

Fig. 1. Map of flight track for entire ARCPAC mission. Earth image
courtesy NASA/JPL-Caltech.
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In situ measurements FLEXPART simulation
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Fig. 2. Flight tracks (left column), in situ measurements (center column) and FLEXPART model simulations (right column) for all flights
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within Alaska during ARCPAC. Measured parameters are altitude, CO, and fipe.g@n 12 April 2008, the AMS instrument did not
function and fine particle volume is shown.) Modeled parameters are anthropogeni€S@om 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 G@ampling site Sampling of urban, agricultural, and industrial
flyby emissions
3 Apr 2008 Denver, CO-Billings, 6-7 km cruise altitude, descent and ascent to/from
MT-Fairbanks, AK Billings
11 Apr2008  Fairbanks, AK N to coastline, Abbreviated flight; background haze; multiple
south to Alaska Range approaches to Fairbanks in modest local pollution
12 Apr 2008  North Slope, Beaufort Sea Comparison with DC-8, BB layers; background haze; Prudhoe bay plumes
NASA B-200 HSRL overflight ages~30 and~40 h; Oz depletion
15 Apr2008  West-central Alaska, Bering Comparison and radiative BB layers; anthropogenic pollution layers;
Strait, Chukchi Sea, North closure stacked legs with background haze; £depletion over sea-ice
Slope NASA P-3B, NASA B-200
HSRL overflight
18 Apr 2008  North Slope, Prudhoe Bay, BB layers; fresh Prudhoe Bay plume; aged Prudhoe
Beaufort Sea Bay plume; background hazez@epletion
19 Apr 2008  North Slope, Barrow, Comparison with Canadian Very dense BB plumes, some mixed with clouds, in
Chukchi and Beaufort NRC Convair 580 aircraft wave cyclone warm sector with strong midlatitude
Seas with 5-min. separation, advection; background haze in cold sector;
NASA B-200 HSRL over- O3 depletion; in-cloud measurements
flight, Barrow ground-based
observations
21 Apr 2008 North Slope, Beaufort Sea, BB layers; background haze; stacked legs on cold
Banks Island and warm sides of front above, within, and below
clouds; G 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-and convection parameterizations (Stohl et al., 2005). The
surement period, strongly affecting aerosol properties and-LEXPART emission sensitivity output for the lowest 100 m
dominating observed transport events. Despite these biasesf the atmosphere was convolved with emission invento-
the NOAA WP-3D aircraft sampled airmasses containingries to predict the distribution and mixing of specific trace

diffuse anthropogenic Arctic haze, some denser aerosol layspecies.

For ARCPAC, the EDGAR anthropogenic emis-

ers with evident anthropogenic influences, and air within thesions inventory (Olivier and Berdowski, 2001) was used out-
sea-ice surface layer with distinctive gas-phase and aerosalide of North America and Europe for NOSQ,, 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

characteristics.

2.2 Transport models

To assist the flight planning during the ARCPAC project, BB were modeled as described by Stohl et al. (2007) using
the FLEXPART model (Stohl et al., 2005) was used in for- fire locations detected by the moderate-resolution imaging
ward mode to predict the spatial distribution of a few emis- spectrometer (MODIS) on the Aqua and Terra satellites and
sion tracers in the study domain using meteorological fore-a land-cover vegetation classification. Smoke was injected
cast data. After the campaign, FLEXPART version 8.0 waswithin the lowest 100 m above the surface; it quickly mixed
used in backward mode to evaluate the sources and transpoyeértically to fill the planetary boundary layer. No chem-
paths that contributed to concentrations of gas-phase cormistry was incorporated into the model as used in this anal-
pounds sampled by the WP-3D aircraffittp://zardoz.nilu.  ysis; all emitted species were assumed to be passive tracers.
no/~andreas/ARCPAQ/ Every time the aircraft changed The resulting model products included estimates of CO, BC,
horizontal location by 0.2 degrees of latitude or longitude, orand total nitrogen and sulfur (as N@nd SQ, respectively)
when aircraft static pressure changed by more than 10 hPat the location of the aircraft, the transport pathway of the
6 x 10* parcel backtrajectories of 20-day duration were cal- air to the aircraft, and maps and numerical data regarding
culated from a grid box surrounding the location of the air- the predicted contribution of different anthropogenic and BB
craft. The trajectories were calculated using the ECMWFsources to the sampled air. Emission sources were tagged
gridded hemispheric meteorological fields with turbulence
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as anthropogenic or BB, and by region as European, North  bromine. Air within this region is assumed to have been

American, or Asian, or as originating from two specific fire- in chemical contact with the sea-ice surface (Neuman et
prone regions in Russia. al., 2010), which included open and thinly ice-covered

Chemical and aerosol forecasts from RAQMS were also leads. Data between the top of the inversion layer and
used for flight planning activities during ARCPAC. RAQMS the ABL as defined above are excluded.

is a unified (stratosphere/troposphere), online meteorologi-
cal, chemical, and aerosol modeling system which has been Data were placed into these categories by screening ac-
developed for assimilating satellite observations of atmo-cording to aircraft position and the gas-phase conditions in-
spheric chemical composition and providing real-time pre-dicated above. However, if the aircraft was flying predom-
dictions of trace gas and aerosol distributions (Pierce efnantly in one airmass type and brieflx{0s) passed into
al., 2007). The RAQMS aerosol model incorporates on-a different airmass type, the airmass classification was not
line aerosol modules from GOCART (Chin et al., 2003). changed for the short interval. This strategy was used be-
Six aerosol species (SOhydrophobic organic carbon (OC), cause of differing sampling intervals and response times
hydrophilic OC, BC, dust, and sea-salt) are transportedfor various measurements, and to allow sufficient dynamic
Biomass burning emissions in RAQMS are produced fromrange for regression analyses. Thus there are, for exam-
twice daily ecosystem/severity based emission estimateple, some brief periods of data included in the “BB” cat-
coupled with MODIS Rapid Response fire detections (Al- egory when acetonitrile and CO mixing ratios were appro-
Saadi et al., 2008). Movies showing RAQMS-simulated priate for the “background haze” category. In addition to
sulfate, OC+BC, and dust transport are provided in thethe four airmass categories listed above, measurements were
Supplement. made in air influenced by local emissions from the city of
Fairbanks, Alaska (populatiorr100 000), from the oil ex-
traction, handling, and transport facilities in the vicinity of
3 Results Prudhoe Bay, Alaska, and from the exhaust of the WP-3D

) ) ) ) o . itself. These data, clearly identifiable by geographic loca-
The remainder of this manuscript contains a brief discussion;s, and enhanced concentrations of NO NTO, CO

of aerosol measurement consistency, and then focuses on OQ'nd/or aerosol number. have been excluded from the cate-

servations made in four different regimes: gories above. Periods when the aircraft was in cloud have

) also been excluded, due to potential aerosol sampling arti-
1. background haze regions above the top of the surface facts from droplet and ice crystal shattering

boundary layer, over both land and sea-ice, to 7.2km
that did not contain layers of locally enhanced aerosol
or gas-phase species directly transported within the las
20 days from identifiable sources. Mixing ratios of CO
were <170 ppbv (see below for exact screening meth-
ods), and acetonitrile (G#CN) was <100 pptv. Air
with stratospheric influence was not removed from this
category.

A vertical profile of several gas-phase and aerosol param-
eters (Fig. 3) illustrates the separation of the data into three
I)f 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 3.5km 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-
evated mixing ratios of CO and acetonitrile. Sam- Ure iIIustrates_t_he plifficulty in separating _observations intq
ples in this category had CEL70 ppbv and acetoni- different clas_smcatlons, and also emphaS|zes that the_ Arc’qc
trile >100 pptv. Often C@, methanol, NQ (the sum of troposphere is gompose_d. of superimposed querg with dif-
NO +NO, (=NOy), HNOs, acyl peroxynitrates (PANS), fering characteristics, origins, and transport histories, rather

alkyl nitrates, and other reactive nitrogen species) werd@n being a homogeneous airmass of static properties.
enhanced compared to surrounding air.

2. biomass burning (BB) plumesregions containing el-

3.1 Consistency among aerosol measurements

3. anthropogenic plumes- regions containing elevated - _ _ _ _
mixing ratios of CO & 170 ppbv) while acetonitrile re- Aerosol compositional, microphysical, and optical properties
mained<100 pptv. Often C@, NOy, and/or SQ, were ~ Were measured by diverse techniques, including mass spec-

also enhanced. These cases were infrequently observeffometry, cavity ringdown spectrometry, light attenuation, in-
and were adjacent to BB plumes. candescence, Kelvin diameter measurement, and light scat-

tering amplitude (Table 1). In this analysis, we primarily
4. Arctic boundary layer over sea-ice (ABL) regions  use submicron particle composition measurements (from the
within the Arctic surface inversion layer over sea- AMS and SP2), single particle composition measurements
ice and containing @mixing ratios <20 ppbv and/or  from the PALMS, particle size distributions, aerosol light ex-
significant enhancements in photochemically activetinction from the CRDS, aerosol light absorption from the
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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 frol 72:32° W

to 73. N, 137.7 W. (A) submicron particle composition measured by the AMS, CO mixing ratio, and BC concentré@pmaerosol
extinction, G, 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” cate¢@jymixing ratio of CO and number fraction of
particles with aerodynamic diametet®).7 um 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 levély 8% when considering only those data with a molar ra-
of consistency among the different aerosol instruments thatio, F,y, of ammonium to the sum of the inorganic anionic
quantitatively measure the dry submicron aerosol. species<1.5 (Fig. 4), or when the organic mass fraction
The primary instrument measuring the accumulation modds <0.7 (not shown). This composition-dependent variation
aerosol size distribution, the UHSAS optical particle size suggests biases introduced by particle phase-dependent AMS
spectrometer, had substantial pressure-dependent concenteollection efficiency (Matthew et al., 2008), for which the
tion biases caused by the sample flow control system (seeorrection applied in data processing may not be accurate.
Supplement). These biases were corrected, and uncertainfart of the discrepancy may also be due to lens transmission
estimates (Table 1) account for potential errors caused by thef the AMS, since 5 to 8% of the mass resides in particles
correction. large enough to be sampled withl00% transmission effi-
The dry particle volume calculated from the measured sizeciency. Refractive index variations, which would affect par-
distributions agrees within stated uncertainty with volumeticle sizing from the UHSAS (Cai et al., 2008), could also
calculated from the particle composition measurements (Tacontribute to the evident bias, especially since volume is cal-
ble 1), assuming densities of 1.3010°, 1.75 x 10%, and  culated from the 3rd moment of particle diameter. Since
1.80 x 10° kg m~3 for the organic (Turpin and Lim, 2001), the refractive index of organic compounds is poorly con-
inorganic, and BC (Bond and Bergstrom, 2006) constituentsstrained (Kanakidou et al., 2005; Dick et al., 2007), a con-
respectively (Fig. 4). Although the measurements are highlystant refractive index of 1.52-0i, appropriate for the ammo-
correlated £2 >0.91) and agree within stated uncertainties, nium sulfate particles used for calibration (Toon et al., 1976)
there is a systematic bias of up to 25% in which the vol- and near the center of the estimated range for oxidized or-
ume derived from the compositional measurements (primarganic matter, was used to relate scattered light intensity to
ily the AMS) is less than that derived from the size measure-particle size. A final cause of the bias may be due to re-
ments for all the analyzed data. This apparent bias change§actory material (sea-salt and dust) that is measured by the
signs, with AMS higher than size distribution measurementsUHSAS but not volatilized in the aerosol impactor/heater in
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Fig. 4. Submicron dry particle volume determined from AMS Fig. 5. Aerosol scattering coefficient calculated from measured par-

and SP2 speciated mass measurements. Dots were acquired figle size distributions as a function of scattering calculated from di-

BB plumes; crosses were acquired in anthropogenic plumes angect extinction and absorption measurements. Line is a linear least-
background and sea-ice boundary layer conditions. Symbols colorsquares regression to all data.

coded by the measured molar ratio of 51}(150; + Nog), Fmr.

Lines are fits to data witliy, >1.5 (red line) and<1.5 (blue line).

In summary, the extinction data are higher than the size
) ) . distribution data, which in turn are higher than the AMS data.
the AMS. However, dust is a minor contributor to the sub- \yyje the AMS, size distribution, and optical measurements
0.5 pm aerosol mass, while sea-salt is likely to be significant o ¢qnsjstent within stated uncertainties, remaining biases

only near the Arctic surface, where it can compris20% of 510 gypstantial and should be considered when interpreting
the submicron mass (Quinn et al., 2002). the data.

The integrated light scattering at a wavelength of 532 nm,
0 scat532, Was calculated using Mie theory (Bohren and Huff- 3.2 Background arctic haze
man, 1983) from the measured dry size distributions, as-

suming a refractive index of 1.52-0i. The calculated scat-The free troposphere over northern Alaska and adjacent wa-
tering was compared with that derived from the extinction jors \was strongly influenced by anthropogenic and biomass

at 532nm,oexts32, measured by the CRDS and absorp- gmjssions, even in the absence of discrete plumes from iden-
tion at 530 NM.o abss30, Measured by the PSAP. The scat- tifiaple sources. This influence was most obvious in the mix-

tering derived from these two approaches was highly corre{ng ratio of CO, which in winter is produced primarily from
lated ¢=0.98) and the slope was within stated experimen-compustion (Fisher et al., 2010). Mean CO mixing ratios
tal uncertainty (Fig. 5). However, a bias of 26% is evident, \yere 160+ 3 ppbv (Fig. 6¢, Table 3). This relatively high
with the more directly measured extinction-absorption valueco mixing ratio is characteristic of the polluted northern
higher than that calculated by Mie theory from the size distri- hemisphere in early spring and is caused by a decrease in
butions. The scattering calculated from the size distributionspe photochemical loss of CO in the winter months as well

is subject to minor errors due to the assumed refractive indexgg 5 seasonal increase in anthropogenic and biomass/biofuel
to the uncertainty in the size of the calibration particles, andemjssjons, especially in Europe and northern Asia (e.g., Nov-

to the assumption of homogeneous, spherical scattering. Ayjj et al., 1992, 1998; &ron et al., 2002; Fisher et al., 2010;
larger contributor to the observed bias is likely concentrationkgnacz et al., 2010).

uncertainties exacerbated by the pressure-dependent flow is-

tion measurement, which dominates scattering, is calibrated

by gas-phase absorption and is subject to smaller uncertainfhe concentrations of submicron aerosol constituents in
ties (Baynard et al., 2007). background haze conditions were also enhanced relative
to remote, unpolluted areas in the springtime midlatitude
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Table 3. Values of trace gas and aerosol parameters in different airmas$.types
Parameter Sea-ice Free tropospheric ~ Anthropogenic BB plumes
boundary layer background haze plumes
CO (ppbv) 1663 1618 174L6 1905 1.21°
Acetonitrile (pptv) 4820 746 107:1.58 1721.97
O3 (ppbv) 10:2.39 52+14 56+1 69+14
NO (ppbv) —0.002+0.01 —0.00H-0.01 0.00&:0.01 0.00%.01
NO (ppbv) 0.008:-0.03 0.012:0.04 0.016:0.03 0.0320.04
HNO3 (ppbv) 0.010.08 0.03:0.1 0.010.05 0.092:0.2
NOy (ppbv) 0.32:0.4 0.4G6£0.17 0.54:0.18 0.9%0.47
SO, (ppbv) 0.0%0.3 0.05:0.5 0.16:0.6 0.16t0.5
Submicron number (c® STP) 1781.30 37%1.84 627:1.24 910°1.90
Submicron volume (um i STP) 1.31.42 1.2°2.01 3.2°1.38 5.8°2.27
Supermicron volume 1.0%2.07 0.72.19 1.21.33 1.7°2.59
(umcnT3 STP) ' 4 ' '
Number geometric mean diameter (um) 041801 0.16%7 0.02 0.1740.01 0.18@ 1.19
Geometric standard deviation 152.05 mode 1: 1.541.15 1.541.08 1.5001.05
mode 2: 1.141.03
Extinction at 532 nm (Mm® at STP) 6.31.41 8.9:1.82 27:1.33 55:2.47
Absorption at 532 nm (Mm? at STP) 0.152.11 0.402.23 1.21.46 2.22.89
Single scattering albedo 0.9%0.019 0.9520.019 0.95#40.011 0.96740.022
0o o)t o) 1o ) o)
Angstrom exponent of extinction 1064/532 17810 2.041.57 2.651.19 2.261.13
Asymmetry parameter 0.62.05 0.58:0.06 0.66:0.03 0.62:0.04
Fraction of particles active as CCN at SS:
0.10+0.04% 0.54-0.11 0.36:0.12 0.4%0.07 0.4@:0.09
0.151t0 0.42% 0.880.15 0.88:0.15 0.87:0.11 0.88:0.11
BC (ngn 3 STP) 183.20 60°3.74 1482.26 312°2.73
AMS organic (ug T3 STP) 0.271.99 0.71'3.15 2.0°1.68 5.4:2.57
AMS sulfate (ugn3 STP) 1.21.33 1.22.01 3.51.18 1.92.22
AMS nitrate (ug 3 STP) 017{0'012006) 0.03:5.80 0.062.42 0.36'5.27
AMS ammonium (ug m3 STP) 0.151.85 0.212.73 0.551.23 0.842.18
AMS total (ugnT3 STP) 1.6°1.40 2.1°2.44 6.2°1.16 9.0°2.30

2From least-square Gaussian (normal) fits to probability distribution function (PDF) for each parameter and airmass type.

ba f symbol indicates that the probability density function and associated fit for this measurement is lognormal.
¢ Median values and interquartile range shown (data were distributed neither normally nor lognormally).

dFitto histogram of instantaneous (10-s) sum of AMS total non-refractory aerosol mass. May not equal sum of the individual component means cal@ulated as in
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Fig. 6. Statistics of occurrence for parameters separated by airmass classification. Each box encloses the interquartile range and the whisker
the 5th and 95th percentiles. The vertical bar and symbol are the median and arithmetic mean, respe@ivelybnficron aerosol

number concentratiorfB) submicron non-refractory aerosol mass concentrafohCO mixing ratio,(D) acetonitrile mixing (AN) ratio,

(E) fine aerosol extinction at 532 nraéx), (F) fine aerosol absorption at 530 nmgh9, (G) fine aerosol single scattering albedg, H)
hygroscopicity parameter (Eqg. 1), (I) fraction of fine mass that is §QFso4), (J) fraction of fine mass that is organicdf), (K) fraction

of fine mass that is ND (Fnog), and(L) fraction of fine mass thatis BC gc). All extensive aerosol parameters, including ando aps

are at STP (1013 hPa, 273.15K) conditions at a measurement RHG8%6. Additional statistical summaries for these and other parameters

are in Table 3.

free troposphere (e.g., Brock et al., 2004; Peltier et al.,A mode of coarse particles was present between 1 and 5pum
2008; Dunlea et al.,, 2009). Histograms of concentra-in the volume distribution (Fig. 7). The total volume within
tions of extensive aerosol parameters were lognormally disthis mode was~60% of that found in the accumulation
tributed. For all lognormally distributed data we use geo- mode (Table 3). An Aitken mode contributing 10% or more
metric means and standard deviations to describe their statisf the total particle number was present 58% of the time in
tics of occurrence; otherwise Gaussian statistics are appliethe background haze; this mode had a variablg, rang-
(Table 3). We also use medians and quartiles to graphing from 0.008 to 0.05 um. Mean particle number and mass
ically summarize several parameters (Fig. 6). Geometricconcentrations were 371 cthand 2.1 pug m?S, respectively
mean aerosol sulfate concentrations in background haze welig. 6a, b; Table 3), with a composition that was 35% or-
1.1 (¥2.01) pg nT3, and organic concentrations were highly ganic with sulfate comprising the large majority of the re-
variable at 0.71%3.15) ug nt3 (values withX are geomet- ~ maining mass (Fig. 6i, j, k, Fig. 7, Table 3). At a supersatura-
ric standard deviations). Nitrate and ammonium wef@b  tion (SS) of 0.1040.04)%, 36 £12)% of the particles were
and ~10%, respectively, of the non-refractory submicron active CCN. This fraction of CCN increased to 881(5) %
aerosol mass, and nitrate was often below the detection limifor SS between 0.15 and 0.42%.
of 0.02 ug n3 for 10-s measurements. The mean ionic ra- . ) . . . '
tio of ammonium to the sum of measured anions was 0.6 Particles with diameters in two size classes (flqe, 0.15
to 0.7 um and coarse, 0.7 to 3um) were placed into one

indicating that the inorganic constituents of the aerosol were . ~. . ) "
only partially neutralized. Black carbon was3% of the to- of six compositional categories based upon the positive or
tal submicron mass negative mass spectrum from individual particles as mea-

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

Particle size distributions in these polluted backgroundcategories include particles with a biomass/biofuel compo-
conditions were varied, attesting to the diverse sources andent (Hudson et al. 2004), sulfate/organic internal mixtures
ages of the layers found within this airmass classification.with no biomass material, elemental carbon, mineral dust,
Typical size distributions included an accumulation modesea-salt, and unclassified. Note that the particles are clas-
with a number geometric mean diamet®By, ,,, of ~0.17 um.  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 component
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 um and 0.7-3 um, 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 The reader’s attention may be drawn to the difference in
are placed in the category with the most dominant specparticle composition as reported by the AMS and the PALMS
tral signature. Within the “background” category, 64% of instruments (Fig. 7). Due to transmission losses within
fine particles had a biomass/biofuel compositional signa-its aerodynamic lens, the AMS did not efficiently sample
ture, while particles with sulfate/organic signatures com- particles with physical diameters0.5 um (Bahreini et al.,
prised 18% of the fine particle number (Fig. 7). In contrast,2008). Furthermore, the AMS composition is mass-based
in the coarse mode, 49% of the particles were mineral dustwhile the PALMS apportionment is based on number fre-
followed in number contribution by sea-salt, particles with quency of occurrence. The PALMS categorization is based
a biomass/biofuel signature, unclassified particles and paren the presence of marker species, and does not necessar-
ticles with sulfate/organic signatures. In both the fine andily represent the only important contributor to that particle’s
coarse mode, elemental carbon particles contributed 1% omass. Thus the fact that the AMS shows that 52% of the non-
less of the particle number. refractory fine particle mass measured in the Arctic back-
ground aerosol was composed of sulfate does not contradict
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the PALMS measurements showing that only 18% by num-2008 was the unexpected, frequent occurrence of layers
ber of the fine mode particles were classified as predomi-of enhanced aerosol and gas-phase species that were at-
nantly sulfate/organic internal mixtures, since particles clas-+ributable to BB (Warneke et al., 2009, 2010). These lay-
sified as BB by the PALMS can also contain substantial non-ers were identified by enhancements in CO from back-

refractory sulfate material (Hudson et al., 2004). ground values of~160 ppbv to a 95th-percentile value of
_ _ 273 ppbv (Fig. 6¢) and a maximum value of 419 ppbv, and by
3.2.2 Aerosol optical properties correlated enhancements in acetonitrile, a specific tracer of

biomass/biofuel combustion (de Gouw et al., 2003b). Single-
In the polluted background airmass, dry aerosol extinctionparticle compositional measurements (Fig. 7) showed that on
at 532 nm was<10 Mm~* and the aerosol was highly scat- average 83% of the 0.15 to 0.7 um diameter particles in these
tering, with a single scattering albedo-®0.96. The asym-  pjumes had a substantial biomass/biofuel signature (Hudson
metry parameter (the cosine-weighted integral of the scatgt )., 2004). Geometric mean fine aerosol mass concentra-
tering phase function, used in radiative transfer calculations}ions were 9.0 Hg m? with a geometric standard deviation of
was~0.6 at 532 nm, similar to values ©f0.58 for 550nm 5 30 and a 95th percentile value of 27 ugtnAerosol com-
reported for the springtime submicron aerosol at the SUrposition within the BB plumes was dominated by organic
face at Barrow, Alaska (Fiebig and Ogren, 2006). The termcompounds which comprised 60% of the non-refractory sub-
v, which is a key parameter in understanding the variationmicron mass. Sulfate was present within the BB layers at
in light extinction due to changing atmospheric relative hu- 5 higher concentration than in the background haze (Fig. 7,
midity, f(RH), was determined from continuously operating, Taple 3). While agricultural and wild fires are not thought
parallel, humidified extinction measurements and is definedq pe large sources of sulfur compounds (Hegg et al., 1987;

such that (Doherty et al., 2005) Andreae and Merlet, 2001), the presence of enhanced partic-
v ulate sulfate concentrations in these plumes, in the absence

£ (RH) = ZeXt582RH (100_ RH0> ’ (1)  of obvious fossil fuel combustion sources co-located or im-

' Oext 532 RHy 100—-RH mediately upwind of the fires, may call that assumption into

question. Nitrate (NQ) and ammonium (NEI) were sig-

) ) ) - nificantly higher within the BB plumes compared with the

f',efj (~60% and.~85%) instrumental relative hqm|d|ty con- background haze, probably originating from fire emissions of

ditions, respectively. The value of was determined by fit- NO, and NH, respectively (€.g., Andreae and Merlet, 2001).

ting the extinction data at the three measuremept humiditiesBlack carbon concentrations were enhanced within the BB

For the background haze category, the geomedtric mean Valuﬁlumes, but generally increased proportionally to the total

of y at 532nm was 0.63 (Fig. 6h, Table 3). aerosol mass concentrations. The BC mass fraction of the

quantified submicron aerosol composition was8B1%

for the BB plumes, similar to the background BC fraction.
Submicron particles were present as a single mode

where RH and RH are the dry €£10%) and humidi-

3.2.3 Origins and transport

Simulations of the origins of the background aerosol are ith - : o
difficult because of the long time scales of transport in-With Dg.n =0.19um and a geometric standard deviation

volved. FLEXPART simulations during background condi- “¢ =15 (Fig. 7, Table 3). These mean values are consistent
tions do not show substantial direct transport from knownW'th those from various sources summarized in Table 6 and

sources. Analysis with an Eulerian atmospheric transport and 19 11 of Petzold et al. (2007) for BB smoke transported
chemistry model shows an increase in CO during the winte or ~6 days, and with those recommended by Dentener et

and spring months due to transport of anthropogenic emis@l- (2006) for biomass burning agrosol parameters for use in
sions from Europe, northwestern Asia, and China (Fishedl0Pal system models. However, in ARCPAC, the BB plume
et al., 2010). The observed background concentrations oP2@rticles were presentin a single accumulation mode (Fig. 7),
CO are consistent with this model of enhanced emission’/Nile Petzold et al. reported the presence of an attenuated
and transport, and reduced wintertime photochemical losghitken mode Oy, <0.10um) in BB smo_ke transported from
The aerosol composition and size distribution measuremen laska and western.Canada over periodk) day; to Eu-

are also consistent with an aged, predominantly fossil fuelfOP€: Furthermore, in ARCPAC values D, varied sys-

derived aerosol with a significant contribution from biomass tematically with CO within the BB plumes (Fig. 8) in a man--
and/or biofuel burning sources. ner not described in these earlier studies. This relationship

betweenD, , and CO may have occurred because mixing of
3.3 Biomass burning plumes concentrated BB smoke with background air resulted in par-
titioning of semivolatile organic matter from the condensed
3.3.1 Aerosol composition and microphysical properties  to the gas phase (e.g., Donahue etal., 2009), thereby decreas-
ing particle size in diluted BB smoke.
The striking feature dominating the measurements made Submicron particle concentrations within the BB mode
aboard the NOAA WP-3D aircraft from 12 to 23 April, varied from 470 to 2000cn? (5th and 95th percentiles),
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with a geometric mean of 910cm. Submicron volume 0.30
concentration ranged from 2.4 to 25fem 3 (5th and

95th percentiles) with a geometric mean of 5.6om 3.

Submicron particle surface area ranged from 56 to 464 g

um? cm—3 (5th and 95th percentiles) with a geometric mean < .25
of 122unfcm=3. Coarse particle geometric mean volume
was 1.7 pricm—2, with a mass median diameter o pm.

At a supersaturation (SS) of 0.18:0.04)%, 40 £9)% of
the particles were active CCN. The fraction of activated

Sea-ice boundary layer
Background

Anthropogenic/fossil fuel
Biomass/biofuel burning

0.20
CCN increased to 88411) % for SS between 0.15 and 1
0.42% (Table 3).
3.3.2 Aerosol optical properties 0_15_-

Geometric Mean Diameter

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 010 . .
0.98, respectively, and a median value of 0.97 (Fig. 6g). The 100 200 300 400
calculated asymmetry parameter (the cosine-weighted inte- CO (ppbv)

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

able, with 5th and 95th percentile values of 0.57 and 0.66 Fig. 8. Number geometric mean diameter as a function of CO mix-
respectively, and a median value of 0.62. The aerosol wag ratio calculated for particles with diameters from 0.08—1 um in
moderately hygroscopic, with a geometric mean valug of four different airmass categories.

of 0.45. These values of 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 sia/Kazakhstan border, but predominantly on the Russian
fraction (Quinn et al., 2005), and suggest the organic matside. The vegetation in this area is a mix of agricultural
ter was oxidized and not hydrophobic. This finding is con- lands, steppe grasslands and forest. Fires in this region prob-
sistent with analysis of AMS organic spectra (Zhang et al.,ably originated with agricultural burning; some of these be-
2005), which shows that 90% of the organic mass in the came wildfires. Fires in this region in springtime are an an-
BB plumes was highly oxygenated (not shown), and with thenual occurrence (Warneke et al., 2010). A second region of
large fraction of particles active as CCN. In sum the BB par-BB originated in southeastern Siberia, between Lake Baikal
ticles were organic rich (yet still contained enhanced sulfate)and the Pacific Ocean in the vicinity of the Chita and Amur
were aged, highly scattering, significantly hygroscopic, andRivers. The vegetation in this region is a mix of grassland,

effective as CCN. shrubland, and coniferous forest. Images from the MODIS
satellite sensors (NASA/University of Maryland, 2002) sug-
3.3.3 Origins and transport gest that most of the fires occurred on forested land. Al-

though there are no substantial vegetation differences across

The FLEXPART model often simulated the transport of CO the Russia/China border, there were very strong gradients in
from BB sources with remarkable spatial fidelity and with BB occurrence (Fig. 9; Warneke et al., 2010). This suggests
modeled mixing ratio enhancements generally within a factorthat fire ignition and/or control strategies differed across the
of two of the measurements (Fig. 2). The model did not pre-political border. MODIS images indicate that much of the
dict the occurrence of some plumes, particularly above 4 kmland in this region was snow-covered in late March; fires
altitude; these misses may be at least partly attributable to albegan soon after the snow at lower altitudes melted, sug-
titude displacement rather than gross errors in transport. Thgesting deliberate ignition of moist fuels. MODIS images
RAQMS model effectively simulated the general location of show merged plumes covering a broad region downwind of
the transport of CO and aerosol particles from BB sourcesghe many small fires.
to the Arctic, although the Eulerian RAQMS model tended Smoke from the two regions, henceforth referred to as
to overpredict CO mixing ratios and underpredict OC + BC southern Russia and southeastern Siberia, respectively, was
concentrations. episodically generated and transported to the Arctic based

Two primary sources of smoke were identified based uporon the fire occurrence and meteorologically driven transport
the FLEXPART and RAQMS simulations, which incorpo- events. Figure 10 shows the FLEXPART-simulated emission
rate real-time emissions estimates from fires identified byand transport of these plumes over a 24-day period (movies
MODIS satellite sensor imagery (Fig. 9). The first of these of these images and of FLEXPART simulated BB transport
smoke sources was a broad region located along the Rusuperimposed on satellite cloud images are available in the
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open shrubland significantly elevated in these regions (mean mixing ratio
pecdileal evergreen forest mixed forest grassland 50 pptv) and was positively correlated with aerosol sulfate.
roadleaf evergreen forest woodland cropland
needleleaf deciduous forest wooded grassland bare ground
broadleaf deciduous forest closed shrubland urban area 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
3.5ugnt3. The mean ion balance between ammonium
and measured anionic species wa&3.5, indicating that the
sulfate was not fully neutralized (Fig. 7). The geometric
mean concentration of BC was 148 ng®n 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 um and
a number concentration of 627 cth Despite the higher
sulfate concentrations and the Sthat was present, there
Fig. 9. Map showing fire locations for April 2008 determined from \yere no modes of smaller particles that would suggest
MODIS_(NASA/Uni_versity of Maryland, 2002), color-coded by the  acent new particle formation. At a supersaturation (SS)
underlying vegetation type (Hansen etal., 2000). of 0.10 (£0.04)%, 41 £07)% of the particles were active
CCN. The fraction of activated CCN increased to 8711)

% 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.

online Supplement). Fires began east of Lake Baikal near th
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-3 4 5 aAerosol optical properties
ated with midlatitude cyclones that advected smoke cycloni-

cally upward and northward (Stohl et al., 2003). Within the Median values of extinction and absorption at 532 nm and
Arctic, some of the smoke was sheared horizontally into fil- sybmicron mass in the fossil fuel plumes were all approxi-
aments as it exited the cyclonic systems into the upstreannately 1/2 of the mean values for the BB plumes (Fig. 6b,e,f;
anticyclones. Some of this sheared smoke became entrainerhme 3) The anthropogenic aerosol was Significant]y more
into Arctic cyclonic and anticyclonic systems, although the hygroscopic ¢ =1.09) than was the BB aerosat £ 0.59).
majority of emitted smoke remained in high midlatitudes. This degree of hygroscopicity in the anthropogenic plumes
By late April smoke had penetrated deeply into the Arctic, js higher than values reported in several aged fossil fuel in-
reaching the North Pole and extensively covering the panflyenced airmasses by Quinn et al. (2005) and Massoli et
Arctic region (Fig. 10; Saha et al., 2010). The primary con- a|. (2009) for similar organic mass fractions. The single scat-
sequences of such smoke layers on the Arctic environmenfering albedo in the anthropogenic layers was &:96.01,

are |Ik6|y to be caused by direct and indirect radiative fOfC-Which was not Significant|y different from the BB value of
ing and by in-cloud scavenging and wet deposition to the sur9.97+ 0.02. In sum, the aerosol was dominated by acidic

face during transport. More long-term influences may resultsyifate, and was monomodal, hygroscopic, and highly scat-
if the smoke does not rapidly exit the Arctic and is mixed tering.

to the ABL, in which case dry deposition to the surface may
occur. These issues are discussed in Sect. 4. 3.4.3 Origins and transport

3.4 Anthropogenic/fossil fuel plumes FLEXPART and RAQMS simulations indicate that the pri-
mary source of sulfur species within the anthropogenic layers
Plumes that were predominantly from fossil fuel sourcesencountered on 15 April 2008 was eastern China, with some
were classified as “anthropogenic/fossil fuel”. These plumesgontribution from eastern Europe. The sulfur-rich plumes
which were observed during onky1 h of total flight time  were near other plumes dominated by BB emissions. The
on 15 April 2008, were identified by CO mixing ratios sulfur species likely originated from anthropogenic sources
>170 ppbv in the absence of corresponding increases in aces indicated by the models, and were transported by the same
tonitrile. Furthermore, S©from the CIMS instrument was midlatitude synoptic low pressure system that carried the BB
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0 100 150 200
Column-integrated BB CO (mg m?)

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 anthropogenie960 mg 2 (not shown).

plumes. Similar long-range transport of different types of turbulence from newly exposed open-water leads are the pri-
pollution in adjacent layers without substantial mixing has mary mechanisms for vertical transport (Andreas and Mur-
been observed before (Clarke et al., 2001; Brock et al., 2004phy, 1986; Strunin et al., 1997; Pavelsky et al., 2010). The air
2008) and shows that laminar transport of sheared filamentsvithin this layer is isolated from the air aloft due to the high
and layers from different sources over intercontinental dis-static stability and may have a different source and transport
tances is common. history (Stohl, 2006).

3.5 Arctic Sea-Ice Boundary Layer (ABL) The WP-3D aircraft penetrated the sea-ice inversion layer
on 16 occasions, briefly descending to altitudes-G0 m.
In winter and spring, a persistent surface inversion of vari-An infrared sea-surface temperature (SST) sensor reported
able depth and strength occurs over the Arctic Ocean (e.gthat open and thinly ice-covered leads (indicated by brief in-
Vowinckel, 1970; Tjernstim and Graversen, 2009). The air creases in SST 3K or more above the local mean SST) were
within this inversion is at or very near ice saturation (Andreaspresent directly below the aircraft10% of the time while
etal., 2002). Diffuse low-level clouds and clear-air “diamond in the ABL. Although the top of the inversion layer was of-
dust” precipitation are common (Ohtake et al., 1982) becauséen above 1km altitude, the moist ABL in which there was
of heat and moisture fluxes from open and thinly ice-coveredevidence of halogen chemistry was generally confined to al-
leads. Static stability is high, and wind-generated mechanititudes<800 m. Several extended flight leg200 m above
cal turbulence very near the surface and sporadic convectivthe surface were made (Fig. 2). In situ data were classified
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into the ABL category based on the meteorological and gas3.5.3 Origins and transport
phase chemical criteria described previously. A total of 5h
of flight time were spent within this airmass type. Despite some statistical similarities in gas-phase properties
between the background and ABL airmasses, during indi-
3.5.1 Aerosol composition and microphysical properties ~ vidual vertical profiles there were often discrete changes in
submicron aerosol characteristics as the aircraft penetrated
Within the moist ABL, the aerosol extensive properties, the_top of Fhe _ABL' t')n parpcular, dparucle number.concen-
including mass concentration, extinction, absorption, andtrat'on’ extinction, absorption, an BC COI’]CEI’]FI‘&IIOHS were
chemical species concentrations, were comparable to or Ies]‘gquently lower by a_fa}ctor Ofv.z in the ABL relative to val-
than values in the polluted background of the free tropo-ues n packground ar |mmed|a'Fer above.' These lower con-
sphere (Fig. 6a—f; Table 3). Notably, BC and organic mass-entrations were associated W'?[h the moist, halogen-a_ctl\_/e,
Os-depleted portion of the sea-ice inversion layer that indi-

concentrations were lower than in the background airmassé ¢ hemical int . th th ; Th b
while sulfate concentrations were similar or higher (Fig. 7). ates chemical interaction wi € surtace. -1hese observa-

_ ) o - 7" tions suggest that dry or wet (ice) deposition may have been
The ABL submicron aerosol size distribution was similar occurring within the ABL. Spackman et al. (2010) show ev-
to that of the background free troposphere (Fig. 7), althoughyence of dry deposition of BC in the vicinity of open leads

nlrj]mber concent(rjatlonls were lower W'th,'n the ABL,(F'_?,' 6a)|. where enhanced vertical mixing may accelerate the dry de-
The coarse mode volume concentration was significantly,qjiion process. However, differences in airmass histories,

lower in the ABL compared with the background air (Fig. 7, 5 therefore aerosol sources, may also contribute to the ob-
Table 3). Single particle composition information from served vertical structure.

the PALMS mass spectrometer instrument shows a distinct Twenty-day airmass histories calculated with the FLEX-

change in particle characteristics between the ABL and theP L :
. . PART transport model and initialized in the ABL most fre-
free troposphere (Fig. 7). In the ABL, the coarse parti- P

| d d tv (799%) of it particl guently remained within the Arctic. The modeled air parcels
cle mode was composed mostly (79%) 0 sea-sall partiCieSy y e to circulate within the North American sector of the
Coarse particles with dust and BB characteristics were in-

f tin the i ion | ) About 22% fArctic, particularly in the vicinity of the Canadian Arctic
requent in the Inversion 1ayer over sea-ice. ou °0 archipelago (Fig. 11). In many cases the simulations showed
fine particles with diameters from 0.15 to 0.7 um were com-

posed of sea-salt; this is consistent with the findings that se several days of transport within the ABL, preceded by grad-

dial descent from the free troposphere. This transport pat-
: 0 . .
salt contributes t0-20% of fine aerosol mass measured at tern is consistent with the expected climatological mean cir-

Bartr_O\IN, Alif]ka é(éw_nn ett al., 3210(32)' Th? fr_efl_ctlorll 01|‘ fine culation of diabatic cooling and descent in the Arctic; as a
particies with a signature (31%) was significantly lower result the ABL air over the North American Arctic has the

than in the other airmass types, and was comparable to typlI’ongest residence time of any air in the Arctic (Stohl, 2006).

cal midlatitude tropospheric background values (Hudson eMean mixing ratios of CO observed in the ABL did not differ

al., 2004). At a supersaturation (SS) of 0.160(04)%, L :
; . . significantly from those found in the background free tropo-
54 (&11)% of the submicron particles were active CCN, asphere, indicating that mixing times between these two air-

higher gctivated raction than was found in the pthe_r airmasq?asses were short relative to the many-month timescales of

categories (OTabIe 3). The activated CCN fr%cnon increaseq . . hemical CO loss in high latitude winter/spring (Nov-

to 88 (£15) % for SS between 0.15 and 0.42%. elli et al., 1992). The wide range of possible residence times
of air parcels within the ABL — several days to perhaps a

3.5.2  Aerosol optical properties month (Stohl, 2006) — suggests that aerosol particles in the
ABL could be subject to dry or wet deposition mechanisms

Submicron aerosol extinction and absorption at 532 nm werever long time scales. Even slow or sporadic deposition

lower in the ABL than in the background free troposphere, processes, perhaps associated with turbulence and moisture

consistent with the decrease in particle mass and BC, respedluxes over open leads, could become significant over such

tively. As expected for the low BC fraction in the ABL, periods (Spackman et al., 2010).

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 532nm=0.97) 4 Discussion

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

anthropogenic/fossil fuel case, in which the compositionwas4.1 “Background haze” measurements are consistent

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

free tropospheric Arctic background haze, the ABL aerosol

was reduced in quantity, enhanced in sulfate, deficient in or-Of the four airmass categories, the background haze and

ganic matter and BC, more hygroscopic, and more highlyABL groupings are most consistent with aerosol climatolo-

scattering. gies measured at surface sites. At Barrow, Alaska, long-term
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Layers of enhanced aerosol extinction at 532nm 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-

| - A ing ARCPAC and ARCTAS contained substantial quantities
0. 1 2 4 & 16 31 & im. mo of sulfate, and since earlier airborne campaigns did not mea-
nsm/kg sure gas-phase tracers of combustion or organic aerosol mass
with sufficient time response to characterize the discontinu-
Fig. 11. FLEXPART Lagrangian transport model backward trans- gys layers, an open question remains regarding how many

the WP-3D aircraft within the ABL on 16 April 2010 at 00:22 UTC. primarily of BB (or mixed BB and fossil fuel) origin.

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.

4.2 Chronic pollution vs. episodic transport events:
defining “Arctic haze”

In the ARCPAC airborne measurements, locally enhanced

measurements of CO and submicron aerosol scattering, sufi€rosol loadings were always associated with mixing ra-
fate concentration, and particle number measured duringios of CO >170ppbv. Mixing ratios of CO were rarely
springtime may be compared with similar measurements<140ppbv in the absence of air with a stratospheric influ-
aboard the WP-3D aircraft (Fig. 12). Extinction at 532 nm ence. The seasonal cycle of CO at the Barrow surface ob-
for the background and ABL airmass categories lie at theServatory is pronounced and repeatable from year-to-year,
28th and 18th percentiles of the Barrow 550 nm scatteringWith little variability (5th and 95th percentile mixing ratios
data, respectively (scattering and extinction are equivalent t@r¢ 147 and 176 ppbv, respectively). There are only a few
within a few percent), while the airborne sulfate measure-€pisodes of high CO measured at the surface of Barrow (val-
ments lie at the 73rd and 92nd percentiles of the Barrowt€S>195 ppbv exceed the 99th percentile), implying that the
measurements for these airmass categories. Although thdense haze layers of particles and CO frequently found aloft
aerosol measured in background haze conditions was soméUe rarely seen at the surface (although such events have oc-
what less light-scattering and had a higher sulfate concentracurred (Stohl et al., 2006)). The limited variability in the
tion than the typical surface haze measured at Barrow, thes@Pringtime values of CO and aerosol scattering measured at
parameters were within the interquartile range of the surfacdarrow indicate that the frequency of dense aerosol layers
record. Particle number and CO for both the backgroungdoes not determine the climatological seasonal cycle. Instead
and ABL groupings were also within the interquartile range the seasonal aerosol cycle observed at Barrow is better char-
of the Barrow measurements. Measurements by the WP-3[@cterized as a gradual cycle in background conditions. The
in the ABL over the remote sea ice consistently showed theseasonality of these aerosol properties at Barrow and other
lowest concentrations of fine particle number, mass, extincSurface stations in the Arctic (notably Alert, Canada) provide
tion, and absorption and of CO and acetonitrile (Fig. 6a tothe canonical definition of “Arctic haze”. In contrast, much
f), yet climatological means measured at the Barrow Obserof the focus of airborne missions has been on dense layers of
vatory were often more similar to the background haze cate€nhanced aerosol and gas concentrations found aloft; these
gory measured in the free troposphere (Fig. 12). Itis possibl@ccurrences have also been termed “Arctic haze” by investi-
that the ABL north of Barrow was more aged (Stohl, 2006), 9ators (e.g., Rahn et al., 1977; Garrett and Verzella, 2008).
or the aerosol more depleted (Spackman et al., 2010), than Evaluating the ARCPAC data in the context of past sur-
surface-layer air typically sampled at the Barrow Observa-face and airborne measurements in the Arctic, it is appar-
tory. In this case the ARCPAC measurements may be mor&nt that the Arctic aerosol may best be described as having

representative of the remote ABL than those made at Barrowpoth 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 um light scattering at 550 nm measured at Barrow from 1987—2008 (line) and sub-1 um
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(2)@&) for (B), but for sub-1 um sulfate measured

by the University of Washington over approximately 2-day periods at Barrow from 1997-2008 (line) and sub-1 pm 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 Siberia — as the principal source of this chronic pollution
evidence, from atmospheric transport studies (e.g., Raatz angear the surface of the Arctic. Arctic haze is best defined as
Shaw, 1984; Stohl, 2006) to global chemical transport mod-the winter/spring maximum in this seasonal cycle in aerosol
eling (e.g., Koch and Hansen, 2005; Fisher et al., 2010) tcand trace gas concentrations. Episodic events are distinct
compositional fingerprinting (e.g., Rahn, 1981), point to fos- from this seasonal maximum, and are associated with direct,
sil fuel and biomass/biofuel combustion sources in the north+apid transport from a variety of mid- and northern-latitude
ern midlatitudes — especially from northeastern Europe andources. These transport events typically take the form of
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dense aerosol layers found at altitudes from above the sedackground Arctic air, enhancing the BB aerosol fraction.
ice inversion layer to the upper troposphere (and occasionBased on the observed coexistence on single particles of con-
ally at the surface (Stohl, et al., 2006, 2007; Stone et al.densed material such as sulfate, ammonium, and lead with
2008)). Due to atmospheric mixing, some of these dense¢he BB marker species, BB particles in background air were
but thin haze layers aloft may ultimately contribute to the more aged than those within the intense BB aerosol layers,
chronic Arctic background haze, although Arctic residenceconsistent with earlier emission from sources and longer at-
times above the surface layer decrease with increasing almospheric residence times. In the ABL the BB particle frac-
titude (Stohl, 2006). We note that long-range transport totion (31%) was near typical mid-latitude free tropospheric
the Arctic has been observed in summer as well as in winvalues, but signatures of particle aging were even stronger
ter and spring (e.g., Brock et al., 1989; Stohl et al., 2006;than in background air aloft. In particular, the high sulfate
Paris et al., 2009). content in the single particle mass spectra suggests extensive
We suggest that the term “Arctic haze” not be used foraging (Hudson et al., 2004). The observed low concentra-
episodic transport events, despite its common use in the litertions of VOCs, as well as the FLEXPART transport simula-
ature, since long-range, intercontinental transport of aerosdiions, indicate that ABL air was isolated to Arctic regions for
layers in the free troposphere is not unique to the Arctic (e.g.the previous few weeks and had little recent influence from
Stohl et al., 2002). The sources of the layers associated witinid-latitude emission sources. The source of BB aerosol ma-
episodic transport events in the Arctic appear to be diversderial in the springtime background haze and in the ABL is
(Fisher et al., 2010). In 2008, unusually early and exten-presumably the same as the seasonally enhanced CO, i.e.,
sive biomass burning in southeastern Siberia contributed tevinter and spring emissions from northern midlatitudes. In
aerosol layers found over the western Arctic (Warneke et al.porthern Europe during the cold season, wood burned for
2010). Agricultural fires in southern Russia, which are a reg-heating creates smoke that is co-emitted with anthropogenic
ular springtime occurrence (Warneke et al., 2010), also conpollution (Gelencér et al., 2007; Yttri et al., 2009). Both this
tributed to the aerosol layers observed in the Arctic. Aerosolcold-season biofuel source and mid-latitude springtime fires
layers originating from fossil fuel combustion, while infre- likely contribute to the seasonal background of BB aerosol
guent in the ARCPAC dataset, were more common in thematerial found in free tropospheric Arctic air.
wider geographic region sampled by the ARCTAS research
DC-8 and P-3B aircraft (Fisher et al., 2010, Jacob et al.,4.4 No evidence of precipitation scavenging from
2010), and past airborne measurements have also reported layers aloft
many layers originating from such sources. Transport mod-
eling (Koch and Hansen, 2005; Stohl, 2006; Fisher et al.,Black carbon deposited on snow is a potentially significant
2010) and some observations (Scheuer et al., 2003) suggeslimate forcing agent in the Arctic (Hansen and Nazarenko,
a seasonally varying transition from high latitude to midlati- 2004; Jacobson, 2004, 2010; Flanner et al., 2007, 2009;
tude sources with increasing altitude in the Arctic. However, Shindell et al., 2008; Shindell and Faluvegi, 2009). It is im-
our limited observations do not indicate systematic changegortant to understand the origin of the BC that has been ob-
in the characteristics of the background aerosol (chronic Arc-served in snow at the surface of the Arctic if effective mitiga-
tic haze) as a function of altitude above the ABL. tion strategies are to be developed (Quinn et al., 2008). Both
airborne BC concentrations and precipitation rates are low in
4.3 Background and ABL aerosol contains a biomass or  the Arctic, making direct measurements of depositional flux
biofuel burning component rare (Noone and Clarke, 1988; Doherty, et al., 2010). Re-
cent analysis based on compositional measurements of snow
The background Arctic haze submicron non-refractory samples collected across the Arctic in springtime indicate a
aerosol mass measured during ARCPAC was approximatelglominant biomass and/or biofuel burning source over much
2/3 inorganic material and 1/3 organic compounds (Fig. 7).of the Arctic (Hegg et al. 2009, 2010; Doherty et al., 2010).
The PALMS instrument reported that 64% by number of the Since snow compositional measurements suggest a
fine mode particles were classified as containing a biomasbiomass/biofuel burning source, one might expect to see evi-
burning component based on potassium and organic carbodence for wet deposition of particles from the BB layers ob-
marker ions, following the scheme of Hudson et al. (2004).served aloft during ARCPAC. In 2004 measurements near the
This fraction is noticeably higher than typical levels of 20 eastern coast of North America, we found regions highly en-
to 40% that are consistently observed throughout the midhanced in gas-phase BB markers but relatively depleted with
latitude and tropical troposphere (Hudson et al., 2004; Froydrespect to aerosols and highly soluble gas-phase species, and
et al.,, 2009). The FLEXPART model predicts a small but have interpreted these observations as evidence for wet depo-
detectable BB influence on Arctic air from fires in north- sition (de Gouw et al., 2006). In ARCPAC, CO mixing ratios
ern Asia and other mid-latitude regions prior to the ARC- and aerosol mass (estimated from volume) were highly cor-
PAC measurement period (Warneke et al., 2010). It is likelyrelated in plumes that were enhanced in acetonitrile (Fig. 13).
that these earlier plumes were partially entrained into theHowever, there were no cases during ARCPAC in which CO
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or acetonitrile were enhanced yet aerosol number and mass  gg L L L L L L
concentrations were not. Instead, the slope between aerosol
. - ® ARCPAC data
mass and CO stands at the high end of literature values for B 2004 observations
particle emissions from biomass burning sources (Fig. 13).
Dry deposition might occur if the smoke aerosol were ¥

Literature (Janhdll et al., 2009)

. . 60 - = Forest =
mixed to near the sea-ice surface. However, the dense aerosol - = = Savanna
layers observed aloft during ARCPAC were decoupled from 3 Grassland 4

the sea-ice ABL due to persistent strong inversions, and there ¢, 2 outliers removed

was no indication of direct mixing of the BB aerosol plumes ® oy
aloft to the sea-ice surface layer over the time scales of the = 40 . S . B
ARCPAC measurements. On one occasion, BB smoke mea-gG . )
sured on 19 April 2010 over the Barrow airport reached
the lowest altitude;~70 m, sampled by the WP-3D aircraft. g’
However, this measurement was over land rather than sea-2 20+ o - ‘
ice, and occurred as a result of strong warm advection within {Z . 27 e
a midlatitude airmass rather than mixing from aloft into the . L
ABL. Smoke associated with this transport event was found ) s
aloft above the ABL over sea-ice north of Barrow (Lance et s
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-

f foun ring ARCPAC. Thi ition mechanism ap- . . i )

ace found during CPAC s deposition mechanis ap biomass/biofuel burning during ARCPAC (dots). Mass calculated

peared to operate over the lowest few hundred meters Wlthn? . ; .
rom particle volume measurements and density of 1.36 determined

the ABL over sea-ice, and thus did not directly act upqn th_efrom AMS composition measurements in BB plumes. Squares are
dense layers that were found only aloft, above the sea-ice iNgata from a BB case in 28 July 2004 in which precipitation scav-

article

150 200 250 300 350 400 450
CO (ppbv)

Fig. 13. Particle mass as a function of CO for all data classified as

version layer. enging occurred (de Gouw et al., 2006) with CO values adjusted to
intercept ther-axis at 150 ppbv to facilitate comparison with ARC-
4.5 Arctic aerosol produces heating aloft and cooling PAC data. Lines are fits to measurements in a variety of prescribed,
at the surface laboratory, and wild fires as summarized in Jahlet al. (2009),

except that 2 outliers have been removed and an x-intercept of
While there is no evidence that the BB particles in layers 150 ppbv assigned.
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-surface albedos and SZA conditions, will be the subject of
diative forcing was calculated for the shortwave spectrum aguture work.
the difference in flux with and without aerosol. The radiative ~ Ambient values of light extinction were calculated from
transfer model used for the calculations was the Santa Barambient RH measurements using the mearvalues at
bara DISORT Atmospheric Radiative Transfer model (SB-532 nm for each airmass category (Table 3). Single scattering
DART; Ricchiazzi et al., 1998) implemented as described inalbedo was recalculated using this ambient extinction value
McComiskey et al. (2008). and the dry absorption measurement. A fixed asymmetry pa-

rameter of 0.65, lying between the values calculated from the

In this 1st-order modeling exercise, a solar zenith an-dry size distributions (Table 3) and values reported for Bar-

gle (SZA) of 60 degrees, which represents a maximum dailyrow, Alaska, was used. McComiskey et al. (2008) show that
solar elevation for ARCPAC latitudes, was assumed, as was eadiative forcing sensitivity to varying asymmetry parameter
surface albedo of 0.85, which is the average April value fromin these Arctic conditions is negligible. From the entire AR-
a 10 year climatology at Barrow (calculated from data col- CPAC campaign, ten representative profiles, including sam-
lected by the Department of Energy ARM Climate Researchpling in all four regimes (Fig. 14a), of ambient extinction
Facility). A standard Arctic profile of absorbing gases (Mc- and SSA derived from the observations were averaged into
Clatchey et al., 1972) was used. Holding all of these factorsl50 m bins from the surface to 8 km for the radiative trans-
constant allows us to focus on the maximum possible forc-fer calculations (Fig. 14b,c). Our calculations do not con-
ing caused by the aerosol alone under representative Arcsider the effect of changes in the solar radiative balance on IR
tic conditions. More complete radiative transfer modeling emissions (e.g., Pueschel and Kinne, 1995), a subject com-
constrained by spectrally resolved actinic flux and irradi- plicated by strong sensitivities to surface, atmospheric, and
ance measurements (Bierwirth et al., 2010) under varyingcloud 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 bin€C) Aerosol single scattering albedo averaged into 150 m increments.

(D) Calculated instantaneous noontime heating rate given by average pro{3saind(C) and other parameters as specified in text. Grey
shading indicates one standard deviation for each 150 m bhin.

The average of the results of the radiative transfer calcuBB plumes (Stone et al., 2008) and dust layers (Stone et
lations for each the 10 binned vertical profiles are shownal., 2007) over Barrow, Alaska on the surface-radiation bal-
in Fig. 14d. Average heating rates of0.1Kday ! oc- ance. In their Fig. 10, Stone et al. (2008) show a strong
curred between 3 and 7 km, where most of the BB layerssensitivity of both instantaneous surface and TOA radiative
were observed, with a maximum value of the average proforcing to surface albedo. Net atmospheric cooling occurs
file of ~0.2 Kday 1. However, this maximum heating var- when BB smoke is present over dark tundra and open wa-
ied substantially with individual profiles depending on the ter, but net radiative heating occurs when the smoke overlies
properties of the aerosol layer, surface albedo, and heighibrighter, snow-covered surfaces. These authors also point out
above the surface. Layers with maximum heating rates othat such surface cooling, coupled with heating aloft within
~0.6 Kday ! were calculated for individual profiles. The the BB layers, may change the thermal structure of the at-
top-of-atmosphere radiative forcing for the average profilemosphere to potentially modify atmospheric circulation and
was +3.3W n2, while surface forcing was -1.5Wm and  cloud formation.
tropospheric column forcing +4.8 WTA. Note that these Finally, to examine the relative radiative forcing of the four
values are for the instantaneous forcings calculated at solaaerosol classifications, a column integrated radiative forcing
noon, which is the maximum possible. Diurnally averagedefficiency (RFE), the radiative forcing per unit optical depth,
values would be lower. These values can be compared tavas calculated (Table 4). For the same optical depth, the
surface in situ measurements at Barrow, Alaska for a reprebackground, BB, and anthropogenic regimes have larger pos-
sentative case of Arctic haze (Quinn et al., 2007). For thisitive top-of-atmosphere and tropospheric column forcing and
case, calculations were made at solar noon on April 15, simmore negative surface forcing than does the ABL case. As
ilar solar geometry to our calculations, and with a surfacediscussed in Section 4.1, observations at Barrow, Alaska cap-
albedo of 0.92, higher than our average value of 0.85. Thidure well the seasonal cycle of the background aerosol and
case resulted in top-of-atmosphere forcing of +2.5Wm would thus accurately characterize the vertically integrated
and surface forcing of -0.93 Wi, resulting in a tropo-  forcing associated with the background haze classification.
spheric forcing of 3.43 W r?. These calculations show that However, when ABL air, with its depleted aerosol concentra-
the short term effects of both the background haze and densions and high single scatter albedo, is present, in situ mea-
haze layers aloft are to cool the surface and heat the atmasurements at the surface will not accurately represent aerosol
spheric column, while producing net energy absorption bycharacteristics for the calculation of radiative forcing.
the earth-atmosphere system. These preliminary findings
are consistent with more complete studies of the effects of
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Eurasian BB emissions represent a consequential source of
gerosol 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
Top-of-atmosphere 2.0 32.9 29.2 37.6 snowmelt season

Trgposphere P 102 3 s t04 ‘Our measurements in Arctic background air are consistent
Surface _83 114 123 _128 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-
Airborne measurements from the NOAA WP-3D aircraft in phase and aerosol parameters measured in these background
April 2008 in the Alaskan Arctic could be placed into one haze conditions are similar to median values reported during
of four categories based on trace gas mixing ratios: (1) aithe springtime Arctic haze maximum at the long-term sur-
measured within the ABL that had been in chemical andface site in Barrow, Alaska. These observations strongly sug-
physical contact with the sea-ice surface; (2) air that wasgest that a seasonal cycle in background tropospheric con-
strongly influenced by BB originating primarily from sources centrations, rather than an increase in the frequency of in-
in southern Russia and in southeastern Siberia; (3) air tha€nse pollutant transport events, is responsible for the sur-
was affected primarily by anthropogenic fossil fuel combus-face climatology. We suggest that the term "Arctic haze

tion sources; and (4) air that was not influenced by any recen[’)?e used to refer to this chronic, diffuse springtime pollution

Table 4. Radiative forcing efficiency (W m27 1), the radiative
forcing per optical depth, to the top-of-atmosphere, atmosphere, an
surface for the four aerosol regimes measured during ARCPAC.

ABL Background Anthropogenic BB

5 Conclusions

source, but that represented the aged, polluted background that is asslociated V\_/ith. seasonal incree_\ses in fossil fuel and
L . ' Biomass/biofuel emissions, reductions in photochemical and
the springtime Arctic. , ) depositional loss mechanisms, and enhanced transport from
Aerosol layers associated with transport from the BB gqyrce regions in the midlatitudes. Spackman et al. (2010)
events were common in the Alaskan Arctic in spring 2008. provide evidence for loss of this background haze via trans-
The aerosol was often abundant and was highly scatteringort through the ABL to the Arctic surface. In contrast,
with single scattering albedos 0f0.97. Radiative trans- episodic pollution events, resulting from rapid transport from
fer calculations suggest that, on average, these haze layeavily polluted but varied source types and regions, produce
ers cool the surface and heat the troposphere at the altitudéense haze layers aloft that rarely directly reach the surface
where they are found. Maximum noontime heating ratesmonitoring sites; these phenomena are distinct from the sea-
of ~0.1Kday ! were calculated for the average haze con-Sonal g:ycle In backgr_ound haze. Th‘?se haz_e layers alo_ft are
dition, although maximum heating rates 0.6 K day™* not unique to the Arctic, but are consistent with observations

were calculated for specific dense haze layers. Warneke Egwroughout the midlatitudes of intercontinental transport of

. erosols in the free troposphere. In the Arctic, it is likely that
al. (2010) and Fisher et al. (2010) show that, although thegome fraction of these layers may ultimately mix and con-

incidence of fires in the Russian/Siberian fire region w8s  ripute to the polluted background, although Arctic lidar ob-
times greater in 2008 compared to more typical years, signifservations show distinct layering of even aged smoke (Saha
icant fires occur somewhere within the region from southernet al., 2010). Our observations do not provide any direct
Russia to southeastern Siberia every year. These fires aevidence for deposition from these layers aloft to the snow
modest contributors to the Arctic budgets of most gas-phasé&urface.

species, including CO. However, because the springtime
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