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Abstract. In the spring of 2008 NASA and NOAA funded lengths. These estimates are consistent with 35-80 % en-
the ARCTAS and ARCPAC field campaigns as contribu- hancements in 530 nm absorption due to clear or slightly ab-
tions to POLARCAT, a core IPY activity. During the cam- sorbing coatings of pure black carbon particulate. Assum-
paigns the NASA DC-8, P-3B and NOAA WP-3D aircraft ing a 1A wavelength dependence for BC absorption, and
conducted over 160 h of in-situ sampling between 0.1 andassuming that refractory aerosol (42D ¢ =0.1s) in low-
12km throughout the Western Arctic north of °3% (i.e. dust samples is dominated by brown carbon, we derive mass
Alaska to Greenland). All aircraft were equipped with mul- absorption efficiencies for brown carbon of 088315 and
tiple wavelength measurements of aerosol optics, trace ga8.27+0.08n? g~ at 470 and 530 nm wavelengths. Esti-
and aerosol chemistry measurements, as well as direct meanates for the mass absorption efficiencies of Asian dust are
surements of the aerosol size distributions and black car0.034nfg~! and 0.017 rAig~L. However the absorption ef-
bon mass. Late April of 2008 proved to be exceptional inficiency estimates for dust are highly uncertain due to the
terms of Asian biomass burning emissions transported tdimitations imposed by PSAP instrument noise. In-situ ARC-
the Western Arctic. Though these smoke plumes accounTAS/ARCPAC measurements during the IPY provide valu-
for only 11-14% of the samples within the Western Arc- able constraints for absorbing aerosol over the Western Arc-
tic domain, they account for 42—47 % of the total burden oftic, species which are currently poorly simulated over a re-
black carbon. Dust was also commonly observed but onlygion that is critically under-sampled.

contributes to 4-12% and 3-8 % of total light absorption
at 470 and 530 nm wavelengths above 6km. Below 6 km,
light absorption by carbonaceous aerosol derived from ur- ]

ban/industrial and biomass burning emissions account fod Introduction

97-99 % of total light absorption by aerosol. Stratifying the o
data to reduce the influence of dust allows us to determind N cryosphere, perhaps more than any other domain, is ex-
mass absorption efficiencies for black carbon of DB, periencing a profound, perhaps millennia-long (Solomon et

9.5+0.6 and 7.40.7n? g~ at 470, 530 and 660 nm wave- @l 2009), transformation that is in part a result of anthro-
pogenic induced climate change (ACIA, 2004; IPCC, 2007).

Yet in many respects, the Arctic atmosphere remains criti-

Correspondence tdC. S. McNaughton  cally undersampled. Ground based measurements of Arc-
BY (csmcnaug@hawaii.edu) tic aerosol have been made since the early 1980s (Quinn et
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al., 2007) but coverage is sparse and limited to the surfac¢hese aerosol types over the Western Arctic and leads to a dis-
boundary layer. Ground-based remote sensing using surcussion of their relative contributions to total light absorption
photometers (Bokoye et al., 2002; Tomasi et al., 2007) orby aerosol sampled in the troposphere over the Western Arc-
lidar (Bourdages et al., 2009; Ishii et al., 1999; Leaitch tic in the Spring of 2008.

et al., 1989), also have sparse coverage and retrievals com-
plicated by seasonally persistent cloud cover. Satellite re-
trievals at high latitudes are also complicated by cloud cover?

and a typically bright target surface (i.e. snow and ice). AI-.I_hree single particle soot absorption photometers (SP2)

though airborne campaigns have provided in-situ measure(Baumgardner et al., 2004; Stephens et al., 2003; Sub-

ments throughout the depth of the Arctic troposphere (Clarkeramanian et al., 2010) were deployed on board NASA and

etal., 1934; Rogers et al., .2001; Scheuer et aI_., 2003; YaT\IOAA research aircraft during the ARCTAS/ARCPAC air-
manouchi et al., 2005) their temporal and spatial coverage .o field campaigns. The DC-8 instrument (Moteki and
limits the extent to which they can be used to constrain Statekondo 2007 Moteki ét al., 2007) was operated by a team
of-the-art climate model simulations (e.g. Koch et al., 2009).from th’e Uni\;ersity of Toky(;(Kondo etal.), the P-3B instru-
Arctic Haze is a winter/spring accumulation of aerosol and ent was operated by a team from the l.Jr,1iversity of Hawaii
trace gases in the Arctic atmosphere thought to be largely o Clarke etal.) and the NOAA WP-3D instrument (Schwarz et

e vy sarr e EA"0a, 2005) was cperted by  eamfom NOARS Aetarmy
inlidllegtJriaI emissionls of black carbon are comr:wn in thlé Arc-Lab (Fahey et al.). Teams from the University of Colorado-
oulder (DC-8, Jimenez et al.), the University of Hawaii

tic snowpack and that biomass burning aerosol is a dominan 38, Howell) and NOAA's ESRL CSD (WP-3D, Middle-

S'?g?' "; Spring (He%g_ G';t al._,tzplo). Potent|ﬁll mtcregtseskmbrook et al.) measured submicrometer non-refractory aerosol
C1al, 1955 Weatering et . 2006) have fec o renewed in IEMISHY (NFf, NO;, S, , NR CI-, and organics) us-
terest in the role of fire in the Earth’s climate system (FrommIng high-resolution time-of-flight aerosol mass spectrometry

etal., 2010). However, reliable estimates of plume in'ections(HR_TOF_AMs) (Canagaratna et al,, 2007; DeCarlo et al.,
- . ' . X piur J 2006). Carbon monoxide is measured on board the DC-8,
heights, required for accurate simulation of their long-range,

L P-3B and WP-3D by teams from NASA Langley (Diskin),
transport and radiative effects, have only recently become"\IASA Ames (Podolske) and NOAA ESRL CSD (Holloway)
available on global scales (Guan et al., 2010). Y

The radiative effects of the absorbing components of haz research centers. Gas-phase measurements of acetonitrile
. 9 P . ere measured on board the DC-8 by the University of Inns-
are enhanced over a reflective surface and, unlike snowp

f . the radiati Hoct i by reduci ruck (Wisthaler et al.) (Lindinger et al., 1998; Sprung et
ree regions, the radiative efrects continue by reducing SnOWaI., 2001) and aboard the WP-3D by a team from NOAA's
albedo after their removal to the snow pack (Clarke and

Noone, 1985). Reductions in snow and ice albedo is ofESRL CSD (de Gouw et al.) (de Gouw and Warneke, 2007).

articular concern because of its positive feedback on meItA cetonitrile was not measured on board the NASA P-3B.
P P Total and submicrometer aerosol light scattering were

gogogf searsn?nﬁl z?O\;‘V c\j\?venr dait m'dt' Iﬁit'tﬁdeltsit(zlanrl\]ﬂernetnal'tmeasured onboard the DC-8 by the NASA Langley Re-

| 22)’18_6 Xa (ta Iszgoga dc.e ?h 9 | aftitude ( ﬁ' ON €search Center (Anderson et al.) and onboard the P-3B by
av, ; Xuetal., 2009) and in the polar regions (Hansery, .~ jniversity of Hawaii (Clarke et al) using TSI3-
and Nazarenko, 2004).

. . nephelometers corrected according to Anderson and Ogren
of I?h:ahi:zpr)nrg]c?sgifoiogf tl::iﬁégjggp?hdetzefréxtfirlzfasf??a\rrfg (1998). Light absorption coeffi_cients were measurt_—zd aboard
Satellites (ARCTAS) field campaign (Jacob et al., 2010) inthe NASA aircraft using 3 Radiance Research particle soot

) . : - ' " absorption photometers (PSAP’s). The PSAP absorption
conjunction with the NOAA-funded Aerosol, Radiation, and measurements have been corrected using an updated algo-
Cloud Processes affecting Arctic Climate (ARCPAC) (Brock

et al., 2010). These experiments were US contributions torlthm (Virkkula, 2010), however levels of instrument noise

. 22 “remain~0.5 Mm~1 for a 240-300 s sample average, compa-
POLARCAT, a core International Polar Year (IPY) activity. rable to values reported previously (Ar?derson gt al. 20p03.

Here we summarize measurements of absorbing aerosol 'p/IcNaughton et al., 2009). Submicrometer aerosol extinc-

Lhe trg?:osghere of tge W;s(t:ern ngtI_C lncllt(delntg Ibla;(r:]k @ ion and absorption were measured on board the WP-3D
on (BC), brown carbon (BrC) and mineral dust. In this pa- by a team from the NOAA ESRL (Brock et al., and Lack)

perwe use gas—p.hase tracers and aergsol compo§|t|_on to d'ﬁéing a photo-acoustic method (Slowik et al., 2007) and a
criminate absorbing aerosol of urban/industrial origin from

. . ) . 532 nm Radiance Research PSAP also corrected according
absorbing aerosol generated from biomass burning. Thi

S . . %0 Virkkula et al. (2010).
method of stratification is then applied to simultaneous mea- Aerosol size distributions were measured on board the

surements of carbon monOX|d_e, accumul_anon m(_)de blaCIT\IASA DC-8 using a TSI DMA (dm=0.01-0.50 um), a
carbon mass and aerosol optical properties. This enables

the determination of mass absorption efficiencies (MAE) for  1Differential Mobility Analyzer

Instrumentation
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Droplet Measurement Technologies UHSAGI,e=0.08—
3.0um) and a TSI APS(dae=0.78-20.0 pm). Aerosol size
distributions were measured on board the NASA P-3B us-
ing two custom DMA's (TDMAdp, =0.01-0.20 um; LDMA
dm=0.010-0.50 pm), an optical particle couniégs= 0.15—
8.0pum) and a TSI APSdfe=0.78-20.0 pm) (McNaughton z
et al., 2009). The DC-8 solid diffuser inlet (UH-SDI) is that £
described in McNaughton et al. (2007), whereas the P-3B
employed a newly fabricated inlet with characteristics iden-
tical to those of the original UH-SDI. Aerosol size distri-
butions between 0.004 and 7.0 um were measured on boari
the NOAA WP-3D using a 5-channel condensation particle
counter (CPC) (Brock et al., 2000) and optical particle coun-
ters (Brock et al., 2008) operating behind a low-turbulence
inlet (Huebert et al., 2004b; Wilson et al., 2004). g,

— NOAA WP3-D
MNASA P-3B

3 Results !3‘9&1/ t | NASADC-8 |
The NASA DC-8 and P-3B sampled airmasses over the West-
ern Arctic betwgen 31 March and 19 April 2908 and in- Fig. 1. Flight tracks north of 55N for the NASA DC-8 (green),
clude three sorties from Alaska to Greenland with one DC-8\asa p.3B (red) during ARCTAS and the NOAA WP-3D (blue)
flight via the North Pole (Fig. 1). The NOAA WP-3D flights  qyring ARCPAC.

occurred between 11 and 24 April 2008, and concentrated

on sampling airmasses over Alaska and the nearby Arctic

Ocean. All three platforms encountered airmasses contain\-N L
. ; ) . . : P-3D are elevated aloft as a result of sampling intense
ing anthropogenic urban/industrial emissions, biomass burn;

ing and mineral dust but with differing frequencies and in- biomass burning plumes over Alaska in late April (Warneke
te%sities g ireq et al., 2009). Coefficients of variation for CO from the sur-

. ) N f 7 km are~10-25% and illustr he eff hat in-
Mean vertical profiles of CO, dry aerosol extinction and ace to are-10-25% and illustrate the effect that

accumulation mode~{0.09-0.90 um) black carbon mass for tense episodic plumes have on the composition of the middle

. . .~ .~ _and lower troposphere.
each of the three airborne platforms are summarized in Fig. 2. Posp

Surface-based measurements of CO and total and submi- The profiles of total and submicrometer dry aerosol ex-
crometer dry aerosol extinction at NOAA's Earth System Re-{inction peak in the middle troposphere and illustrate the
search Laboratory (ESRL) Barrow, Alaska site (Barrow) for Ubiquitous presence of mineral dust in the troposphere of
April 2008 (Sharma et al., 2006), as well black carbon mea-the Western Arctic. Measurements of submicrometer extinc-

surements at Environment Canada’s Alert Weather Statiorfion aboard the NOAA WP-3D illustrate the substantial vari-
(Alert) (Gong et al., 2010) are included for comparison. ability in campaign-averaged extinction. Again, coefficients

The first panel of Fig. 2 illustrates that near-surface mear? variation generally increase from value$0 % near the

CO measured aboard all three aircraft are consistent with théurf""c(:a and peak at 3-6km where they can reach values
observations at Barrow. Standard deviations of CO for the>200 %. These differences result from spatial and tempo-
NASA DC-8 and WP-3D are plotted as dashed lines in the'@l heterogeneity of aerosol found in pollution and biomass

first panel of Fig. 2. CO measurements aboard both NASAb!Jrning plumes, as well as differences_ in the sampling strate-
platforms have coefficients of variation (standard deviation9!€S €mployed by each aircrait. The differences cannot be at-

divided by the mean) below10 % at altitudes below-3 km tributed to differences in inter-platform instrument accuracy

increasing to 10-20 % between 4 and 8 km a2 % above nor inlet performanpe as 4 pairs qf intercompgrison flights
8km. With the exception of an intense plume sampled justover a range of altitudes indicate instrument differences of
below 4 km on 19 April, the NASA data indicate the average generally less than 10 %.

profiles are relatively uniform below6 km. Above 6 km CO The important role of combustion-derived aerosol is il-

concentrations begin to steadily decrease due to dilution aftelustrated by the vertical profiles of BC mass in Fig. 2.

mixing high-CO tropospheric air with low-CO air from the The mean BC profiles peak in the middle troposphere with
stratosphere. In contrast, CO measured aboard the NOA&oncentrations between 200-300 ngSm(T =273.15 K,

P =1013.25mb), but are reduced by a factor of four to

2Ultra-High Sensitivity Aerosol Spectrometer ~50ng s nT? at the surface. Median values (not shown), are
3 Aerodynamic Particle Sizer about half the mean values, indicating the data are skewed

www.atmos-chem-phys.net/11/7561/2011/ Atmos. Chem. Phys., 11, 75822011
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Fig. 2. Campaign mean vertical profiles of (left) carbon monoxide (@/dhshed), (middle) total and submicrometer (solid & dashed) dry
aerosol extinction, and (right) mean black carbon as measured aboard the NASA DC-8 (green), P-3B (red) and NOAA WP-3D (blue) during
ARCTAS/ARCPAC in April of 2008.

by a smaller number of relatively intense plumes. For exam-dry deposition of aerosol during transport will result in lower
ple, black carbon concentrations in the middle troposphereBC:CO ratios for all plume types. As expected, the data from
range from as low as 1-5ngsthto as much as 1500— each aircraft indicate several distinct relations between BC
1800 ng s m? resulting in coefficients of variation that are and CO. While the DC-8 data have several small groups of
>100%. The aircraft near surface:Z km) concentrations data with high ACN, the presence of high ACN from BB
of BC are lower but of the same magnitude as surface baseplumes is more frequent in the WP-3D data.

measurements at Alert, Canada from 1997-2008. Thus while The ratio of AMS accumulation mode measurements of

surface based observations provide time series needed ganic aerosol to sulfate aerosol are also useful for deter-
document trends in emissions and their transport to the ArCmining whether an airmass is Strong|y influenced by biomass
tic, these measurements cannot, in general, be extrapolataslirning (Middlebrook et al., 2008). The bottom row of Fig. 3
to derive column burdens of BC. replots BC versus CO with datapoints now colour coded by
Acetonitrile (ACN) (de Gouw et al., 2004; Warneke the base-10 logarithm of the ratio of AMS Organics:Sulfate.
et al., 2006) and hydrogen cyanide (HCN) (Crounse etThe use of the base-10 logarithm of the ratio is used in order
al., 2009) are Commomy used to Separate biomass burnin&) better illustrate the wide range of variability in the Organ-
(BB) influenced airmasses from airmasses dominated by uri.CSZSU'fate ratio between 1:10 to as much as 20:1. The AMS
ban/industrial emissions. The upper row of Fig. 3 plots data confirm that most airmasses sampled by the DC-8 and
black carbon mass versus CO mixing ratios colour codedhe P3-B are relatively low in organics while there are nu-
by acetonitrile (ppbv). A priori we expect the relationship Merous airmasses from the WP-3D data with organics con-
between BC and CO to vary as a function of their Sourcecentrations 3-20 times their sulfate content ﬂﬁg05—13
(e.g. urban/industrial emissions versus biomass burning) anth the plot). More detail regarding these biomass burning
the airmasses transport history, ie. dry versus wet ConvecﬁGfOSO' can be found in ARCPAC related pUb"C&tiOﬂS includ-
tion followed by advection and dispersion. Relatively effi- ing (Spackman et al., 2010; Warneke et al., 2009, 2010).
cient combustion from urban/industrial sources are expected In an effort to separate Western Arctic airmasses domi-
to have BC:CO slopes higher than those for relatively inef-nated by biomass burning emissions from those dominated
ficient biomass burning sources. Similarly, while CO is ap- by urban/industrial pollution we select a threshold value of
proximately conserved during long-range transport, wet andL60 pptv of acetonitrile and an AMS Organics:Sulfate ratio

Atmos. Chem. Phys., 11, 7561582 2011 www.atmos-chem-phys.net/11/7561/2011/
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Fig. 3. (top-row) 1-min averaged black carbon concentration (@ STP) plotted versus CO concentration (ppbv) and coloured by the concen-
tration of acetonitrile, CHCN (ppbv). (bottom-row) same as above but coloured by base-10 logarithm of the ratio of AMS Organics:Sulfate.

of >2:1 (log1o(Org:SQ;) >0.30) as two independent meth- ing the subsets of the data classified as BB according to each
ods of stratifying the CO and black carbon data. We recog-method of stratification. Table 2 summarizes as a percentage
nize that these values were chosen arbitrarily and that mixthe black carbon data classified as BB from the available SP2
ing and other processes will confound a true separation oflata for each aircraft.
airmass types. For example, the acetonitrile threshold is an Despite sampling over Alaska during a similar time pe-
absolute concentration and will subsequently be affected byiod, the frequency with which each aircraft sampled biomass
airmass dilution, while the AMS-derived criteria is relative purning influenced airmasses is very different. This differ-
(a ratio), and will not change until plume concentrations ap-ence holds regardless of whether we base the assessment on
proach the AMS instrument’s limits-of-detection. However, the available CO or BC data or whether we stratify biomass
the objective here is to compare/contrast the observationpurning dominated cases using acetonitrile or the ratio of
from each platform in an effort to describe, in general, the AMS Organics:Sulfate. As evident in Tables 1 and 2, by
presence of absorbing aerosol in the Western Arctic and taising acetonitrile or AMS chemistry to stratify the data, we
what extent is may be derived from urban/industrial versusconclude that 11-14 % of the samples were dominated by
biomass burning sources. BB emissions. Of greater interest is the implied proportion
Figure 4 plots histograms for all CO data acquired north of BC over the Western Arctic which can be attributed to BB
of 55° N for each platform. A subset of the histogram cor- emissions versus BC produced from urban/industrial activi-
responding to the BB dominated plumes is over-plotted inties. These statistics are summarized in Table 3 where the
red. The upper row of Fig. 4 uses Method-1, stratification us-observations from all three airborne platforms are combined.
ing ACN, while the lower row uses Method-2, stratification The BB-influenced airmasses, as defined here, account for
based upon AMS ratios of Organics:Sulfate. Table 1 sum-~42-47 % of the total BC burden.
marizes, as a percentage, the number of 60-s average dataln-situ observations provide relatively accurate and precise
points classified as “biomass burning dominated” from themeasurements of absorbing aerosol along the aircraft flight-
available CO data (N, at 60-s). The location and number ofpaths. However the limited duration-{-month) of the in-
60-s averaged data points recorded by the SP2 differs slightlyensive observation period, as well as spatial and temporal
from those recorded by the CO instruments. Figure 5 plotsvariability of aerosol plumes means that aircraft data alone
histograms of the base-10 logarithm of black carbon conceneannot be used to determine the representativeness of the
trations (ug s m3) measured by the SP2 instruments, includ- sampling strategy, nor the seasonal or interannual variability

www.atmos-chem-phys.net/11/7561/2011/ Atmos. Chem. Phys., 11, 75822011
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Fig. 4. Histograms of CO over the Western Arctic during April 2008. Top: CO data stratified using a threshold concentratiggCdf CH
of 0.160 ppbv to identify BB airmasses. Bottom: CO data stratified using a threshold ratio of AMS Organics:Sulfate of 2.0 to identify BB
airmasses.

Table 1. Percentages of airmasses classified as biomass burning fofable 2. Percentages of airmasses classified as biomass burning for
each aircraft. Two methods of stratification are employed in ordereach aircraft. Two methods of stratification are employed in order
to characterize all of the available date for carbon monoxide (CO).to characterize all of the available date for black carbon mass (BC).
There are no measurements of acetonitrile aboard the NASA P-3BThere are no measurements of acetonitrile aboard the NASA P-3B.

Platform  Method-1 ACN>0.160 ppbv  Method-2 Org:S042.0 Platform  Method-1 ACN-0.160 ppbv  Method-2 Org:S3-2.0
% N (60-s) % N (60-s) % N (60-s) % N (60-s)
DC-8 5.5% 3352 7.7% 3461 DC-8 7.6% 2342 10% 2489
P-3B 2.6% 2220 P-3B 2.8% 2087
WP-3D 17% 2905 32% 1592 WP-3D 21% 2249 38% 1275
Total 11% 6257 11% 7273 Total 14 % 4591 14 % 5851

of absorbing aerosol over the Western Arctic. This consid-in_sjtu measurements and satellite retrievals (e.g. Fisher et
eration is particularly important as the ARCTAS/ARCPAC ). 2010). Climate models which include aerosols and that
results demonstrate that Spring 2008 was a relatively inyemonstrate reasonable fidelity with respect to in-situ mea-
tense year for BB emissions from Asia (Fisher et al., 2010;5rements obtained during the IPY could be used to as-
Warneke et al., 2009), with potentially reduced efficiency in sess the representativeness of the ARCTAS/ARCPAC air-
the transport of urban/industrial emissions to the region (Fuyaft sampling, potentially improving future collaborations.
elberg et al., 2010). However recent comparisons between global models and in-

Investigations into the spatial and temporal variability situ airborne measurements of BC highlight the huge diver-
of BC over the Arctic domain are best suited to regional sity among model simulations, particularly over the Arctic
and global chemistry/aerosol models constrained by bottdomain (Koch et al., 2009).

Atmos. Chem. Phys., 11, 7561582 2011 www.atmos-chem-phys.net/11/7561/2011/
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Fig. 5. Histograms of base-10 logarithm of BC concentrations over the Western Arctic during April 2008. (top-row) BC data stratified using
a threshold concentration of GEN of 0.160 ppbv to identify BB airmasses. (bottom row) BC data stratified using a threshold ratio of AMS
Organics:S@_ of 2.0 to identify BB airmasses.

Table 3. Burden, expressed as a percentage of total burden, of blackVe" dug toits r_e_mOte location, harsh env'ronm(?m' and ","t'
carbon mass associated with biomass burning plumes compared f'0SPheric conditions that preclude comprehensive satellite

the mass of black carbon for all airmasses sampled during ARCCOverage, the atmosphere of the Western Arctic likely re-
TAS/ARCPAC. mains critically undersampled.

Platform  Method-1 ACN>0.160 ppbv  Method-2 Org:S042.0

4 Discussion

DC-8 33% 41%

P-3B 12% . - . .

WP-3D 56 % 64% 4.1 Mass absorption efficiency of light absorbing
carbon

Total 47 % 42 %

Global climate models need to accurately simulate sources,
sinks and the vertical distribution of absorbing aerosols in
Inter-model diversity when simulating the atmospheric order to evaluate their radiative effects. Models also need

burden (load) of aerosol species at the poles is slightly loweto ensure that intensive aerosol parameters, e.g. single scat-
for BC than for organic aerosol and dust (Textor et al., 2006).tering albedo, are accurately simulated or parameterized
However, simulating organic aerosol is particularly complex (Anderson et al., 1999; Haywood and Shine, 1995). A
(Kanakidou et al., 2005), with high diversity among mod- key parameter linking BC emissions to their light absorb-
els predicting their optical properties globally (Kinne et al., ing properties is the mass absorption efficiency, with units
2006). Given the important role of the crysophere in globalof m? g1 (MAE). To first order this quantity can be obtained
climate and sea level, the in-situ airborne measurements cokrom regressions of light absorption at a given wavelength
lected by NASA and NOAA during ARCTAS and ARCPAC against light absorbing mass. However, there are several fac-
provide valuable constraints for future simulations of absorb-tors which complicate this conceptually simple analysis for
ing aerosol in the atmospheric of the Western Arctic. How- black carbon. First, although black carbon (BC) typically
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Fig. 6. Apparent mass absorption efficiency of BC in Arctic aerosol using total aerosol absorption at each of the 3 PSAP wavelengths; DC-8
data on the left, P-3B data on the right. DC-8 data at 470 nm wavelength (black symbols, dashed line) have been corrected (blue symbols,
solid line) based on wingtip-to-wing-tip intercomparisons with the P-3B.

dominates aerosol absorption, absorption by organic carborestimated from the DC-8 data set (black dashed line). DC-
e.g. humic-like substances (Graber and Rudich, 2006), an& and P-3B MAE’s at 530 are in good agreement with val-
mineral dust (Lafon et al., 2006; Sokolik and Toon, 1996) ues of 9.5-0.2 and 10.3:0.4 n? g~! respectively; values at
can also contribute to total aerosol absorption. Second, ab660 nm are also in good agreement atf071 and 6.2-0.3.
sorption by internally mixed BC is enhanced by absorbingWhile instrument uncertainty could potentially account for
and non-absorbing coatings (Bond et al., 2006; Fuller etdifferences in blue absorption of 10-15 %, these effects are
al., 1999; Lack and Cappa, 2010; Schnaiter et al., 2006)typically manifest at low concentrations due to instrument
These coatings are common in both pollution (de Gouw andhoise. The cause for the discrepancy is an erroneously low
Jimenez, 2009; DeCarlo et al., 2010) and biomass burnindlue absorption value for the DC-8 PSAP instrument — a dis-
plumes (Clarke et al., 2007; Gyawali et al., 2009). Finally, crepancy identified during wingtip-to-wingtip intercompar-
the accuracy of filter-based light absorption measurementssons among the aircraft. After empirically correcting the
(Cappa et al., 2008; Lack et al., 2008; Subramanian et al.DC-8 blue absorption data (using NASA P-3B data) the slope
2007), the definitions of elemental versus black carbon, andgnd uncertainty of the MAlzg regression are recalculated at
the inter-comparability of their independent measurement ard 5.2+0.3 n? g~ 1. The corrected data are used throughout the
subjects of ongoing study (Schauer et al., 2003). remainder of this manuscript.

Despite these complications, regressions of total light ab- As noted above, these MAE estimates represent total ab-
sorption versus accumulation mode black carbon for eaclsorption efficiency and include absorption by non-BC car-
of 3-wavelengths X 470, 530, 660 nm) are relatively con- bonaceous species, mineral dust, and possible amplification
sistent between the NASA DC-8 and P-3B during ARCTAS due to coatings. In an effort to better constrain and separate
(Fig. 6). MAE470 shows the greatest disparity with a P-3B the MAE’s for BC and brown carbon (BrC), we take a closer
value of 14.8Ag~1, some 17 % higher thanthe 12.7gr!  look at the NASA P-3B data. First, the 1-min averages are
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Fig. 7. Total mass absorption efficiency at 3-wavelengths for light absorbing carbon (left) and for brown carbon (right), normalized to
absorption at 660 nm. Rows are color-coded by absorptiastdm exponent (top), coarse mode fraction (middle), and scattérggttom
exponent (bottom).

pooled into 2-min averages and a lower threshold of 3Nm The wavelength dependence of black carbon is relatively
for total scattering (550 nm) is used to exclude low signal-to-weak and expected to vary as ! (Kirchstetter et al.,
noise absorption data (typically PSAP noise~i8.5 Mm~1 2004). Absorption by brown carbon is typically very small at
for a 300 s sample). Next the ratio of submicrometer to to-660 nm where we argue (Clarke et al., 2007) that it is primar-
tal scattering is used to reduce the influence of high dusily due to black carbon. Making use of this assumption and
cases, i.e. we discard samples with a fine-mode fraction othe PSAP measurements of absorption at 660 nm, it is pos-
scattering (FMEga) below 0.6 (Anderson et al., 2003; Mc- sible to compute excess light absorption at 470 and 530 nm,
Naughton et al., 2009). After applying this stratification the i.e. absorption which is potentially due to brown carbon and
sample number is reduced by about halMe ~700. having a wavelength dependence in excess df We can
The first column of Fig. 7 replots the P-3B total also use the HIGEAR thermal volatility measurements of the
MAE for light absorbing carbon (LAC) using these crite- aerosol size distribution to determine submicrometer refrac-
ria. The top row of data are color-coded by absorptiontory volume (420C, t~=0.1s) (Clarke et al., 2007, 2004;
Angstibm exponent (steep dependence = red; shallow deperMcNaughton et al., 2009). The refractory volume is then
dence =blue), the center row is colored by supermicrome-converted to an estimate of non-BC refractory madg(
ter mass fraction (coarse-mode dominated = red; fine-modéy assuming it has a density of 1.3 gthand then subtract-
dominated = blue), and the final row is colored by scatter-ing the mass of BC measured concurrently by the SP2.
ing Angstibm exponent (coarse-mode dominated =red; fine- The second panel of Fig. 7 plots excess absorption ver-
mode dominated = blue). After performing this stratification sus M.t and the regressions based upon them. Using this
we find that the MAE’s for total aerosol change very little technique we compute an MAE for the refractory mass of
compared to the bulk analysis in Fig. 6 and therefore con-0.83+0.02 and 0.2#0.01nfg~! for 470nm and 530 nm
clude that total absorption is dominated by light absorbingrespectively. Her¢values represent uncertainties to the re-
carbon. gression. When instrument noise, flow rate uncertainties

www.atmos-chem-phys.net/11/7561/2011/ Atmos. Chem. Phys., 11, 75822011



7570 C. S. McNaughton et al.: Absorbing aerosol in the troposphere of the Western Arctic

etc. are added in quadrature, the uncertainty estimates an
0.83£0.15 and 0.220.08nf g~ for 470nm and 530 nm
wavelengths. As the computations are normalized to the ab-<
sorption measurement at the 660 nm wavelength, we canno £
compute an MAE value at 660 nm.

The actual constituents df¢f will include both refrac-
tory organic matter as well as non-organic submicrometer
refractory aerosol from urban/industrial and natural sources.
These constituents may or may not be responsible for en-
hanced absorption at short wavelengths. However, the dat:
were pre-screened to reduce the influence of absorbing dus
by only using data for which FMz5~0.6. We also recog-

Oap, 470~ Cap,0C M

nize that some light-absorbing organic species may volatilize Super-uym Mfrac
below our size distribution pre-heater temperature of420 < 257 -~ - LA P T 1
(Andreae and Gelencser, 2006). However, in the absence o % 20b--__Z: g S el i 08
more detailed chemical information, we are explicitly assum- | l | | '
ing that M ef=brown carbon (BrC). o 157------ ‘ ””” ' T ‘ g 0.6

To evaluate the validity of this assumption, the MAE val- b% 10}~ -l ¢’ Tl

. > 0.4

ues calculated using the ARCTAS data can be compared tc 5l P 7.”1””””17
MAE values for brown carbon from INTEX-A (Clarke et al., § P w‘\ | | 0.2
2007) as well as those computed by Yang etal. (2009) during g 0:&~~- ro- P 1-
EAST-AIRE (Li et al., 2007). Note that the Yang etal. ab- © 0 05 1 15 0

sorbing mass values are based on EC/OC measurements u
ing the Sunset Labs technique (Huebert et al., 2004a; Kline 7 Scat.aAng.

et al., 2004), while their absorption measurements at 470,

520 and 660 nm use a corrected 7-wavelength aethalomete .~ )
(Arnott et al., 2005; Bond et al., 1999). The Yangetal., &

aethalometer data were compared to a corrected (Virkkula et =3 1
al., 2005) 3x PSAP and showed excellent agreement (Yang, §

2007). However, the updated PSAP correction (Virkkula, & 0
2010) means that we can expect both the INTEX-A and the ©"

EAST-AIRE estimates of MAE's to be low by10-30 %. 1

Also note that the Yang et al. MAdc values at all wave-
—1 . -3
Iengths_(e.g. 0.324y~1 @ 660 nm) are normalized to B(_: MaSSBC (ug m>)
absorption at 990 nm rather than 660nm. Thus to fairly
compare these values we need to adjust the ARCTAS browr|1:_ 8. R : ¢ BC bsorpi frici ‘3
carbon MAE values by adding 0.32m~! to the ARCTAS 9. ©. Regressions o mass absorption efliciency at -

: . . __wavelengths normalized to absorption at 660 nm. Rows are color-
MAE values at 470 and 530nm’s. Estimates of absorption, .4 by absorptioAngstiom exponent (top), coarse mode frac-

by this refractory organic matter, i.e. BrC, are summarizeds;,n, (middle), and scatterindngstom exponent (bottom).
in Table 4 and show good agreement between independent

measurements using different techniques, at different loca-

tions, and during different seasons.

By measuring the refractory mass and establishing an The success of this method for refining the estimated
MAE for brown carbon, we can estimate the absorption byMAEgc is evident for the cluster of highest absorption
brown carbon for each sample. We then subtract this valuéngstdm exponent£2.5) data in the upper left panel of
from total aerosol absorption in order to derive a better es+ig. 7. Absorption of blue light (470 nm) by this cluster of
timate for the BC-only absorption. Figure 8 summarizesdata differs significantly from the initial regression. By sub-
this analysis by regressing total absorption, minus absorptiottracting the apparent absorption by brown carbon (product
from brown carbon, against SP2 measurements of BC. Oncef brown carbon MAE and mass &,¢¢) this cluster of data
again the upper, middle and lower panels are colour codeanoves closer to the regression and improvesthby ~3 %.
according to absorptiorﬁ\ngstrijm exponent (top), coarse Taking theAngstn’jm exponent of the regression slopes we
mode scattering fraction (middle) and scatteriggstiom can verify that the regression is approximately preserv-
exponent (bottom). Regressions remain robust, even improving a 14 dependence (i.e-log(11.2/7.4)/1og(470/660 = 1.2).
ing slightly. PSAP and SP2 flow uncertaintiess§ %) and uncertain-

ties of the regression (+/-0.2 to 0.Fgrl) are smaller
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Table 4. Summary of mass absorption efficiencies for refractory organic material assumed to be BrC normalized to absorption at 660 nm
and to absorption at 990 nm.

Wavelength (nm) ARCTAS MAE  INTEX-A MAE ARCTAS MAE EAST-AIRE MAE
Norm. to 660nm Norm.to 660nm Norm.to 990nm Norm. to 990 nm

470 0.83:0.15 0.63:0.02 1.1%0.15 1.01
530 0.240.08 0.02:0.01 0.52:0.08 0.63
660 N/A N/A 0.3% 0.32

* By definition the ARCTAS 660 nm MAE is equal to the EAST-AIRE value of O.§2gnl when the data are normalized to BC absorption at 990 nm wavelengths.

than differences in absorption measured during wingtip-to-amorphous graphitic spheres from diesel soot. The ARC-
wingtip aircraft intercomparisons{8 % to +13%). We also  TAS/ARCPAC value of~5.3n? g1 is also effectively iden-
performed a sensitivity analysis given an uncertainty for thetical to Kondo et al. (2009) who reported 5:8.3n? g1
wavelength dependence of absorption by black carbon ofind recently measured values of 55gn! (Kondo et al.,

1/ ©09-16)  |f we assume that these uncertainties add in2011). A more detailed analysis of potential absorption
quadrature, then our best estimates for ARCTAS MAEor enhancements using the aerosol size distributions and SP2
each wavelength are 11#9.8, 9.5£0.6 and 7.40.7 nf g L. measurements of the BC size distributions during the ARC-
We can now compare the ARCTAS MAE values for BC to TAS/ARCPAC field campaigns is warranted, and should
those already reported in peer-reviewed literature. form the basis of future analyses.

Values for MAEs30 for BC during INDOEX ranged be- 42 Mi D he W Arcti
tween 6.6-8.1g ! (Mayol-Bracero et al., 2002). Two % ineral Dust over the Western Arctic

studies using ACE-Asia dﬁtla reportectiln? gt (Mader A salient observation from the ARCTAS/ARCPAC field
et al,, 2002) and :EZ.ng (Clarke _et al., 2004). _Re- campaigns is the ubiquity of supermicrometer aerosol in the
cent measurenrr];erltls in the East Asian source regions MSree troposphere (FT) of the Western Arctic. The first panel
Egrtl 12'05%0'7 9 at_!1330 nm (Kondo et al., 2009) and of Fig. 9 plots vertical profiles of NASA P-3B (red) and
1,100 and 7.9fg™* at 470, 530 and 660nm (\_/ang the NOAA WP3D (blue) supermicrometer volume&:a).
et al, 2009)'. ando et al. (2009), note that their val- Mean and median volume concentrations are likely higher
ues are-18 t"lﬂ es higher than thc_)se ca_lculated from thec_>ry, aboard the NOAA WP-3D because of the use of an active
5'7:&0'3.”?9 .at 530 nm. They investigated this behavior low-turbulence inlet (Huebert et al., 2004b; Wilson et al.,
and attributed it to filter-matrix effects. 2004) with a 50 % passing efficiency larger than the passive
Our calculations for the MAE of BC account for filter ma- gq|id diffuser inlets used aboard the NASA DC-8 and P-3B
trix effects (Virkkula, 2010; Virkkula et al., 2005), but do (McNaughton et al., 2007). Intense plumes of coarse mode
not account for absorption enhancements due to coatingserosol were rare during ARCTAS, however the WP-3D did
Thus results report here should be viewed as the mass akmcounter one such plume with 60-s average volume greater
sorption efficiency of dry (RKt40 %) aerosol found in the  than 50 prim~3. The effect of this plume on the mean value
atmospheric environment rather than an MAE for uncoatedof v, for the WP-3D is shown in Fig. 9 compared to the
graphitic carbon or values for pure black carbon particulatemegn P-3B data.
calculated from theory. Coating of BC particulate is expected The second panel of Fig. 9 summarizes the mean fine
to result in~35 % absorption enhancement depending on thenode fraction (FMF) of extinction and aerosol volume North
ratio of shell to core diameters (Fuller et al., 1999), or asqf 55° N during ARCTAS/ARCPAC. Measurements of total
much as a factor of 1.8-2.0 depending on the wavelength ofnd submicrometer extinction are common to the NASA air-
interest and nature of the coatings (Lack and Cappa, 201Gsraft only, and are plotted as solid green (DC-8) and blue
Schnaiter et al., 2005). (P-3B) lines; supermicrometer volume is common between
If we assume that coating by non- or weakly-absorbingthe two P-3's and plotted as dashed lines. The DC-8 spent
aerosol results in a35% enhancement then our reduced the most time at high altitude and in the High Arctic (i.e.
MAE value of 7.0 +/ 0.6 rAg~! at 530 nm is in good agree- North of 70° N), whereas the two P-3’s spent more time in
ment with the value of 7:50.3n?g~1 (@550 nm) reported the mid- and lower-troposphere and concentrated their sam-
for BC in the review by Bond et al. (2006) and 7.2 gr? pling near Alaska. The DC-8 submicrometer nephelometer
recently reported for diesel soot (Adler et al., 2010). If ab- also periodically malfunctioned during the campaign, result-
sorption by uncoated BC is being over estimated by 80 %ing in fewer samples in Fig. 9 profilev(=600) compared
then a reduced value 5.3 n? g~ is comparable to Fuller to the P-3B (Vv =2000) and WP-3D X =1500). The opti-
et al. (1999) who reported an MAE value of 5.4 g1? for cal and microphysical aerosol measurements both indicate
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12 — 12 ——— The ACE-Asia measurements (Spring, 2001) of the East
N ot Sl Asian source region are dominated by “mixed airmasses”
oo | TR e || ____2_32_337;:‘; ] (0.3<FMFscar<0.6) until the 700 mb level where the av-
| === WP-3D - Volume | | erage FMkcat drops below 0.5 and “dusty airmasses”
o R (FMFgca<0.3) are more common. Measurements aboard
s 77777 77777 777777 sl 777777777 - the NASA DC-8 over the North Pacific during INTEX-B

(Spring 2006) and aboard the NSF/NCAR C-130 off the US
west-coast during IMPEX (Spring, 2006) are qualitatively
very similar. Both are influenced by sea salt below 900 mb,
| show “fine-mode dominated” (FMEae0.6) or mixed air-
. mass types up to 700 mb and then become more heavily in-
! fluenced by mixed airmass types above 700 mb due to the
(L long-range transport of Asian pollution and dust. In con-
VRN trast measurements over North America east of Y80on-
o gitude during INTEX-NA (Summer, 2004) show a very low
‘ frequency of airmasses that contain supermicrometer dust.
. 4 Fine Modo Eraction ?‘éMF)l Those INTEX-NA samples that did contain dust (rather than
Vg (M7 SM™) sea salt near the surface) were either fresh urban plumes,
or located in the US Southwest where airmasses contained
Fig. 9. (left) Profiles of mean and median supermicrometer volumetraces of Saharan rather than Asian dust. During ARC-
(Veoa) from the NASA P-3B and the NOAA WP-3D. (right) Profiles  ToS the NASA DC-8 spent the most time in the High Arc-
of flne-mgde fraction of extinction (solid lines) and.aer.osol vo!ume tic whereas the two P-3B’s spent most time sampling near
(dasheql lines) — Note that_:eoo for the DC-_8 extinction profile Alaska. The ARCTAS DC-8 FMEq profile also suffers
due to instrument malfunction. For comparistd= 2000 for the from low sample numbers due to malfunction of the sub-
P-38 and\'=1500 for the WP-3D. micrometer nephelometer. However, the data still indicate a
greater proprtion of “mixed” airmass types were found above
) ] ) 700mb. The ARCTAS P-3B data indicate that fine mode
that supermicrometer aerosol concentrations are highest b&ryminated and mixed airmass types are comparable in num-
tween 6 and 8km, decreases toward the surface but then i pelow~700 mb but that mixed and even dusty airmass
creases again belowlkm. The PALMS instrument aboard - tynes hecome more prevalent in the middle to upper free tro-
the_WP—3D measured sup_ermmrometgr pamp!e Chem'St%osphere. Thus, the ARCTAS/ARCPAC data support the hy-
during ARCPAC, and provides the unique ability to sepa- hoihesis that Western Arctic airmasses are heavily influenced
rate these aerosol into dust and sea salt particle types (Froygl, emissions of Asian Dust transported across the Pacific af-

et al., 2009). Above~4km mineral dU_St particles account o, lofting by mid-latitude cyclones over Central Asia, East
for >80% of the total number of particles analyzed by the agja and the Eastern North Pacific (Fuelberg et al., 2010;
PALMS. Below 4 km the number fraction of dust particles g;iqpy, 2006).

then decreases, suph that sea salt particle types account for|, 5 attempt to derive the MAE for supermicrometer dust,
60-80 % of the particle number below 1 km. an analysis similar to that conducted for light absorbing car-
These results can be put further into context by exam-bon was undertaken. Despite the ubiquity of supermicrome-
ining the vertical profiles of fine mode fraction of scatter- ter aerosol over the Western Arctic, the low absorption effi-
ing (FMFsca; Anderson et al., 2003) measured during other ciency of dust and the high noise levels of the PSAP’s make
airborne field campaigns, employing the same inlets and/oan accurate determination of the dust MAE difficult. Fig-
instrumentation, while sampling over the North Pacific andure 11 plots 470 nm (top) and 530 nm (bottom) supermicrom-
North America in the Spring and Summer (Clarke and Ka- eter absorption versus dust mass assuming a dust density of
pustin, 2010). Figure 10 plots FMEy profiles measured 2.06 gcnt!. The data are color coded by supermicrometer
during ACE-Asia (Clarke et al., 2004; Huebert et al., 2003), mass fraction (top) and scatterivﬁglgstr'om exponent (bot-
INTEX-NA (Clarke et al., 2007; Shinozuka et al., 2007), tom). In Fig. 11 all available data are plotted as open circles.
INTEX-B/IMPEX (Dunlea et al., 2009; McNaughton et al., Because of the high PSAP noise levels and the potential in-
2009), and ARCTAS. In the figure the analysis is restrictedfluence of absorption by non-dust species the data were heav-
to cases where total light scattering is greater than 3WIm ily stratified by choosing data with a supermicrometer mass
to eliminate ratios derived from low signal-to-noise scatter-fraction >0.75 or a scatteringc’\ngstrbm exponent of less
ing values which can skew the summary statistics. We plotthan 1.0. Sea salt was eliminated by restricting the analysis
the fractions with respect to atmospheric pressure to betteto data with absorptioﬂngstlt")m exponents greater than 1.5.
normalize measurements occuring over different terrain and'he data retained for us@&/(=94 at 300 s) in the regressions
during different seasons. are plotted as filled circles. Regressions based on the subset

Altitude (km)

0
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Fig. 10. Vertical profiles of the fine mode fraction of scattering (Rddf measured in-situ via aircraft during recent NASA and NSF-funded

airborne field campaigns. Data points (N) are restricted to cases where total scattering is greater thant@ dMiminate ratios computed
from low signal-to-noise scattering values.

of data result in MAE estimates of 0.034gr! at 470nm, 4.3 Relative contributions of sources and absorbing
and 0.017 rAg~! at 530 nm. Even after heavy stratification species to light absorption over the Western Arctic
the regressions statistics remain po&© €0.29, 0.13) but
the slopes differ significantly from zero with 95 % confidence
intervals for the slopes of 0.023-0.046 g7, and 0.008-
0.027 n? g~ respectively.

Yang et al. (2009), report an MAfg for dust of

The efficacy of radiative forcing by BC, BrC and mineral
dust over Polar Regions depends on their vertical distribu-
tion in the atmosphere. Although BC is the dominant ab-
" ) . - sorber, its vertical distribution differs from that of dust and
0.050nt g N greater than our highly uncertain estimate of ¢, non.absorbing sea salt. Furthermore, the strong wave-
0.034 nfg~* and slightly greater than our 95% confidence ength dependence of both brown carbon and dust mean that
interval. Reported MABso viellues for Asian dust range be- 1o nroportion of light absorption due to these species will
tween 0.009 and 0.034%g~* (Clarke et al., 2004; Yang et  aisq vary as a function of solar wavelength. Thus it is useful
al., 2009). These are plotted as dashed (C04) and solid (YO}, compare the vertical distribution of the relative contribu-
black lines in Fig. 11 and roughly bracket the 95 % CI of our 44, from each source and species relative to absorption from
estimate. all sources.

The first panel of Fig. 12 summarize the mean and median
mass concentration profiles for BC over the Western Arctic.
The ARCTAS/ARCPAC measurements show that black car-
bon peaks in the middle troposphere betweg¢hand 6 km
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Fig. 11. Estimate for the MAE of supermicrometer dust at 470 nm (top) and 530 nm (bottom). Data were heavily stratified (solid symbols)
so as to include only samples that were dominated by dust. Solid blue and green lines are the regressions, dashed are the 95 % confidenc
intervals for the slope. Yang et al. (2007) (solid black) and Clarke et al. (2004) (dashed black), are included for comparison.
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Table 5. Summary of vertical profiles for black carbon mass, submicrometer aerosol mass, refractory submicrometer aerosol mass, as well
as supermicrometer mineral dust and sea salt aerosol mass. Statistics include mean, median and standard deviations calculated from ¢
available 1-min averaged data measured onboard the NASA DC-8, P-3B and NOAA WP-3D during ARCTAS/ARCPAC.

Altitude (km) Black Carbon Mass Submicrometer Mass | Refractory Sub. Mass Dust Mass Sea salt Mass
(ngn3) (ngnm3) p=1.6 (mgn3) p=1.3 (ugn3 p=2.20)p=2.06 (ngn3)
mean mean median stdey mean median stdey mean median stdey mean median stdev| mean median stdev
10.7 0.002 0.001 0.00
9.2 0.023 0.017 0.01
8.3 0.057 0.052 0.02
7.1 0.093 0.057 0.11 1.4 0.77 2.0 | 047 0.28 0.68| 3.4 2.2 3.9 0.55 0.54 0.62
6.3 0.110 0.075 0.099 15 1.3 1.6 | 0.39 0.23 0.50( 2.1 1.2 3.2 0.63 0.62 0.95
5.6 0.105 0.073 0.10 2.8 1.6 26 | 0.35 0.24 0.33| 2.8 1.5 4.5 0.45 0.39 0.71
5.0 0.176 0.123 0.168 4.7 3.8 4.2 | 0.50 0.33 0.73| 2.3 1.7 3.0 0.49 0.46 0.63
4.4 0.241 0.169 0.235 7.1 4.7 7.7 | 054 0.39 0.62| 2.7 1.8 2.9 0.58 0.48 0.63
3.6 0.277 0.171 0.288 6.2 2.1 89 | 1.94 0.52 3.45| 2.3 1.6 2.2 0.47 0.37 0.46
3.1 0.137 0.086 0.155 4.1 1.5 6.4 | 0.46 0.23 0.63| 14 0.82 1.6 0.35 0.25 0.40
2.6 0.103 0.061 0.11 2.5 1.5 3.6 | 0.26 0.17 0.36| 1.0 0.61 1.3 0.52 0.42 0.69
2.1 0.112 0.077 0.12 3.8 3.1 4.4 | 0.26 0.18 0.29| 1.1 0.57 1.5 0.64 0.50 0.86
1.6 0.111 0.058 0.13§ 4.5 1.7 5.6 | 0.27 0.22 0.22| 0.61 0.44 0.61 | 0.74 0.60 0.74
1.2 0.065 0.044 0.067 2.6 2.0 2.2 | 0.30 0.23 0.28| 0.44 0.36 0.37 | 0.94 0.87 0.79
0.73 0.063 0.039 0.05 2.7 2.2 20 | 0.43 0.40 0.30| 0.40 0.31 0.39 1.2 1.1 1.2
0.30 0.061 0.039 0.06 2.8 2.1 2.0 | 0.40 0.30 0.33| 0.39 0.30 0.33 1.7 1.4 1.4
0.13 0.037 0.030 0.04 1.7 1.5 0.83| 0.57 0.30 0.54| 0.40 0.26 0.41 2.0 1.6 2.0

with values in excess of 0.1 ug sth The second panel sum- 8km. In the lower free troposphere (2—6 km), dust mass is
marizes the vertical distribution of supermicrometer mass af-decreasing as black carbon concentrations, especially from
ter classifying these aerosol as either dust or sea salt. ThiBB emissions, are reaching their peak values. Here the
classification is accomplished by using data from the PALMSSSA's are equal at each wavelength. Near the surface, we
instrument (Froyd et al., 2009) to separate the P-3B and WPebserve the lowest masses of LAC (mostly urban/industrial
3D supermicrometer number distributions into aerosol typesgemissions) and enhanced scattering due to sea salt aerosol.
and then applying realistic assumptions for the shape of logThe result is higher dry SSAs that increase at shorter wave-
normal dust and sea salt number distributions over the Northengths, an effect that will be magnified in the ambient at-
Pacific (number median diameter, NMD=0.65um, ge- mospheric environment due to high RH in/near the boundary
ometric standard deviatiomgpy =2.0; NMDss=0.40um, layer. Table 6 contains summary statistics for dry aerosol
og,ss= 2.15) (McNaughton, 2008). These number distribu- optical properties measured during ARCTAS including to-
tions are then converted to volume distributions, the integralgal extinction, column aerosol optical depth (AOD), single
multiplied by appropriate dry bulk densitiesgy =2.06 and  scattering albedo and extinction-weight column SSA val-
PSS= 2.209cn’T3), and the statistics summarized to con- ues at 470, 530 and 660nm. ARCPAC extinction values
struct the vertical profiles in Fig. 12. As indicated, min- are not included as they are submicrometer measurements
eral dust concentrations greater than 2 pgemre common  only. However, a comparison between the NASA DC-8
above 4km and decrease linearly to less than 0.51gsm plus P-3B submicrometer extinction values and submicrom-
at the surface. Sea salt is most common befenkm but  eter extinction for all three aircraft (i.e. including the NOAA
was detected throughout the FT by the PALMS instrument.WP-3D values) is of interest because the NOAA WP-3D
Table 5 contains summary statistics for the vertical profilessampled a much higher proportion of BB influenced air-
of aerosol mass measured during ARCTAS/ARCPAC includ-masses (Tables 1-3). Submicrometer A@fvalues for
ing mean, median and standard deviations of BC mass, sulthe NASA aircraft average 0.12 (median =0.08) with an ex-
micrometer mass, submicrometer refractory mass {€20 tinction weighted column SS#g value of 0.94-0.5. The
t=0.1 s), and supermicrometer mineral dust and sea saubmicrometer AOB3o values computed from the average
mass. An estimate of BrC mass can be obtained by subtractf all three aircraft average 0.16 (median=0.10) with an
ing BC mass from submicrometer refractory mass. SSAs30 value of 0.95-0.04. These values can be compared

. ] ) ] to the total AOR}3g and SSAs3gvalues from the NASA air-

The third panel of Fig. 12 plots vertical profiles of aerosol raft which averaged 0.15 (median =0.10), and 8:03.

single scattering albedo at 470, 530 and 660nm waveThys, the presence of the intense but episodic BB plumes
lengths. Low scatteringangstiom exponent but high ab-  gpserved during ARCTAS/ARCPAC has increased the col-

sorbing,&ngstrbm exponent by Asian dust at high altitude | mn AOD values by~1/3 while potentially increasing the
leads to lower 470 nm than 660 nm SSAs between 6 and
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Table 6. Summary of vertical profiles for total light extinction and aerosol single scattering albedo at 470, 530 and 660 nm wavelengths.
Statistics include mean, median and standard deviations from all available 1-min averaged data measured onboard the NASA DC-8, P-3B
during ARCTAS. Column dry aerosol optical depth (AOD) and SSA values are weighted by extinction.

Altitude (km) | Total 470 nm Extinction| Total 530 nm Extinction| Total 660 nm Extinction| Total SSA at 470 nm| Total SSA at 530 nm| Total SSA at 660 nm
(Mm~=1) (Mm~—1) (Mm~1)

mean mean median stdey mean median stdey mean median stdey mean stdev mean stdev mean stdev
10.7 4.8 4.8 1.6 2.6 25 11 2.3 2.2 14

9.2 6.9 6.5 39| 4.0 3.6 27| 46 3.7 3.3

8.3 12 10 8.5 11 9.3 7.6 9.1 7.7 6.9 | 0.96 0.03 0.97 0.02 0.98 0.03
7.1 19 11 31 16 9.8 25 13 7.7 18 | 0.95 0.03 0.96 0.03 0.97 0.03
6.3 18 11 25 15 9.5 20 11 6.8 14 | 0.95 0.04 0.96 0.04 0.96 0.05
5.6 17 11 21 13 8.7 17 9.4 6.3 12 | 0.95 0.03 0.95 0.03 0.95 0.04
5.0 37 18 73 28 14 61 19 9.7 47 | 0.95 0.04 0.95 0.04 0.95 0.04
4.4 34 16 58 26 12 44 17 8.8 28 | 0.95 0.03 0.95 0.03 0.95 0.04
3.6 75 25 129 54 18 95 34 12.4 58 | 0.94 0.03 0.94 0.03 0.93 0.05
3.1 22 13 29 16 9.6 21 11 6.7 13 | 0.95 0.03 0.94 0.04 0.93 0.05
2.6 17 14 17 14 10 26 8.4 7.1 8.1 | 0.94 0.03 0.94 0.04 0.94 0.05
2.1 15 12 13 11 8.8 10 7.3 6.0 6.5 | 0.95 0.03 0.95 0.04 0.94 0.05
1.6 13 13 12 10 9.5 9.3 6.6 6.2 6.5 | 0.95 0.02 0.95 0.03 0.94 0.04
1.2 16 15 13 11 11 9.4 7.8 7.3 6.0 | 0.96 0.02 0.96 0.03 0.95 0.03
0.73 17 16 11 13 11 7.9 8.5 7.8 5.0 | 0.96 0.03 0.95 0.03 0.95 0.04
0.30 17 16 7.0 13 12 5.4 8.9 8.4 4.0 | 0.96 0.02 0.96 0.02 0.96 0.02
0.13 16 14 6.7 12 10 5.3 8.7 7.1 4.3 | 0.96 0.02 0.96 0.02 0.95 0.03
AOD & SSA | 0.20 0.13 0.15 0.10 0.11 0.07 0.95 0.03 0.95 0.03 0.95 0.04

12

column SSA values by 0.01; the result of typically higher 12 T — ‘
SSA for BB aerosol at 530 nm compared to 530 nm SS for A LT Y rom
urban/industrial emissions. b ____;CD‘;V“;C b ___.zm.c

There are too few dust-free samples to calculate a ro- | ] s, | e I o, |
bust vertical distribution of submicrometer non-BC refrac- | —mmeBrowncy, | e Browncy,
tory mass (i.e. BrC). To calculate this quantity we instead L ‘
use the average ratio of BC to submicrometer refractory -
mass (BC/(BrC+BC)) to estimate BrC mass, restricting our =
analysis to cases where FME=>0.6. In urban/industrial
airmasses the ratio of black carbon to submicrometer non-;
dust refractory mass is approximately 0.25 (0.27 in Clarke
et al., 2007; 0.23 during ARCTAS). In biomass burning
plumes this ratio is closer to 0.15 (0.13 in (Clarke et al.,
2007; 0.17 during ARCTAS). We can then use mass pro-
files of BC and dust to separate the contributions of each ab-
sorbing species at 470 and 530 nm wavelengths. Based on e I
ARCTAS/ARCPAC results at 470 nm we assume an MAE 0 1 1 w ‘ 0 1 1 1 ‘
of 11.2nfg~1, an MAEg.c value of 0.83mMg~%, and an o o o
MAE pust of 0.034nfg~1. At 530 nm we use MAE values ap. 470

0f 9.5, 0.27 and 0.017fy™" for each species. Fig. 13. Relative contributions of light absorbing carbon to total ab-

. The So.hd plue and greep lines in Fig. 13 plot the r_ela' sorption as a function of altitude over the Western Arctic at 470 nm
tive contribution of absorption by LAC to total absorption (left) and 530 nm (right) wavelengths. Contributions by black car-

at 470nm (left) and 530 nm (right) wavelengths. The figure hon (solid lines) and brown carbon (dashed) are further separated by
further separates the contributions from the two main sourcesneir sources, urban/industrial emissions (red), and emissions from

of anthropogenic absorbing aerosol — urban/industrial (rechiomass burning (black).

lines), biomass burning (black lines) — and breaks the LAC

contribution into the fraction of total absorption from black

carbon (solid red, black) and brown carbon (dashed redthese altitudes, light absorption by BrC from urban/industrial

black) at both wavelengths. emissions average 9% (470nm) and 4% (530 nm) of total
Above 6 km the contribution of mineral dust to total light light absorption, whereas absorption by BrC from biomass

absorption is significant, and constitutes 4—12 % or 3—8 % ofburning emissions accounts for 12 % and 6 % of total light

absorption at 470 and 530 nm wavelengths respectively. Aabsorption at each wavelength. Thus when combined, light
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absorption by BrC from anthropogenic sources is responsibldotal light absorption at these altitudes. Above 6 km dust con-
for a higher proportion of total light absorption than nom- centrations reach average values as high as 2.1-3.4pé§sm
inally “natural” sources of mineral dust. Below 6 km the And though concentrations of LAC are decreasing above
contribution by dust to total light absorption is even lower. 6 km, total light absorption remains dominated by LAC such
LAC from urban/industrial sources constitute 51-54 % of to- that absorption by mineral dust accounts for only 4-12 % or
tal light absorption, while LAC from BB emissions account 3-9 % of total absorption at 470 nm or 530 nm wavelengths
for 42—45 % of light absorption by aerosol. Thus the 2008respectively. Light absorption by brown carbon is a higher
ARCTAS/ARCPAC results show that largely anthropogenic fraction of total absorption for BB plumes, accounting for
sources of LAC account for 94—99 % of total light absorption ~12 % or~6 % of total light absorption at 470 and 530 nm
at 470 nm, and 96—-99 % of total light absorption at 530 nm inwavelengths. The corresponding contributions of total ab-
the atmosphere below 6 km over the Western Arctic. sorption by BrC derived from urban/industrial sources are
Future model simulations should seek to replicate the~10% at 470 nm and-4 % at 530 nm.
ARCTAS/ARCPAC vertical profiles of aerosol optical prop-  Comparisons between intensive and extensive aerosol
erties, specifically the contributions of BC, BrC, mineral dust properties among the aircraft are excellent. Stratification of
and sea salt to total extinction and single scattering albedo, itthe data allowed us to derive mass absorption efficiencies for
order to determine the effects of these man-made absorbinglack carbon and brown carbon as a function of wavelength.
aerosol on radiative budget of the entire Arctic domain com-At 470, 530 and 660 nm the MAdc values are 11220.8,
pared to radiative forcing by dust alone in an unperturbed9.5+0.6 and 7.40.7 n? g~*. These estimates represent in-
pre-industrial Arctic atmosphere. situ values for dry atmospheric aerosol and are consistent
with recent estimates of 35-80 % enhancements in 530 nm
absorption due to coating of pure black carbon particulate
5 Conclusions with clear or weakly absorbing coatings. Assuming that re-
fractory mass measured in relatively dust free samples is
In April of 2008 NASAs ARCTAS field campaign and dominated by refractory organic matter responsible for en-
NOAA's ARCPAC field campaign deployed research aircraft hanced absorption at shorter wavelengths, we were able to
to the Western Arctic as part of POLARCAT, a core Inter- estimate MAE values for brown carbon at 470 and 530 nm
national Polar Year activity. Despite sampling similar geo- wavelengths of 0.880.15 and 0.220.08nfg~!. These
graphic regions over a comparable period of time, a greabrown carbon MAE values are broadly consistent with re-
deal of variability in combustion tracers (e.g. CO, light ex- cently reported data from the East-Asian source region. An
tinction, black carbon mass) was observed between the airattempt to derive the mass absorption efficiencies for Asian
craft. The major cause of this variability was early, exten- dust produced values of 0.034gr! and 0.017 rAg—1.
sive agricultural and forest fires in Kazakhstan and Siberia inHowever, these estimates are highly uncertain (95 % CI of
April 2008 (Fisher et al., 2010; Warneke et al., 2010). These0.023-0.046 and 0.008-0.027gr?, with R2<0.29, 0.13)
plumes were sampled repeatedly by the NOAA WP-3D afterdue to the limitations imposed by the filter-based PSAP in-
19 April, but sampled only briefly by the NASA DC-8 and strument.
P-3B on 19 April. Recent modeling studies show black carbon is poorly
After pooling the results from all three aircraft, we con- simulated in the Arctic compared to its simulation at mid-
clude that total light absorption over the Arctic was pre- latitudes (Koch et al., 2009), that simulating organic aerosol
dominantly (88—99 %) due to light absorbing carbonaceouss particularly complex (Kanakidou et al., 2005), and that
species derived from urban/industrial activities and biomasghere is high diversity among models predicting their op-
burning. Using the gas phase tracer acetonitrile and meatical properties globally (Kinne et al., 2006). The ARC-
surements of submicrometer aerosol chemistry, we were abl@8AS/ARCPAC results show that while total light absorption
to determine that airmasses dominated by biomass burnings dominated by black carbon, predominantly anthropogenic
aerosols account for just 11-14 % of the air volume sam-sources of brown carbon contribute a larger proportion of to-
pled. However, these inefficient open combustion sourcegal light absorption than nominally natural sources of mineral
account for 42—47 % of the total burden of black carbon overdust. Above 6 km the proportion of total absorption by brown
the Western Arctic, and were responsible for 39-44 % of to-carbon at 470 nm wavelength can exceed that of mineral dust
tal light absorption; total light absorption being the sum of by factors of 2 to 5 even though mineral dust transported long
absorption by black carbon, brown carbon and mineral dustrange from East Asia has its highest concentrations at these
Mineral dust was found to be ubiquitous throughout the tro-altitudes. Below 6 km dust concentrations decrease while
posphere of the Western Arctic. Mineral dust concentrations AC concentration increase such that absorption by BrC can
below 2 km averaged less than 0.5 ugSrincreasing toval-  be 10-15 times the absorption by dust and absorption by total
ues of 1.0 to 2.8 ugsn? from 2 to 6 km. However, below LAC can be 50-100 times that of ‘natural* Asian dust.
6 km light absorption by carbonaceous species dominates the The remote location, harsh environment, and prevailing
total absorption term so that dust accounts for only 1-3 % ofmeteorology over the short duration of ARCTAS/ARCPAC
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field campaigns, mean that the atmosphere of the WesterBaumgardner, D., Kok, G., and Raga, G.: Warming of the Arctic
Arctic likely remains critically undersampled. These factors lower stratosphere by light absorbing particles, Geophys. Res.
preclude using the airborne data to evaluate seasonal or inter- Lett., 31(6), 1-4, L0611740i:10.1029/2003GL018832004.
annual variability — the role of models. Future investigations Bokoye. A. I, Royer, A, O'Neill, N. T., and McArthur, L. J. B.: A
by climate modeling teams should seek to replicate the rela- North American Arct_|c aerosol climatology using ground-based
tive proportions of these absorbing species over the Westergoil(‘jnﬁoéom:;géérg]'°1|_55L(3)6'U]2d15€_§n21§biﬁoé' . Calibration and
Arctic, if not thelr concentrations at these Iocgtlo_ns, In an intercomparison of filter-based measurements of visible light ab-
effor_t to determine the effec;ts_ of man-made emissions of ap— sorption by aerosols, Aerosol Sci. Technol., 30(6), 582—600,
sorbing aerosol on the radiation balance of the entire Arctic 1ggg.
domain. Bond, T. C., Habib, G., and Bergstrom, R. W.: Limitations in the
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