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[1] High-resolution in situ CO, measurements were conducted aboard the NASA

DC-8 aircraft during the ARCTAS/POLARCAT field campaign, a component of the wider
20072008 International Polar Year activities. Data were recorded during large-scale surveys
spanning the North American sub-Arctic to the North Pole from 0.04 to 12 km altitude

in spring and summer of 2008. Influences on the observed CO, concentrations were
investigated using coincident CO, black carbon, CH;CN, HCN, O5, C,Cl,, and A'*CO, data,
and the FLEXPART model. In spring, the CO, spatial distribution from 55°N to 90°N
was largely determined by the long-range transport of air masses laden with Asian
anthropogenic pollution intermingled with Eurasian fire emissions evidenced by the greater
variability in the mid-to-upper troposphere. At the receptor site, the enhancement ratios

of CO, to CO in pollution plumes ranged from 27 to 80 ppmv ppmv ' with the highest
anthropogenic content registered in plumes sampled poleward of 80°N. In summer, the CO,
signal largely reflected emissions from lightning-ignited wildfires within the boreal forests of
northern Saskatchewan juxtaposed with uptake by the terrestrial biosphere. Measurements
within fresh fire plumes yielded CO, to CO emission ratios of 4 to 16 ppmv ppmv ' and a
mean CO, emission factor of 1698 + 280 g kg ' dry matter. From the '*C in CO, content
of 48 whole air samples, mean spring (46.6 £ 4.4%o) and summer (51.5 + 5%0) A'*CO,
values indicate a 5%o seasonal difference. Although the northern midlatitudes were identified
as the emissions source regions for the majority of the spring samples, depleted A'*CO,
values were observed in <1% of the data set. Rather, ARCTAS A'*CO, observations (54%)
revealed predominately a pattern of positive disequilibrium (1-7%o) with respect to
background regardless of season owing to both heterotrophic respiration and fire-induced
combustion of biomass. Anomalously enriched A'*CO, values (101-262%0) measured

in emissions from Lake Athabasca and Eurasian fires speak to biomass burning as an
increasingly important contributor to the mass excess in A'*CO, observations in a warming
Arctic, representing an additional source of uncertainty in the quantification of fossil fuel CO,.
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areas remaining in the world [Wofsy et al., 1992]. Atmo-
spheric composition over this region is regulated mainly by

1. Introduction
[2] The Arctic and sub-Arctic regions of Alaska, Canada,

and Greenland represent a vast wilderness with extremely
low levels of human activity, one of the largest such land
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natural processes and by the long-range transport (LRT) of
pollution that originates mostly from more southerly latitudes
[Gregory et al., 1992]. Nature and man have conspired to
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make northern Eurasian sources far more available to the
Arctic than those in North America [Barrie, 1986], though
recent evidence suggests that contributions from rapidly
developing economies in south Asia are gaining importance
in the Arctic upper troposphere [Koch and Hansen, 2005].
Local pollution sources in the Arctic are currently small (e.g.,
volcanic emissions, conurbations, industrial emissions, the
oil and shipping industry), and are limited to near the Arctic
Circle [Law and Stohl, 2007].

[3] Glacial records signify that Arctic air pollution has
undergone a marked increase since the mid 1950s parallel-
ing accelerating CO, emissions [Barrie, 1986]. Accumu-
lating observational evidence indicates a recent region-wide
warming as a direct consequence of increasing levels of
long-lived greenhouse gases and positive feedbacks specific
to the region (e.g., sea ice albedo) [Law and Stohl, 2007,
Quinn et al., 2007]. Most observations of the Arctic atmo-
sphere have been surface-based, yet contemporary studies
reveal pollution influences are a year-round multialtitude
phenomenon [Klonecki et al., 2003; Stohl, 2006; Shindell
et al., 2008]. Synoptic weather systems, the primary trans-
port mechanism, bring pollutants from distant industrial/urban
and fire sources to the region predominately in winter and
spring [Fuelberg et al., 2010]. During summer, the influence
of LRT is comparatively weak thus the composition of the
atmosphere is most strongly affected by regional emissions,
particularly boreal forest fires [Gregory et al., 1992].

[4] While fossil fuel burning contributes significantly to
the growth in atmospheric CO, levels, pyrogenic emissions
are recognized as an additional source [Crutzen and Andreae,
1990], particularly at high northern latitudes where rising
Arctic temperatures facilitate increased fire frequency [Stocks
et al., 1998]. Ecosystems within this northern expanse are
comprised of interrelated habitats of forests, lakes, wetlands,
rivers and tundra sequestering large carbon stocks in soils
and permafrost [Oechel and Vourlitis, 1994] that are particu-
larly vulnerable to a changing fire regime. Wildfire disturbance
within boreal ecosystems represents a major perturbation to
the Arctic atmosphere through the transfer of large amounts of
terrestrial carbon to the atmosphere, approximately 89% in the
form of CO, [Stocks, 1991]. Under a doubled CO, scenario,
General Circulation Models project a 4°—-6°C rise in summer
temperatures with a commensurate decrease in soil moisture
for much of Canada and Russia thereby increasing fire danger
by 50% and lengthening the fire season by 30 days [Goode
et al., 2000]. More frequent and severe fires will have a sig-
nificant impact on the age class structure of vegetation, the
carbon budget, air quality, and climate of the boreal/Arctic
zone in particular [Kasischke and Bruhwiler, 2002; Soja et al.,
2004; Kasischke et al., 2005; Paris et al., 2009] and the globe
in general.

[5] As part of the wider Polar Study using Aircraft, Remote
Sensing, Surface Measurements and Models, of Climate,
Chemistry, Aerosols, and Transport (POLARCAT) executed
during the 2007-2008 International Polar Year (IPY), NASA
conducted the Arctic Research of the Composition of the
Troposphere from Aircraft and Satellites (ARCTAS) mission
in the spring and summer of 2008. An objective of ARCTAS
was to better understand the factors driving current changes
in Arctic atmospheric composition and climate through
detailed observations of the chemical and radiative properties
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of gases and aerosols utilizing instrumented aircraft. An
in-depth description of the ARCTAS mission, instrumenta-
tion, and first results is given by Jacob et al. [2010], while
Fuelberg et al. [2010] provide a meteorological overview.

[6] This paper describes CO, and A'*CO, measurements
obtained over the North American Arctic and sub-Arctic
during ARCTAS. In this study, we present the large-scale
distributions of CO, and A!#CO,, showing the observed
seasonal and spatial variability. We determine CO, to CO
enhancement ratios in pollution plumes transported to the
receptor region to quantify their impact on the composi-
tion of the Arctic atmosphere. Using a combination of
gas-phase and aerosol-phase tracers in concert with the
FLEXPART model, we then investigate the chemical char-
acteristics of the plumes and transport pathways for source
attribution. CO, emissions from wildfires within Canadian
boreal forests are also examined. In the final section, con-
tributions to the total measured CO, signal using A'CO,
data are explored.

2. Deployment Strategy and Measurements

[7] The regional-scale coverage for the ARCTAS cam-
paign is presented in Figure 1. The spring deployment
(ARCTAS-A) was based out of Fairbanks, Alaska (65°N,
148°W) from 4 to 17 April 2008 and consisted of three local
flights in addition to two round-trip flights to Thule,
Greenland (77°N, 69°W). Rapidly deteriorating landing
conditions in Thule required the DC-8 to divert to Iqaluit,
Nunavut (64°N, 69°W) on 8 April. From 29 June through
10 July 2008 (ARCTAS-B), four local sorties were flown
from the Cold Lake, Alberta (54°N, 110°W) summer base.
There was also another flight to Thule for a two-night stay to
overfly the Summit Greenland Observatory (73°N, 39°W).

[8] CO, mixing ratios were determined using a modified
LI-COR model 6252 nondispersive infrared gas analyzer.
This dual-cell instrument achieves high precision by mea-
suring the differential absorption between ambient air and
a calibrated reference gas traceable to the World Meteoro-
logical Organization primary CO, standards maintained by
NOAA ESRL. The LI-COR-based CO, sampling system
was operated at constant pressure (250 torr) and temperature
(35°C) and had a precision of 0.1 ppmv and accuracy of
+0.25 ppmv. Experimental procedures are described in
detail by Vay et al. [2003]. The ARCTAS in situ CO, data
are archived at 1 s resolution and are publically available
via http://www-air.larc.nasa.gov. On 12 April, an in-flight
intercomparison conducted over Alaska between the NASA
DC-8 ARCTAS and the NOAA WP-3D Aerosol, Radiation,
and Cloud Processes affecting Arctic Climate (ARCPAC)
chemistry payloads showed no detectable difference between
respective airborne in situ CO, instruments over a wide range
of atmospheric conditions [Peischl et al., 2010].

[9] The '“C content of CO, (A'*CO,) was determined
from air remaining in a select subset (n = 48) of whole air
canister samples collected onboard the DC-8 for measure-
ments of nonmethane volatile organic compounds (NMVOCs)
[Blake et al., 1996; Simpson et al., 2010, 2011]. Postmis-
sion, measurements of the radiocarbon content on CO, were
made at the W. M. Keck Carbon Isotope Accelerator Mass
Spectrometer Facility at the University of CA-Irvine (UCI).
Overall A"™C measurement precision is £2%o [Tyler et al.,
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Figure 1. DC-8 flight tracks with sampling height and flight date. (a) ARCTAS-A with biomass burning
(BB) and anthropogenic (Anthro) plume locations. (b) ARCTAS-B with fire plume locations.

1999; Vay et al., 2009] where A'*C is defined by Stuiver and
Polach [1977].

[10] In addition to CO, and A'*CO,, data from high-
resolution in situ measurements of carbon monoxide (CO)
[Sachse et al., 1987]; black carbon (BC) [Moteki and Kondo,

3 of

2007; Kondo et al., 2011]; acetonitrile (CH3CN) [Wisthaler
et al., 2002]; hydrogen cyanide (HCN) [Crounse et al.,
2009]; and ozone (O3) [Weinheimer et al., 1994] are used in
this study. We also utilize a number of NMVOC measure-
ments obtained from whole air samples [Blake et al.,1996;
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Table 1. DC-8-Based Observations Used in This Analysis

Accuracy Data
Compound Formula Precision (%) Interval
Carbon monoxide CO 1 ppbv 1 1s
Black Carbon BC 10% 10 60 s
Acetonitrile CH;CN +30%* +10 10s
Hydrogen cyanide HCN 5% <£30 10 s
Ozone 05 <1 ppbv® 5 ls
Tetrachloroethene C,Cly 1.2 pptv 10 variable
1,2-Dichloroethane C,H4Cl, 5 pptv 20 variable
Methyl chloride CH;Cl 1.5 pptv 5 variable
Carbonyl sulphide OCS 2 pptv 10 variable
Propane C;Hg 0.7 pptv 5 variable
Benzene CeHs 2 pptv 5 variable
Ethyl chloride C,H5Cl 5% 30 variable
i-Pentane CsHp» 2 pptv 5 variable

“For 100 ppt ambient concentration.
®For tropospheric O mixing ratios.

Simpson et al., 2010, 2011]. The measurement precision
and accuracy of these compounds are given in Table 1.

3. Data and Methodology

[11] By definition, an emission ratio refers to fresh
emissions, describing AX/AY at t = 0; whereas an
enhancement ratio accounts for aging over a transport time
At [Lefer et al., 1994; de Gouw et al., 2006]. Long-range
transport of pollution to the Arctic during ARCTAS pre-
sented the opportunity to examine enhancement ratios for
CO, relative to CO (CO,:CO) providing insight into the
CO, content of pollution plumes entering the Arctic
(receptor site), and influencing the atmospheric composition
of the region. CO is emitted by incomplete combustion, and
we use it here as a tracer of pollution. Its atmospheric life-
time against oxidation by the hydroxyl radical (OH) is on
average two months, long enough to track transport on
intercontinental scales yet short enough to show well-
defined concentration gradients [Staudt et al., 2001; Heald
et al., 2003; Yashiro et al., 2009].

[12] CO, and CO often share common combustion sour-
ces and are coemitted at specific ratios depending on the
source and the combustion efficiency. Observationally
based estimates of CO,:CO are sensitive to all sources of
CO, and CO that have statistical correlation and include
both coemitting sources and adjacent but separate sources
that become correlated because of transport [Wang et al.,
2010]. For example, in addition to its anthropogenic sour-
ces, CO, has a seasonally varying biospheric flux that can
become correlated with other urban emissions when the
urban plume is sampled downwind [Vay et al., 2003; Pataki
et al., 2003; Newman et al., 2008; Wang et al., 2010]. Since
ARCTAS-A occurred during early spring conditions in the
Arctic and sub-Arctic, biological processes which produce
CO, can be expected to be largely dormant, and the removal
of CO, from the atmosphere by photosynthesis and disso-
lution in the oceans may be safely assumed to be minimal.

[13] Transport from lower latitudes to the Arctic can occur
when surface emissions are rapidly lofted into the free tro-
posphere by warm conveyor belts (WCBs) preceding surface
cold fronts [Liu et al., 2003; Stohl, 2006; Fuelberg et al.,
2010], or uplifted during transport because of the large lati-
tudinal gradient in potential temperature [Matsui et al.,2011].
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Once in the free troposphere, these emissions-enriched air
masses can preserve their identity as well-defined layers for
a week or more as they are transported on intercontinental
scales [Rastigejev et al., 2010]. Some polluted air masses can
travel long distances to the Arctic without species selective
loss mechanisms changing their composition, while others
may undergo CO oxidization by OH thus altering the CO;:
CO ratio characteristic of some distant source region from
that observed at the receptor site [Heard et al., 2004;
Campbell et al., 2007]. Though the composition of the pol-
lution plumes may change during transport, it is their content
upon arrival at the receptor site that inevitably influences the
composition of the Arctic atmosphere. Recognizing this
potential, we couple the comparison of the measured data
to known emission ratios from specific source regions with
concurrent tracer measurements, and data products from the
Lagrangian particle dispersion model FLEXPART [Stohl
et al., 2002] rather than relying solely on the enhancement
ratios to investigate influences on CO, spatial variability.

[14] CO,:CO slopes for the plumes are obtained using
orthogonal distance regression (ODR) fits [Boggs et al.,
1988] to the Is data. Simultaneous tracer measurements
with a wide range of lifetimes and sources are invoked to
provide resolution of the relevant time scales for transport,
and to characterize natural and anthropogenic emissions.
Our analysis mainly relies on CO as a product of inefficient
combustion, CH;CN and HCN as indicators of biomass
burning [Li et al., 2000, 2003; de Gouw et al., 2003]; BC
produced only by incomplete combustion of carbonaceous
materials [Hansen and Novakov, 1989]; and C,Cly, a purely
anthropogenic tracer released exclusively from industrial
processes [Blake et al., 1996, 1997]. Other chemical species
data used in this study (Table 1) include i-pentane as a tracer
of vehicular combustion and gasoline evaporation [Blake and
Rowland, 1995; Simpson et al., 2010]; propane (CsHg) as a
probe for natural gas [Katzenstein et al., 2003; Harrigan
et al., 2011]; and benzene (C¢Hg), a tracer of incomplete
combustion [Blake et al., 2003]. As an anthropogenic fin-
gerprint for China, we invoke the suite of tracers 1,2-
dichloroethene (1,2-DCE), methyl chloride (CH3Cl), carbonyl
sulfide (OCS), and ethyl chloride (C,HsCl) [Barletta et al.,
2009]. Since the sources of these atmospheric trace species
are predominately land-based, the impact of continental emis-
sions on air masses can be assessed by the observed changes
in their mixing ratios.

[15] To accommodate the different sampling frequencies
of the many instruments on the DC-8, several time-base
merges of the data were generated in which reported
observations were averaged over specific intervals that
include 10 s and 1 min. A separate merge was also generated
for the whole air canister samples (UCI merge) which were
typically collected over a 1 min period every 3—5 min during
horizontal flight legs, and every 1-2 min during ascents,
descents and plume encounters [Simpson et al., 2010, 2011].
The data interval used for each tracer considered in this
study is noted in Table 1.

4. Results and Discussion

4.1. Large-Scale CO, Distributions

[16] Figure 2 shows the CO, data for each ARCTAS
deployment averaged at 0.5° latitude x 0.1 km altitude
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Figure 2. Large-scale distribution of CO, over the Arctic and sub-Arctic. (a) Spring deployment 4—17
April 2008. Black symbols mark location of Fairbanks (65°N) and Prudhoe Bay (70°N). (b) Summer

deployment 29 June and 10 July 2008. Location of Cold Lake (54°N) shown with black diamond. Note
seasonal scale change.
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Figure 3. Statistical summary of observed CO, distribu-
tions. Vertical red line within each box represents the mean;
black line is the median. Standard deviation of the mean for
all vertical profiles inset. (a) Spring with mean CO, for Pt.
Barrow indicated with a red triangle. (b) Summer.

intervals, reflecting the combined effect for all CO, sources
and sinks. In the spring near-surface layer, the most evident
latitudinal trend is the high CO, mixing ratios observed
south of 70°N particularly over local urban/industrial sour-
ces located in Fairbanks, Alaska (65°N, 148°W) and Prud-
hoe Bay (70°N, 148°W). Most notable during spring are
discrete plumes with enhanced CO, values in the mid-
troposphere throughout the region surveyed. Above 8 km,
the lowest CO, mixing ratios were associated with strato-
spherically influenced air masses (O; > 200 ppbv), and have
a mean value of 382.7 £ 0.8 ppmv. During summer, greater
variability is observed south of 60°N at all altitudes where
maximum CO, mixing ratios were recorded over the con-
tinent below 1 km. A less frequent yet measurable strato-
spheric influence yielded a summer mean value of 383.1 +
0.5 for altitudes >8 km indicating a seasonal difference of
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<0.5 ppmv in lower stratospheric air masses probed during
ARCTAS. Differences in the ARCTAS sampling domains
(Figure 1) are also reflected in these observations. In spring,
measurements were made mainly over the Alaskan region;
one of the major inflow regions of pollutants from Asia
to the Arctic [Fuelberg et al., 2010], while summertime
observations were conducted further east.

[17] We can further explore these trends by summarizing
the CO, data sets for both phases of ARCTAS using the box
plots shown in Figure 3 that represent statistical values: 25th
percentile (left box boundary); 75th percentile (right box
boundary); and outliers (symbols) beyond the 95th and 5th
percentiles (whiskers). These representations (Figure 3)
clearly capture how dynamic this high northern latitude
environment is by the pronounced seasonality exhibited by
atmospheric CO,. ARCTAS-A CO, distributions display a
pattern of decreasing trend with height typically observed in
spring with greater variability in the free troposphere than
the lower atmosphere. Shown for reference is the mean
(393.2 £ 0.7) in situ CO, surface data at Barrow, Alaska
(BRW, 71°N, 157°W) over the duration of the spring local
flights in comparison to the airborne observational mean
(393.1 + 1.0) for the 0—1 km layer (Figure 3a). In summer
the magnitude of surface CO, exchange is large, reflected
by the minima of CO, observed during ARCTAS-B. The
pronounced variability below 3 km reveals active CO, sink
processes juxtaposed alongside significant CO, sources.
All the summer altitude bins contain CO, values below the
measured spring minimum of 380 ppmv. In summarizing
the overall statistics for both deployments: mean 390.8 +
3.1 ppmv, median 391.5 ppmv, N = 204611, range 380.2—
4227 ppmv (ARCTAS-A); mean 382.8 = 3.0 ppmv,
median 383.1 ppmv, N = 177133, range 368.3—624.2 ppmv
(ARCTAS-B) yielding a seasonal change between the two
ARCTAS deployments of 8 ppmv (~2%) for daytime CO,.

[18] The observed vertical distribution of CO, is an
important indicator of the coupling between flux and
transport processes influencing the CO, concentration field
as much pollution transport takes place in the free tropo-
sphere [Vay et al., 1999, 2003; Choi et al., 2008] at heights
typically unattainable by the surface monitoring network.
Vertical profiling by aircraft aids the interpretation of sur-
face observations by linking the surface with the bound-
ary layer and free troposphere. During ARCTAS, the
DC-8 executed seventy five vertical soundings from its
nominal floor to ~12 km (~200 hPa). The standard deviation
of the mean for all the aircraft profiles shows that in spring
CO, exhibited the largest variability (<1%) in the mid-to-
upper troposphere (6—10 km) (Figure 3a), while the vari-
ability was more pronounced (>1%) in summer yet occurred
above the surface between 1 and 3 km (Figure 3b).

[19] Figure 4 illustrates the relationship of CO, and CO as
a function of altitude observed during the two deployments.
The overall correlation is significant for spring (Figure 4a), yet
degraded by the influence of photosynthesis and respiration
during the growing season (Figure 4b). In spring (Figure 4a),
CO, and CO were highly correlated (slope = 0.073 ppmv
ppbv ', I* = 0.97) above 8 km; the tight coupling likely attri-
butable to a stratospheric influence evident from the decreas-
ing CO, and CO concentrations with increasing altitude, as
well as from remnants of an earlier seasonal cycle com-
municated from the surface to the upper troposphere over time.
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Figure 4. Regional correlations between CO, and CO. (a) Spring. (b) Summer.

[20] With diminishing height, this relationship begins 4.2. ARCTAS-A Spring Deployment
to degrade revealing a multiplicity of sources influencing [21] Although the spring DC-8 deployment focused on
the ARCTAS-A sampling domain. A very different picture  he Jong-range transport of anthropogenic pollutants to the
emerges in summer (Figure 4b) where the CO,:CO corre-  Arctic, the influence from prominent smoke events linked
lation slopes reveal at least two distinct populations, and the  { extensive fires in Russia and Kazakhstan was particu-
reversal of source-sink relationships observed in spring. larly evident [Saha et al., 2010]. In 2008, the fire season in
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Russia began unusually early due to low snow cover that
year [Warneke et al., 2009]. Colder air temperatures in early
spring facilitated the transport of forest and agricultural
fire emissions into the Arctic from the southern Siberia—
Lake Baikal area and Kazakhstan—southern Russia, respec-
tively with a typical transport time of 4-9 days [Fuelberg
et al., 2010].

[22] The perturbation of the Arctic and sub-Arctic atmo-
sphere by episodes of pollution is apparent in the source
tracer plots presented in Figure 5 that reflect clean (25th
percentile), median, and polluted conditions (>75th per-
centile). CO, BC, CH3;CN, and C,Cl; are enhanced and,
similar to CO,, are more variable above 3 km indicating a
mixture of anthropogenic and fire emissions having a strong
imprint on atmospheric concentrations. Using CO observa-
tions from the ARCTAS-A and ARCPAC airborne cam-
paigns as top-down constraints in the chemical transport
model GEOS-Chem, Fisher et al. [2010] attributed this free-
tropospheric variability predominately to Asian anthropo-
genic emissions; and Russian biomass burning (BB), which
contributed substantially to CO variability in the form of
combustion plumes. In investigating the distribution of BC,
Matsui et al. [2011] found that most Asian anthropogenic air
parcels were transported from lower latitudes (30°N—40°N),

experiencing rapid ascent by WCBs and were generally
measured in the Arctic upper troposphere. The Russian BB
air parcels however, originated from higher latitudes (50°N—
70°N) and arrived in the Arctic middle troposphere follow-
ing near isentropic slow ascent [Matsui et al., 2011].

[23] We examined data from three of the DC-8 flights
(4/12, 4/16, 4/17) conducted over the Alaskan Arctic/sub-
Arctic for evidence of biomass burning plumes (Figure 1a).
Stratospheric air influences were first removed from the data
set using the filter [03]/[CO] > 1.25 mol mol™" [Hudman
et al., 2007]. Fire plumes were then identified as having
CO in excess of 160 ppbv, the median observed CO con-
centration at the surface (Figure 5a); and CH;CN values
>225 pptv, an unambiguous enhancement in CH;CN mixing
ratios (Figure 5c¢). Where CH;CN data were unavailable,
HCN mixing ratios >500 pptv were used (not shown). From
thirty smoke plumes intercepted between 3.5 and 7.5 km,
we determined a mean CO, to CO enhancement ratio of 54 +
18 ppmv ppmv . The slopes ranged from 27 to 83 ppmv of
CO, per ppmv of CO, the values reflecting the transport of
emissions under varying meteorological conditions from
influential source regions having different fuel types, fire
temperatures, and combustion phases (flaming, smoldering,
mixed); as well as the mixing of plumes from different source
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regions, and distance of sample collection relative to the
fires (A. Hecobian et al., Comparison of the chemical and
physical evolution and characteristics of 495 biomass burn-
ing plumes intercepted by the NASA DC-8 Aircraft dur-
ing the ARCTAS/CARB-2008 field campaign, submitted to
Atmospheric Chemistry and Physics Discussions, 2011).

[24] To explore anthropogenic contributions to the fire
plumes and compare ARCTAS-A and ARCPAC results, we
subdivided our plume data set based on sampling height:
<6.5 km (highest flight level of the NOAA WP-3D aircraft)
and >6.5 km. As reported by Warneke et al. [2009], only small
enhancements in C,Cly were observed in the fire emissions
probed by the NOAA WP-3D (C,Cl:CO ~ 0.002 pptv
ppbv "), indicating a nearly negligible contribution from
anthropogenic pollution to the plumes. The ARCTAS-A
plume subset for <6.5 km (n = 21) yielded a similar result
(C,Cl4:CO ~ 0.004 pptv ppbv ') The mean enhancement
ratio of C,Cly was significantly higher (0.0212 pptv ppbv ')
though for DC-8-based sampling in plumes above 6.5 km
(n = 9), substantiating a mixture of industrial/urban/fire
emissions influencing the composition of the Arctic upper
atmosphere. This value is consistent with midtropospheric
C,Cl4:CO observations by de Gouw et al. [2004] in polluted
air masses transported from Asia to the U.S. west coast. From

Figure 1a showing the plume locations, it is evident that the
spatial extent of the pollution extended far beyond North
American continental margins, penetrating the high Arctic.
Of the nine plumes examined containing a mixture of anthro-
pogenic and BB emissions, 78% were intercepted by the
DC-8 poleward of 80°N. Figure 6a captures one of these high
northern latitude pollution events encountered on 17 April,
apparent from the several sharply defined plumes enriched in
CO,, CO, C,Cly, BC, and CH;CN.

[25] In addition to determining the CO,:CO enhancement
ratios for the nine plumes (Table 2), we investigated their
respective chemical signatures and transport pathways to
tag anthropogenic emission source regions. To illustrate
the approach used, two of the plumes intercepted by the
DC-8 are presented here in detail. We initially examine
plume 1 sampled at 85°N, 150°W (Figure la), having a
C0,:CO enhancement ratio of 27 ppmv ppmv_' (Table 2).
Using the Lagrangian particle dispersion model, FLEXPART
[Stohl et al., 2002] (http://transport.nilu.no/flexpart-projects?
cmp = ARCTAS), with meteorological input from the
National Center for Environmental Prediction (NCEP)
Global Forecast System (GFS) model, the FLEXPART
emissions sensitivity footprint (Figure 7a) reveals that the
sampled air mass traveled over Siberia, continuing eastward
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Figure 6. Selected plume composition for pollution events sampled poleward of 80°N. (a) Spring.
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over China and North America prior to reaching the North
Pole. The air parcel was in contact with the atmospheric
boundary layer (ABL) 8-11 days prior while over Siberia
and Northeastern China (Figure 7a), facilitating the sur-
face uptake of fire and urban/industrial emissions en route

as reflected in the CO, (394 ppmv), CO (314 ppbv), C,Cly
(7.5 pptv), and HCN (738 pptv) enhancements. The corre-
spondingly low CO,:CO likely results from inefficient
combustion processes relating to the fires and/or domestic
combustion sources (e.g., coal, biofuel). Given conservation

Table 2. Measured and Estimated Statistics for Anthropogenic Plumes®

Anthropogenic Latitude Longitude Maximum Maximum CO,:CO Source Initial ABL
Plume (°N) (°W) CO, (ppm) CO (ppb) (ppm:ppm) R? Region Contact (days)
1 84.725 —149.901 393.9 313.7 26.9 0.86 Asian 6
2 86.715 —154.453 3933 267.8 29.7 0.95 Asian 5
3 81.709 —142.248 393.1 201.7 47.2 0.86 Eurasia 10
4 65.073 —147.692 393.9 235.0 45.1 0.92 Eurasia 3
5 89.381 —148.447 394.8 187.0 80.4 0.88 Europe 4
6 84.278 —156.769 391.9 163.3 76.4 0.93 Europe 11
7 80.012 —156.332 394.4 192.1 80.1 0.71 Europe 4
8 75.849 —155.982 390.9 183.8 36.5 0.70 NA 5
9 81.495 —156.520 394.0 208.7 52.1 0.93 NA 10-11

#Air parcel classification and time since emissions uptake.
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Table 3. Atmospheric Lifetime, Background Averages, and Measurement Statistics for Selected Compounds in the Anthropogenic

Plumes
Background Enhancement Over Average Background (%)

Compound Formula Lifetime Average (pptv) Asia Europe North America Eurasia
Tetrachloroethene C,Cly 2-3 months 4.2 65.2 42.8 14.9 47.9
1,2-Dichloroethane C,H,Cl, 1-2 months 11.0 76.8 20.9 25.5 40.0
Carbonyl Sulfide OCS 2.5 years 487.0 35.7 1.7 8.9 1.0
Ethyl chloride C,H;Cl 30 days 2.5 65.4 25.8 7.8 43.4
Propane C;Hg 11 days 312.0 78.8 90.7 26.9 84.8
Methyl chloride CH;C1 1 year 567.0 14.5 4.2 8.2 44
Benzene CeHg 9 days 49 273.5 151.5 80.6 225.5

of the tracers during transport, the ratio is representative
of winter 2007 values reported by Wang et al. [2010] for
Central Eastern Siberia (33.1 ppmv ppmv ') and Northern
China (28.6 ppmv ppmv ). In contrast, an 80 ppmv ppmv '
slope was associated with plume 5 (89°N, 148°W) (Figure 1a)
enhanced in CO, (395 ppmv) and C,Cl, (8 pptv), yet with
comparatively lower CO (187), and HCN (627 pptv); a more
pronounced urban/industrial signature. Inspection of a com-
bination of FLEXPART products (Figure 7b) indicates emis-
sions uptake 4 days earlier over Northeastern Europe with
rapid transport from northern Europe directly to the pole. This
CO,:CO correlation slope is within the range of emission
ratios (64.5-82.6 ppmv ppmv ') determined from surface-
based measurements made within the European continent
[Vogel et al., 2010; Gamnitzer et al., 2006]. It is also com-
parable to that sampled in the outflow from Japan (80 ppmv
ppmv ") [Suntharalingam et al., 2004], a country with cleaner
combustion technologies [de Gouw et al., 2004], suggesting a
higher combustion efficiency for the indicated source region.
[26] Attributes of the other plumes were similarly inves-
tigated, arriving at the source region classification pre-
sented in Table 2 that exhibits relatively tight clustering in
enhancement ratio values. The background average for
each chemical tracer used (Table 3) was determined by first
removing any stratospheric influence from the ARCTAS-A
observations, then calculating the lowest quartile (25%) of
the remaining data [Harrigan et al., 2011]. Summarizing
from Table 3, all of the plumes were enriched in CgHg,
indicating uptake of anthropogenic emissions <9 days prior
to measurement. Mean C,Cl; values in the plumes were
enhanced 20-80% over background. The suite of tracers
used for chemically fingerprinting Chinese/Asian air mas-
ses, 1,2-DCE, OCS, CH;Cl, and ethyl chloride [Barletta
et al., 2009], exhibited significantly elevated mixing ratios
within the two plumes comprising the Asian category; fur-
ther supporting their initial source region classification using
FLEXPART. Furthermore, large enhancements in propane
absent a corresponding increase in methane (not shown)
likely reflect a greater reliance upon liquefied petroleum
gas (LPQG) in three of the four source region categories.

4.3. ARCTAS-B Summer Deployment

[27] Ofthe 1.5 million hectares (Mha) that burned in Canada
in 2008, 73% were consumed by fires in Saskatchewan, with
0.75 Mha burning in the remote northern regions of that
province. The Saskatchewan burned area significantly excee-
ded the 20 year mean while overall Canadian fires were near
normal [Soja et al., 2008]. Many of these forest fires were

allowed to burn naturally, thus tending to be larger than those
in regions where fires were actively suppressed, and typically
developed smoke columns reaching 5—7 km. The distribu-
tions of CO, BC, CH3CN, and C,Cl; during the summer
deployment (Figure 5) reflect a seasonal shift in the pollu-
tion influence from the middle to the lower troposphere. The
perturbation from biomass burning on atmospheric compo-
sition is apparent in the large enhancements in CH;CN absent
elevated C,Cly mixing ratios (Figure 5) revealing fire emis-
sions significantly influencing the summer sampling domain.

[28] Three of the ARCTAS-B flights (6/29, 7/01, 7/04)
(Figure 1b) extensively sampled sub-Arctic central Cana-
dian wildfire emissions over areas far removed from large
urban complexes. In Figure 8, remote sensing data pro-
ducts from the SPOT and MODIS sensors capture the
vegetation types and fire activity within this region during
the DC-8 overflights. Land cover types are from the GLC-
2000 database generated from daily 1 km data [Fritz et al.,
2003] acquired by the VEGETATION instrument onboard
the SPOT 4 satellite. The MODIS active fires represent the
diurnal fire cycle when both the Terra and Aqua satellites
were simultaneously collecting data [Giglio et al., 2006].
The MODIS data are at 1 km spatial resolution but under
ideal conditions, flaming combustion can be detected at
50 m?. This image indicates the majority of measurements
were over fires consuming a stand composition predomi-
nately comprised of evergreen needleleaf forests.

[29] Figure 9 shows the airborne CO, data for the three
flights over the region bounded by 50°N—60°N, 80°W-—
120°W. Also plotted for reference are in situ CO, observa-
tions from the Canadian surface monitoring stations East
Trout Lake (ETL), Saskatchewan (54.35°N, 104.98°W); Lac
Labiche (LLB), Alberta (54.95°N, 112.45°W); and Fraser-
dale (FSD), Ontario (49.84°N, 81.52°W) [Worthy et al.,
2009; Higuchi et al., 2003]. For each surface station, in situ
CO, measurements were averaged over the interval of
15:00-17:00 (local time); a period of quasi-constant CO,
mixing ratio [Higuchi et al., 2003] coinciding with each of
the three afternoon DC-8 sampling sorties, planned to cap-
ture peak fire activity. In Figure 9, CO, enriched fire plumes
are evident, particularly those sampled below 2 km, west
of 100°. The highest mixing ratios of CO, (624 ppmv) and
CO (14 ppmv) observed during ARCTAS (1 July, 56°N,
107°W, 0.9 km) were measured in these boreal wildfire
emissions. Eastward out of the fire influence, lower CO,
mixing ratios in the airborne observations reflect uptake by
the terrestrial biosphere undisturbed by fire. Undoubtedly,
some of the summertime CO, observations reflect a mixture
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Figure 9. CO, concentrations over wildfires in Saskatchewan Province measured between 50°N and
60°N, 80°W and 120°W, 29 June to 4 July 2008. CO, data from Environment Canada’s East Trout
Lake (ETL), Lac Labiche (LLB), and Fraserdale (SD) surface monitoring sites are shown for reference.
Surface data are averaged over the afternoon interval of 15:00—17:00 local time for each flight day.

of fire (source) and biospheric uptake (sink) signals that tend
to compensate one another; a complication for quantification
of the two individual terms since CO, mixing ratios from the
combined fluxes can exhibit a low deviation from back-
ground CO, levels.

[30] From the 39 identifiable smoke plumes resulting from
active boreal wildfires, we find a mean CO,:CO emission
ratio of 8.9 £ 3.5 ppmv ppmv " in direct fire emissions sam-
pled <2 km. The CO,:CO slopes ranged from 4 to 16 ppmv
ppmv ' and there was a negligible contribution to the plumes
from anthropogenic sources based on the C,Cl, data.

[31] We can calculate an approximate emission factor for
CO, using an equation given by Alvarado et al. [2010]:

EFCOZ = MC02 . ERC02 . (1 — MCE) . fc/MC

where EFcq, is the emission factor in g kg ' dry matter
(DM) burned, Mcqy is the molecular weight (g/mol), ERco»
is the emission ratio of CO, to CO (mol/mol), Mc is the
molecular weight of carbon (0.012 kg C/mol), and fc is the
mass fraction of carbon in the biomass. In general, it is
assumed that all the volatilized carbon is detected and that
the fuel is 50% carbon by mass [Susott et al., 1996; Goode
et al., 2000] thus we use an fc value of 0.5 kg C/kg dry
matter for this analysis. Modified combustion efficiency
(MCE = 1/((ACO/ACO,) + 1)) [Ward and Radke, 1993;
Yokelson et al., 1996; Goode et al., 2000], a unitless indi-
cator of the fire’s combustion phase during sampling, varies
from approximately 80% to near 99% for purely smoldering

and flaming combustion, respectively. Values above 90%
suggest a >50% contribution from flaming combustion.
MCE values from our observations spanned 0.83—0.95. The
mean EF for CO, in examined wildfire plumes was 1698 +
280 g kg ! DM, with a median value of 1634 g kg”' DM;
consistent with previously reported values from empirical
studies investigating boreal fire emissions [Hegg et al., 1990;
Goode et al., 2000; Akagi et al., 2011; Simpson et al., 2011].

[32] As in spring, pollution continued to penetrate the
high Arctic during summer. During the 9 July flight, the
mid-to-upper tropospheric CO and CH;CN data (Figure 6b)
expose a fire fingerprint that is likely embedded and thus
obscured in the CO, biospheric uptake signal that dominates
in summer. Fuelberg et al. [2010] note that fires over Asia
continued in summer and were more widespread than in
spring; with the majority of these fires located near and west
of Beijing, emitting plumes at times reaching the North
Pole. The broad peak in the altitude distributions of CO and
CH;CN indicate a dominate influence from BB in the
middle troposphere. Markedly lower C,Cl; mixing ratios
reveal a smaller contribution from anthropogenic sources
than in spring, while the BC data reflect wet removal pro-
cesses during transport mainly due to the higher precipitation
rates in summer [Matsui et al., 2011]. Pollution reduction
strategies in effect in Beijing for the 2008 summer Olympics
[Witte et al., 2009] may, in part, be reflected in the observed
lower urban/industrial signal. The scatter is too great in the
CO,:CO relationships of these aged plumes to provide
meaningful information. In summer, the magnitude of CO,
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Table 4. Characteristics of '*CO, Station Records
Monthly Mean =+ sd
Surface Site Location, Elevation (masl) Station Classification April 2008 July 2008

Niwot Ridge (NWR)
Jungfraujoch (JFJ)
Pt. Barrow (BRW)

40°N, 105°W, 3523
46°N, 8°E, 3450
7I°N, 157°W, 11

U.S. Continental
European Continental
Arctic

46.4 + 0.1%0 (n = 5)
46.2 + 2% (n = 2)
43.2 % 0.3%o (n = 2)

47.7 + 0.4%o (n = 5)
49.1 = 2% (n = 2)
47.5 + 2.8%o (n = 4)

variance driven by surface exchange with soils and vegeta-
tion exceeds the variance from combustion sources, hence
CO,:CO correlations are low [Wang et al., 2010].

5. Radiocarbon

[33] Measurements of A'"C in atmospheric CO,
(A'CO,) can be an effective method of parsing biogenic
and fossil fuel contributions to the total measured CO,
signal. Fossil fuel derived CO; is entirely devoid of the rare
radioactive isotope '*C, due to its extreme age; isotopes '*C
and '°C remain in CO, produced from the combustion of
fossil carbon. The addition of *C-free fossil fuel CO, to the
atmosphere increasingly dilutes the '*CO,/'*CO, ratio, thus
lowering the atmosphere’s '“C content [Suess, 1955]. These
ratios, reported as A'*CO,, can be precisely quantified in
atmospheric samples. Emissions from fossil fuel combus-
tion add CO, with a A'*C of ~1000%o, thus a *C/'*C ratio
lower than the clean air level indicates the influence of fossil
fuel combustion CO, sources in the sampling environment
[Levin et al., 1980; Turnbull et al., 2006; Hsueh et al., 2007,
Graven et al., 2009].

[34] Local biological activity is usually considered to be an
important contributor to the mass balance of CO, [Newman
et al., 2008; Naegler and Levin, 2009], particularly during
the growing season when biogenic respiration is high due to
increased metabolic activity. The biospheric release of '*C-
enriched CO, during heterotrophic resgiration alters A'*C
in local CO,, leading to a positive A'*CO, disequilibrium
[Randerson et al., 2002; Hsueh et al., 2007; Turnbull et al.,
2009] (i.e., biosphere-atmosphere) that is not well known
and may be quite heterogeneous over different species and
ecosystems [Graven et al., 2009]. A disequilibrium estimate
on the order of 15—40%o was recently reported by Naegler
and Levin [2009] for the year 2005. CO, emissions from
biomass burning may have a much larger positive A'*CO,
disequilibrium than heterotrophic respiration, due to the longer
residence time of carbon in forests [Turnbull et al., 2009] and
residual sources from aboveground nuclear weapons testing
in the late 1950s and early 1960s [Djuricin et al., 2010].
Biomass burning constitutes an additional source either unac-
counted for in the mass balance approach or one that is often
rolled into the respiration term because the fire CO, flux has
been quite small. In recent years, however, unprecedented fire
activity has occurred in boreal ecosystems, notably in 2003,
2004, 2008, and 2010. Fire within these ecosystems can
accelerate the release of carbon assimilated years ago, send-
ing pulses of enriched A'*CO, into the atmosphere. The
contribution to atmospheric CO, from this temporally varying
perturbation is likely attributed to biogenic respiration since
A'CO, cannot be used to distinguish between fire-induced
combustion of biomass and heterotrophic respiration [Djuricin
et al., 2010] without an accompanying fire specific tracer.

Moreover, resulting high excursions in A'CO, may be
ascribed to a stratospheric influence, cosmogenic production, a
nuclear power source, or excluded from an analysis.

[35] Levin et al. [2010] point to serious gaps in our
understanding of the mechanisms controlling the interannual
and seasonal A'*CO, variability. They conclude that the
A'CO, seasonality today is dominated by respective tem-
poral atmospheric transport patterns, which exert a seasonal
signal on A'*CO, mainly because of the large spatial gra-
dients caused by fossil fuel combustion. Since long-range
transport processes are often decoupled from the surface,
airborne observations of A'*CO, offer unique insight into
the vertical propagation and mixing of particular sources
of CO, [Vay et al., 2009; Graven et al., 2009]. Below, we
present results from investigating fossil fuel, biogenic, and
biomass burning contributions to ARCTAS CO, observa-
tions using the combination of isotopic A'*CO,, fire and
other chemical tracers along with transport histories to gain
further insight into these processes.

[36] The A'"C level in atmospheric CO, was determined
from air remaining in a select subset of whole air canister
samples (n = 48) collected onboard the DC-8 for measure-
ments of hydrocarbons and halocarbons [Simpson et al.,
2010, 2011]. Grab samples were acquired preferentially in
pollution layers in contrast to the continuous measure-
ments of CO,. Our objective was to quantify any fossil fuel
component of the total measured in situ CO, signal, and
to investigate influences on the observed short-term or
synoptic scale variability of A'*CO, from the subset of
whole air samples extracted for radiocarbon analysis.

[37] The background composition (Ayg) for this analysis
is based on the high-precision atmospheric A'*CO, records
from the clean-air (background) stations listed in Table 4.
Data from Alert (82°N, 62°W) were unavailable for inclu-
sion in this study. From Table 4, monthly mean values
reveal a small meridional gradient in tropospheric A'*CO,
during the spring ARCTAS deployment, on the order of
3%o, while there is no latitudinal trend evident in the sum-
mer data. As mentioned earlier, much of the pollution
observed in the free troposphere was transported to the
study region from significantly different emissions source
regions and latitudes. Since transport from different latitudes
might affect the choice of a reference background value
of A'™CO,, we use the range of monthly mean values from
the stations located between 40°N and 70°N in our anal-
ysis. Coupling the monthly mean values with the measure-
ment precision (£2%o) indicates a range for the April
A'CO, background of 41.2-48.4%o, and 45.5-51.1%o for
July. We note this yields latitudinal gradients of 7.2%o
and 5.6%o, respectively; larger than the few per mil reported
[Levin et al., 2010], thus leading to conservative estimates
from our analysis. For spring A'CO, samples collected
in the BL having a local influence, only the BRW data are
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Figure 10. (a) Vertical distribution of A'*CO,. Shaded regions reflect the latitudinal range of spring and
summer background A'CO, values from clean air monitoring sites. (b) Spatial pattern of A'*CO, dis-
tributions: blue text for spring samples and red text for summer samples.

used as a clean air reference. Since there is no clean air
station in close proximity to where the fresh fire emissions
were sampled in summer, we use the July range of back-
ground values.
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[38] The results from the ARCTAS airborne A'*CO,
observations are presented in Figure 10a, the shaded regions
depicting respective temporal background windows as
described above. Overall, spring measurements (<20) had
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an average A'*CO, value of 46.6 + 4.4%o (n = 20), while
the summer average was 51.5 & 5%o (n = 24) revealing a
seasonal difference of approximately 5%o. ARCTAS sam-
phng preceded both the May minimum and September
maximum A'CO, periods reported by Xu et al. [2004] for
BRW where the seasonal amplitude is typically 10%o.

[39] During sampling times, A'*CO, values indicate
fossil fuel combustion was not a dominant source of CO,
(Figure 10a). Rather ARCTAS A'*CO, observations revealed
predominately a pattern of positive disequilibrium with
respect to background (Aye, > Apg) regardless of season. In
the })ril data set, only two measurements were depleted
in A'"CO,. One sample (40.6%o) was collected at 0.8 km in
the vicinity of the Prudhoe Bay oil and gas processing facil-
ities (Figure 10b) in an air mass with recent BL contact
(<2 days prior), and contained elevated C,Cl; (6.2 pptv)
and i-pentane (50 pptv). Anthropogenic emissions in China
(30°N—40°N) were accessed for transport to the Arctic
resulting in the second depleted A'*CO, value (36.2%o).
This sample was collected at 7.6 km, and contained enhanced
1,2-DCE (53%), OCS (6%), CH3Cl (9%), and ethyl chloride
(89%); the suite of tracers used for chemically fingerprinting
Chinese/Asian air masses [Barletta et al., 2009].

[40] Eight samples (36%) collected within the free tro-
posphere between 3.5 and 8 km were enriched in A'*CO.,.
The source of A! COz enrichment in three of these sam Iples
(48.9, 49.7, 56.9%0) was likely the biospheric release of '
enriched CO, during respiration as fire tracers are not ele—
vated and concurrent O3 measurements do not support a
stratospheric influence. A A'*CO, content of 56.9%0 was
registered within an air mass sampled over Summit that
originated from the subtropical North Atlantic (not shown).
This air parcel was unique among the eight sampled, con-
taining low CO, (388.8 ppmv), CO (125 ppbv), and C,Cl,
(3.7 pptv). CH5CN (<519 pptv) and/or HCN (<1.3 ppbv)
were enhanced in the five remaining enriched samples (48.7,
49.5, 52.4, 112.9, 262.2%0), with Siberian and Kazakhstan
emission source regions indicated. For A'*CO, samples
within 20 of the upper clean air value (48.4%0), we find a
minimum disequilibrium of 0.3 to 4% likely due to biomass
combustion and/or biospheric respiration.

[41] Four additional samples (44.3, 43.7, 46.9, 50.2%o)
were collected within the BL in proximity to BRW and
Prudhoe Bay (Figure 10b); their content and FLEXPART (not
shown) reflecting local emission sources. One of the samples
was captured during a missed approach by the DC-8 over
Barrow at 0.04 km on 9 April, and exhibited a slight enrich-
ment (46.9%0) compared to the BRW surface observations
(43.2%o0). Despite enhancements in the combustion tracers,
C,Cly, i-pentane (<176 pptv), and propane (<1224 pptv), the
A'™CO, values did not reflect a fossil fuel CO, influence.
Absent elevated fire tracers, the enrichment observed is
attributed to biospheric respiration.

[42] Two high A'C excursions (112.9, 262.2%0) were
tagged to emissions predominately from the Russian fires.
In Figure 1la, data associated with the largest A'*CO,
enrichment (262.2%o0) observed during ARCTAS are pre-
sented. This sample was collected within a huge pollution
plume intercepted at 4 km on the 19 April return transit
flight. Large enhancements in the combustion tracers CO,
(396.2 ppmv) and CO (387 ppbv), along with a commen-
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surate increase in CH3CN (680 pptv), the highest CH;CN
concentration observed during the spring campaign, strongly
support the sampling of BB emissions. C,Cl; was only
moderately enhanced (4%) within the plume, and the O3/CO
ratio or stratospheric air indicator was quite low (<0.4). The
CO0,:CO enhancement ratio was 26.2 + 1.2, R? = 0.88. The
emissions sampled had multiple origins, the air parcel com-
ing in contact with the BL as it traveled over Europe and fires
in Northeast China and Russia with subsequent lofting to the
middle troposphere five days prior to collection (Figure 11b).
The highly elevated CO,, CH3CN and CO mixing ratios
suggest that the enrichment in A'*CO, resulted from the
combustion of older carbon (C) rather than from biospheric
respiration or cosmogenlc production.

[43] Atmospheric A"CO, due to past atmospheric nuclear
testing reached its peak at about 900%o in 1964 before declin-
ing to levels of about 95%o in 1999 [Levin and Hesshaimer,
2000]. The remobilization of radionuclides by fire and their
subsequent inter and intracontinental transport has been pre-
viously reported [Amiro et al., 1996; Wotawa et al., 2006],
as well as their persistence in high northern ecosystems due
to slower turnover rates [Paliouris et al., 1995]. Moreover,
A'™CO, values ranging between 110 and 350%o were
reported from an experimental forest fire near Fairbanks,
Alaska [Schuur et al., 2003] so it is not unreasonable to
attribute the 262. 2%o sample to the release of '*C-enhanced
carbon from bomb '*C sequestered in plant carbon pools by
boreal wildfires. Given that 77% of the A'*CO, samples
were obtained in plumes transported to the study region from
the northern midlatitudes yet exhibited little fossil fuel CO,
influence, the question arises if old C resuspended by bio-
mass burning played a larger role than respiration in offset-
ting the depletion of A'*CO, by fossil fuels during this high
fire season.

[44] For summer, we turn our focus to ten whole air sam-
ples collected below 2 km in fresh emissions from Canadian
boreal forest fires (Flgure IOb) These samples comprise 38%
of the overall summer A'CO, data set (n = 26). Within this
subset of data, A'*CO, was enriched (51.8 to 102.2%o) in
90% of the samples, and displayed a positive disequilibrium
(i.e., biosphere-atmosphere) of 1-7%o for values within 2o
of the July clean air maximum value (51.1%o). Within the
free troposphere, four samples were enriched in A'*CO,
(54.1, 57.6, 55.8, 54.6%0); half the sample number observed
in spring. These samples were collected above 5 km, and
contained CO, and CO enhancements to varying degrees.
Three were captured over the Canadian sub-Arctic while the
fourth was collected near Alert (ALT) (Figure 10b). Contrary
to the spring observations, C,Cl; mixing ratlos were not
elevated in any of the samples. Overall, the A'*CO, data
display a positive disequilibrium comparable to the fresh
fire emission values.

[45] ARCTAS-B A'#CO, distributions (Figure 10a) also
follow a similar pattern in terms of the low number of
samples indicating the addition of fossil fuel CO, (n = 2),
and in the presence of >2¢0 outliers. These findings are
associated with grab samples collected over the Alberta Tar
Sands oil recovery operations near Fort McMurray in NE
Alberta, and from wildfires near Lake Athabasca, in NW
Saskatchewan. One hertz CO, and CO data recorded during
the filling of four canister samples are presented in Figure 12.
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Figure 12. One second CO, and CO data recorded during
the filling of four individual canisters for radiocarbon anal-
ysis. Summertime A'*CO, data reveal a fossil fuel contribu-
tion to total measured CO, from observations over the
Alberta Tar Sands and indicate the resuspension of radionu-
clides from the combustion of contaminated biomass in the
Lake Athabasca fires.

Data collected over the Alberta Tar Sands at 0.8 km show
CO, rich emissions accompanied by depleted A'*CO, (39.6
and 36.1%o) with minor CO enhancements.

[46] Emissions from the Lake Athabasca fires contained
anomalously enriched A'*CO, associated with large CO,
and CO enhancements clearly related (Figure 12). The CO,:
CO emission ratios in these two plumes were 12.5 ppmv
ppmv ' (% = 0.90, 102.2%0), and 7.6 ppmv ppmv ' (r* =
0.70, 100.6%o0). Concurrent CH;CN mixing ratios were in
excess of 2 ppbv, a definitive fire signature substantiating
the addition of CO, as a biomass combustion byproduct. As
mentioned previously, a plausible source for these high
excursions is enrichment due to the resuspension of bomb
carbon ('*C) in contaminated biomass or soil organic matter
due to wildfires [Schuur et al., 2003]. The '*C signature in
the four anonymously enriched ARCTAS samples (100.6,
102.2, 112.9, 262.2%o) indicates that the carbon released by
fire was stored in respective ecosystems twenty or more
years ago.

[47] Levin et al. [2010] recently reported that fossil fuel
CO,; emissions remain the only major driver of the north-
south A'CO, gradient today yet found that the sum of all
processes contributing to the simulated north-south A'CO,
difference did not exactly match the observed difference
which may indicate some missing processes; possibly
unaccounted A'CO, sources in the north. As a result,
neither the observed temporal trend nor the north-south
A'CO, gradient may constrain global fossil fuel CO,
emissions to better than 25%, due to the large uncertainties
in these missing components of the radiocarbon cycle [Levin
et al., 2010]. The ARCTAS observations clearly show the
release of old carbon from boreal ecosystems disturbed by
fire as a source of AMCOZ enrichment. With the increase in
fire frequency and severity accompanying high-latitude
warming, this source then becomes an increasingly impor-
tant contributor to the mass excess in AMCOz observations.

VAY ET AL.: CO, AND '*C ACROSS HIGH NORTHERN LATITUDES

D14301

When unaccounted for or underestimated, the process
apparent in the ARCTAS observations represents an addi-
tional source of uncertainty in the quantification of fossil
fuel C02

6. Conclusions

[48] In the framework of the ARCTAS/POLARCAT
experiments, highly precise measurements of atmospheric
CO, were made from the NASA DC-8 over a significant
portion of the North American Arctic and sub-Arctic in
spring (4—17 April) and summer (29 June to 10 July) of
2008. Variations in CO, were characterized using coincident
gas phase and aerosol data, while influential source regions
were investigated with the Lagrangian Particle Dispersion
Model, FLEXPART. In spring, we found that pollution
originating primarily from Eurasian sources provided sig-
nificant input to the region, leading to enhanced CO, mixing
ratios in the free troposphere. Sources of the widespread
pollution were mainly traced to boreal forest and agricultural
residue fires; and Asian urban/industrial sources, the emis-
sions of which were most pronounced above 6.5 km. Local
boreal wildfires represented a major source for CO, in the
sub-Arctic during summer, and were found to emit 1698 +
280 g kg ' dry matter (DM) on average with a median value
of 1634 g kg”' DM. Enhancement ratios determined for
CO, relative to CO ranged from 27 to 83 ppmv ppmv ' in
discrete plumes sampled north of 60°N in spring, and 4 to
16 ppmv ppmv ' in fresh boreal wildfire fire emissions in
summer. The overall radiocarbon data set exhibited a neg-
ligible fossil fuel CO, signature; depleted A'*C values were
mostly from local sources. The pervasive influence of
emissions from fires in the boreal zone complicated the
parsing of biogenic and fossil fuel contributions to total
measured CO, using A'*CO, observations, likely offsetting
the fossil fuel CO, signal and highlighting some of the
uncertainties in using the isotope-based approach for accu-
rate quantification of fossil fuel CO,.

[499] The ARCTAS campaign provided a unique and
extensive body of data from high northern latitudes that is
useful for model simulations and space-based retrieval
evaluation. The rich data set, collected during the 2007—
2008 International Polar Year, is of historical value as a
baseline from which to assess future emission changes.
ARCTAS data are publicly available at http://www-air.larc.
nasa.gov/missions/arctas/arctas.html.
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