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We analyze detailed atmospheric gas/aerosol composition data acquired during the 2008 NASA ARCTAS
(Arctic Research of the Composition of the Troposphere from Aircraft and Satellites) airborne campaign
performed at high northern latitudes in spring (ARCTAS-A) and summer (ARCTAS-B) and in California in
summer (ARCTAS-CARB). Biomass burning inﬂuences were widespread throughout the ARCTAS
campaign. MODIS data from 2000 to 2009 indicated that 2008 had the second largest ﬁre counts over
Siberia and a more normal Canadian boreal forest ﬁre season. Near surface arctic air in spring contained
strong anthropogenic signatures indicated by high sulfate. In both spring and summer most of the
pollution plumes transported to the Arctic region were from Europe and Asia and were present in the
mid to upper troposphere and contained a mix of forest ﬁre and urban inﬂuences. The gas/aerosol
composition of the high latitude troposphere was strongly perturbed at all altitudes in both spring and
summer. The reactive nitrogen budget was balanced with PAN as the dominant component. Mean ozone
concentrations in the high latitude troposphere were only minimally perturbed (<5 ppb), although many
individual pollution plumes sampled in the mid to upper troposphere, and mixed with urban inﬂuences,
contained elevated ozone (DO3/DCO ¼ 0.11  0.09 v/v). Emission and optical characteristics of boreal and
California wild ﬁres were quantiﬁed and found to be broadly comparable. Greenhouse gas emission
estimates derived from ARCTAS-CARB data for the South Coast Air Basin of California show good
agreement with state inventories for CO2 and N2O but indicate substantially larger emissions of CH4.
Simulations by multiple models of transport and chemistry were found to be broadly consistent with
observations with a tendency towards under prediction at high latitudes.
Published by Elsevier Ltd.
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The Arctic is one of the most environmentally sensitive regions
of the earth system. The warming in this part of the atmosphere is
the largest with visible evidence seen in receding sea ice cover
(IPCC, 2007). Surface observations have shown that the Arctic is
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affected by transported Eurasian pollution in winterespring
leading to phenomena such as “Arctic haze” (Rahn, 1981; Barrie,
1986; Shaw, 1995; Quinn et al., 2007, 2008). In the summer, gas
and aerosol emissions from boreal forest ﬁres in Siberia, Canada,
and Alaska represent a major chemical and radiative perturbation
to the Arctic atmosphere (Stocks et al., 1998; Soja et al., 2007;
Shindell et al., 2007; Stone et al., 2008). Black carbon (soot, BC) in
Arctic snow can change snow albedo, altering radiative balance in
the region (Clarke and Noone, 1985; Hansen and Nazarenko, 2004;
Preston and Schmidt, 2006; Flanner et al., 2007). Emissions from
boreal ﬁres can be transported long distances inﬂuencing air
quality in various regions of the Northern Hemisphere and be
injected in the stratosphere under special convective conditions
(Fromm and Servranckx, 2003; Colarco et al., 2004; Morris et al.,
2006; Leung et al., 2007; Real et al., 2007). Recent investigations
have suggested that pollution inﬂuences in the Arctic are a year
round multi-altitude phenomenon that are poorly simulated by
models (Klonecki et al., 2003; Stohl, 2006; Law and Stohl, 2007;
Shindell et al., 2008).
Within the framework of the 2007e2009 International Polar Year
activities (http://www.ipy.org), a number of ﬁeld campaigns were
carried out as part of the POLARCAT (POLar study using Aircraft,
Remote sensing, surface measurements and modeling of Climate,
chemistry, Aerosols and Transport) program (http://www.polarcat.
no/) to better understand the impact of transported and locally
generated pollution on the composition, chemistry and climate of the
Arctic atmosphere. In collaboration with POLARCAT partners, NASA
carried out the ARCTAS (http://cloud1.arc.nasa.gov/arctas/) ﬁeld
campaign in the spring and summer of 2008 utilizing instrumented
aircraft for detailed observations of the chemical and radiative
properties of gases and aerosols in the Arctic and over California.
Although high latitudes were the main focus in ARCTAS, collaboration
with California Air Resources Board (CARB) offered a unique opportunity to compare mid-latitude and boreal forest ﬁre emissions as
well as provide unique information to test the quality of emission
inventories and models in use in California. An overview of the design
and implementation of the 2008 ARCTAS campaign and prevailing
meteorological conditions has been provided by Jacob et al. (2010)
and Fuelberg et al. (2010), respectively.
In this study we use statistical analysis, tracer observations, and
models to analyze and interpret ARCTAS data collected largely by
the NASA DC-8 (12 km ceiling). We compare the characteristics of
boreal and California ﬁre emissions and evaluate the impact of
these and anthropogenic sources on atmospheric composition
especially as it relates to ozone formation in the troposphere.
2. Deployments, ﬂights, and measurements
The NASA DC-8 was based in Palmdale, California (35N, 118W)
where all instrument integration and test ﬂights were carried out.
The spring deployment (ARCTAS-A) took place from April 1 to 21,
2008 from a base in Fairbanks, Alaska (65N, 148W) and involved
nine DC-8 ﬂights (75 ﬂight hours) over the Arctic spanning the
region from Alaska to Greenland. The ﬁrst part of the summer
deployment (June 17e24, 2008) was focused on California (ARCTAS-CARB) air quality where the DC-8 performed four ﬂights (33
ﬂight hours) from its base in Palmdale. From June 26 to July 14
(ARCTAS-B), the aircraft operated from a base in Cold Lake, Canada
(54N, 110W) performing nine ﬂights (75 ﬂight hours) including
a two-night stay in Thule to over-ﬂy Summit, Greenland (73N,
39W). Additional data over California were collected during transit
ﬂights between Palmdale and Cold Lake.
The DC-8 was equipped to make highly sensitive high-frequency
(1e10 s) in situ measurements of important greenhouse gases (CO2,
CH4, N2O), O3 and key precursors (NOy, HOx, PAN, HCHO), OVOC

(such as CH3COCH3, CH3OH, CH3CHO), aerosol composition (SO
4 ,
þ
NO
3 , NH4 , organic aerosol-OA, black carbon-BC), aerosol physical
and optical properties (number, size, volatility, microphysics, CCN,
absorption, scattering), and key tracers (CH3CN, HCN, CO, SO2, H2O).
Complementing these were an array of slower in situ measurements of NMHC, OVOC, halocarbons, alkyl nitrates, and bulk aerosol. A UV-Lidar performed remote measurement of ozone and
aerosol several kilometers above and below the aircraft. Additional
details involving airborne instrumentation, ﬂight planning process,
and ﬂight tracks are provided in Jacob et al. (2010).
3. Results & discussion
To relate the multiplicity of measurements performed on the DC-8,
merged ﬁles using 10 s and 60 s time windows were created. In much
of the analysis that follows, the 10 s merge has been used with only
occasional reliance on the 60 s merge. For some species (e.g. OVOC,
NMHC, NO2, SO
4 , HNO3), duplicate measurements using different
methods were available. In such instances we have preferred data
obtained with more speciﬁc and fast response techniques. As an
example, HNO3 was measured by both a fast response CIMS (Chemical
Ionization Mass Spectroscopy) technique and a slower mist chamber
technique. Further analysis indicated that the mist chamber technique likely suffered from nitrate interference and we have preferred
the CIMS HNO3 data. AMS (Aerosol Mass Spectrometer) aerosol data
(OA and SO
4 ) and PTR-MS (Proton Transfer Reaction Mass Spectrometer) gas phase data (OVOC and CH3CN) have been used in
preference to other slower chromatographic measurements. For NOx
(NO þ NO2) we have largely used the chemiluminescence data that
are broadly in agreement with the LIF (Laser Induced Fluorescence)
NO2 data. An unknown fraction of CH3OONO2, present mostly in the
upper troposphere, may have appeared as an artifact in NOx
measurements and its upper limit has been estimated using a steady
state model. In most other instances fast response data for O3 and NOy
(Chemiluminescence), COeCH4eN2O (Tunable diode laser spectroscopy), CO2 (non-dispersive infra red), total peroxy nitrates (TDLIF),
PAN (CIMS), black carbon (soot photometer), and optical/physical
properties (optical particle counters, nephelometer, PSAP) have been
used in this study. More details about principal investigators involved
in these measurements as well as instrument speciﬁcations are
available in the overview paper by Jacob et al. (2010).
Where appropriate we have used a number of chemical ﬁlters
to remove or minimize confounding factors. Where possible,
stratospheric inﬂuences were removed using a combination of
observed characteristics (water vapor < 50 ppm, CO < 50 ppb, and
O3 > 100 ppb). About 13% of the data in ARCTAS-A and 7% in ARCTAS-B were removed as predominantly stratospheric. A combination of tracers such as CO, CH3CN, halocarbons, and aerosols were
used to identify anthropogenic and biomass burning (BB) sources.
Air mass ages were qualitatively estimated from observed chemical
ratios such as NOx/NOy, C2H2/CO and toluene/benzene as well as
from trajectory analysis. Two 3-D chemical transport models
(CTMs) namely GEOS-Chem (Zhang et al., 2008; Mao et al., 2010),
MOZART (Emmons et al., 2010) and a box model (Olson et al., 2004)
simulated ARCTAS observations along the DC-8 ﬂight tracks and
have been employed here for purposes of data interpretation and
model evaluation. A third high resolution CTM provided simulations for ARCTAS-CARB ﬂights only (CMAQ V4.6, www.cmaqmodel.org; Appel et al., 2007).
3.1. Long-range pollution transport and inﬂuences on
Arctic/sub-Arctic composition
Long-range transport of pollution to high latitudes from Europe,
Asia and North America was observed in both phases of ARCTAS
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(Fuelberg et al., 2010; Warneke et al., 2009; Fisher et al., 2010). In
spring, Eurasian industrial emissions were transported to the
region principally in the lower troposphere. The majority of the
plumes sampled at higher altitudes (4e8 km) had strong signatures
of biomass combustion indicated by elevated mixing ratios of
tracers such as CH3CN and HCN. In ARCTAS-A and B, plumes from
boreal ﬁres originating in Siberia were sampled some 3e8 days
later at typical altitudes of 4e10 km. In the summer there were far
greater impact from Canadian boreal ﬁres impacting the lower
troposphere.
An example of transported pollution in the middle and upper
troposphere during a mission to the North Pole on July 9, 2008 is
shown in Fig. 1 as indicated by elevated mixing ratios of CH3CN, CO
and PAN. Ten day back trajectory analysis suggests transported
forest ﬁre emissions at around 5 km (84N, 289W) likely originated
in southern Russia where wild ﬁres were observed by the MODIS
satellite (Fuelberg et al., 2010). Sandwiched between this and the
stratosphere was evidence of anthropogenic pollution with
possible origins in eastern Asia. Unlike several tracers (e. g. CO,
CH3CN) and secondary organics (e. g. PAN), O3 was not distinctly
elevated, most likely due to the extremely low availability of NOx
(Fig. 1) at these cold temperatures with reactive nitrogen favorably
partitioned into the PAN reservoir (Jacob et al., 1992; Singh et al.,
1992, 2007).
The mean composition of the atmosphere at high latitudes was
perturbed by episodes of pollution during ARCTAS-A and B. The
average vertical structure of a number of selected primary and
secondary chemicals under clean conditions (lower quartile CO), all
data, and polluted conditions (upper quartile CO); and the observed
mean aerosol composition in ARCTAS is shown in Figs. 2 and 3,
respectively. Changes in CO are indicative of both anthropogenic
and BB sources while those in CH3CN are only indicative of BB
sources. Aerosol composition provides additional information on
the sources of pollution. During spring (ARCTAS-A), there was
a substantial enhancement above background in CO, PAN, and
organic aerosol in the middle troposphere suggesting that BB
pollution contributed signiﬁcantly. In much of the mid to low
troposphere (0e7 km) sulfate concentrations were also elevated
indicating industrial pollution (Fig. 3a). These were likely also
responsible for background black carbon mixing ratios in spring to
be larger than in summer. Contrary to the conventional view, there
was little indication that nearly all pollution in spring was from
industrial sources and remained in the surface layer (Rahn, 1981;
Quinn et al., 2007). Mid-tropospheric perturbations from wild
ﬁres as well as industrial emissions exceeded those near the
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surface. In the summer, the atmosphere was signiﬁcantly more
impacted with largest perturbations in the lower troposphere
(Fig. 2eeh). The CO vertical structure was nearly identical to that of
CH3CN further suggesting that Canadian boreal ﬁre emissions
played a dominant role. Organic aerosol was a main component of
BB aerosol emissions (Fig. 3b).
3.2. Reactive nitrogen
For photochemical simulations to be meaningful it is important
that NOx and its reservoir species be fully characterized (Olson
et al., 2004; Singh et al., 2007; Monks et al., 2009). In ARCTAS,
the DC-8 carried a full suite of instrumentation to measure all major
components of reactive nitrogen namely, NOx, NOy, HNO3, total
peroxy nitrates (PNs), total alkyl nitrates, and speciated PANs. As is
evident from Fig. 4, the overall reactive nitrogen budget was well
balanced with individually measured groups accounting for
90e100% of the total measured reactive nitrogen (NOy). Peroxy
nitrates (mostly in the form of PAN) dominated the reactive N
budget in both spring (70%) and summer (60%) at high latitudes
with a smaller 20% contribution over California. The high fraction of
PAN in the cold Arctic supports previous observations in this region
and is consistent with high stability of PAN at extremely cold
temperatures (Singh et al., 1994; Stroud et al., 2003). NOx abundance constituted a smaller NOy fraction of 5% in spring, 10% in
summer (ARCTAS-B) and 20% over California. Nitric acid at 40% was
the dominant component during ARCTAS-CARB and a minimal
fraction (5%) in the Arctic spring. In the upper troposphere
(7e12 km), HNO3 was extremely low during all three campaigns
averaging between 20 and 40 ppt. Reactive nitrogen was thus well
characterized making it a highly valuable data set to test photochemical theory as well as performance of models.
3.3. Ozone
A key aim of ARCTAS was to investigate the impact of industrial
and biomass burning pollution transported to the high northern
latitudes on O3 concentrations. Fig. 5 presents a plot of O3 as
a function of CO and CH3CN for ARCTAS-A, ARCTAS-B, and ARCTASCARB. Relatively fresh BB plumes at low altitudes (0e3 km) typically encountered during boreal ﬁres in the summer (Fig. 5b) contained very little enhancement in ozone. In the spring where most
BB plumes were aged and present in the mid to upper troposphere
(5e8 km) a greater enhancement in O3 was observed (DO3/
DCO ¼ 0.11  0.09 v/v). Over California (Fig. 5c) the situation was

Fig. 1. Transport of pollution to the Arctic (>80N) upper troposphere from wild ﬁres in Siberia and anthropogenic pollution in eastern Asia. As sampled by the DC-8 on 9 July 2008.
Left two boxes show vertical proﬁles of a number of key tracers and secondary products; the right hand shows 10-day back trajectories starting at 5 km.
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Fig. 2. Distribution of selected primary and secondary species at high latitudes during ARCTAS. Top boxes are from ARCTAS-A (spring) and bottom ones from ARCTAS-B (summer).
Solid (black) line is a mean of all observed data; dashed (blue) line represents near background conditions (lowest CO quartile) and dotted (red) line represents polluted conditions
(highest CO quartile). (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

similar in fresh BB plumes but air masses were frequently mixed
with urban emissions that offered the opportunity for large O3
formation in the lower troposphere. In the middle and lower
troposphere the highest O3 levels occurred under dominant
anthropogenic inﬂuences. The extremely high O3 levels (>120 ppb)
in the Arctic/sub-Arctic (Fig. 5a, b) were nearly all in the UT
(8e12 km) where polluted air (high CO and PAN) was often mixed
with stratospheric air. In California (Fig. 5c) the extremely high O3
levels were in the lower troposphere (w1 km above ground) east of
Fontana. This was an urban ﬁre plume that mixed with anthropogenic emissions at the ﬁre. As a result, the plume contained high O3
levels while the near-by surface monitors (presumably not
impacted directly by the ﬁre plume) did not record these. All other
ﬁre plumes observed in California had O3 levels less than 100 ppb.
Fig. 6a, b shows the vertical distribution of O3 for spring and
summer for high latitudes as a function of the degree of pollution
as described in Fig. 2. A comparison of the background proﬁle
with all data indicates that transported pollution had at best
a small impact on O3. In spring when pollution was transported
long distance and aged, the air masses had on average about
10 ppb more ozone than background. However, there were not

enough impact and the mean O3 proﬁle was minimally perturbed
(<5 ppb) compared to background. In summer much of the
pollution was relatively fresh and there was little indication of
enhanced O3. Plotted in Fig. 6c, d are results based on simulations
from GEOS-Chem and MOZART that correspond to the observed
behavior shown in Fig. 6a, b. These simulations further support
little net impact on mean O3 levels resulting from pollution
events. We have selected to show GEOS-Chem for spring (Fig. 6c)
and MOZART for summer (Fig. 6d) as these more accurately
simulated NOx (see Fig. 8b, d) necessary for accurate O3 prediction. Thus direct observations and models are consistent in
indicating that pollution transport did not provide sufﬁcient
precursors for signiﬁcant changes in mean O3 abundances in the
Arctic region. Individual plumes however did contain substantial
enhancements in O3 that may impact air quality in certain
regions for short periods of time (Oltmans et al., in press).
It was possible to compute production and destruction rates of
O3 from direct observations of free radicals (OH/HO2) and nitrogen
oxides using the chemically detailed box model of Olson et al.
(2004). During the spring campaign (ARCTAS-A) the net O3
production rates (formationedestruction) in the entire troposphere

Fig. 3. Aerosol composition during ARCTAS. Data are from Aerosol Mass Spectrometer (AMS) measurements on the DC-8.
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Fig. 4. Reactive nitrogen distribution and budget during ARCTAS. Individually measured reactive nitrogen species or groups are plotted as a fraction of total measured nitrogen
(NOy) as indicated in (b). The sum of peroxy nitrates (mostly PANs) and alkyl nitrates (ANs) are from UCB-TDLIF; HNO3 is from CIT-CIMS; NOx and NOy are from NCAR-chemiluminescent instrument.

was nearly zero (Fig. 7). In the summer season (ARCTAS-B) there
was some net O3 production in the lower and upper troposphere
(z0.1 ppb h1). These rather small computed rates of net O3
production further support the observed O3 behavior at high latitudes. In comparison, the BL over California (0e2 km) showed
signiﬁcant net O3 production with median values approaching
1.5 ppb h1. In all cases there was evidence of net O3 destruction
(<0.1 ppb h1) in the middle troposphere (2e8 km).
3.4. Models of transport and chemistry and comparisons
with observations
A comparison between observations and model simulations for
O3 and NOx for the three ARCTAS phases is presented in Fig. 8. The
potential upper limit error in NOx measurements due to CH3OONO2
decomposition is also shown. Depending on the model, high latitude NOx is both under-predicted and over-predicted with little
direct relation to ozone prediction (Fig. 8aed). In ARCTAS-A, GEOSChem simulates NOx more accurately than MOZART (Fig. 8b) but
the reverse is the case for O3 (Fig. 8a). Similarly, NOx simulated by
GEOS-Chem in ARCTAS-B (Fig. 8d) is substantially larger than
MOZART although O3 predictions are similar (Fig. 8c). While models
are able to simulate mean O3 to within 20 ppb at high latitudes
there is little internal consistency in this behavior. A large part of
this disagreement comes from difﬁculties in correctly simulating
NOx and exchange with the stratosphere. The agreement for data
over California was generally superior for all three models (Fig. 8e,
f). It is noted that the CMAQ model for California did not contain
any ﬁre emissions and yet predicted NOx and O3 as accurately as
models that did. This is in accordance with the observation that

relatively fresh ﬁre emissions lack signiﬁcant amounts of NOx and
thus are not conducive to signiﬁcant ozone formation.
Fig. 9 shows comparisons between observations and models for
a select group of primary and secondary gases and aerosols
measured during ARCTAS-A and ARCTAS-B. The selected species
(acetone, PAN, HNO3, and SO
4 ) cover a wide range of sources as
well as atmospheric characteristics (e. g. chemistry, solubility) and
can provide a reasonable test for the overall ability of selected
models. It is evident that there are fairly large uncertainties in the
ability of models to simulate observed high latitude composition.
The rather large disagreements between Arctic black carbon
observations and model simulation have been previously reported
by Shindell et al. (2008). Some of the differences are probably due
to errors in emission inventories (e. g. acetone) while others are due
to poor simulations of chemistry and/or removal during transport
(e. g. PAN, HNO3, SO
4 ). We also note that model-to-model deviations can often exceed those with observations. To date, much of
the data available from the Arctic region has been from surface sites
only. While global models capture the broad distribution of
chemicals in the Arctic, there has been insufﬁcient 3-dimensional
data for their validation and reﬁnement. In this regard the ARCTAS
campaign ﬁlls a critical need providing opportunities for future
model improvements. There is also a clear need for standardized
model inter-comparisons to determine the causes of disagreements
among models.
3.5. BB emissions and urban inﬂuences
During ARCTAS-A and -B, MODIS satellite imagery indicated
widespread ﬁre activity in Siberia. MODIS data over Siberia from

Fig. 5. Ozone as a function biomass burning tracer (CH3CN) and general pollution (CO) during ARCTAS. The extremely high O3 values (>120 ppb) in (a) and (b) are all in the upper
troposphere associated with polluted air masses that could not be separated from stratospheric inﬂuences. O3, CO and CH3CN are as measured by chemiluminescence, TDLAS and
PTR-MS, respectively.
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Fig. 6. Observed and modeled ozone behavior at high latitudes during spring (ARCTAS-A) and summer (ARCTAS-B). The three lines indicate near background (dashed-blue),
polluted (dotted-red), and average observed (solid-black) conditions (as deﬁned in Fig. 2 legend). The top 2 boxes (a, b) are based on DC-8 data; the lower two boxes are simulations
using GEOS-Chem (c) and MOZART (d). See text for more details. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this
article.)

2000 to 2009 indicated that April 2008 ﬁre counts were the highest
while the summer peak was second only to 2003. ARCTAS-B
(summer) also saw extensive boreal ﬁres burning throughout
Canada. In 2008 the Saskatchewan burned area, easily accessible to
the DC-8 from its Cold Lake base, signiﬁcantly exceeded the 20 year
average statistics while overall Canadian ﬁres were near normal
(Soja et al., 2008). California also experienced one of the largest
episodes of wild ﬁres in June 2008, with over a 1000 ﬁres burning,
and ARCTAS-CARB took advantage of this unique opportunity to
investigate emissions from mid-latitude wild ﬁres and their
comparison with boreal ﬁres.
Fig. 10 displays a plot of important greenhouse gases (GHG),
oxygenated volatile organic chemicals (OVOC) and CH3CN (BB
tracer) as a function of CO, a well-known indicator of multiple
pollution sources. The extensive measurements of tracers on the
DC-8 allowed identiﬁcation of source types (anthropogenic,
biogenic, and BB) as noted in Fig. 10. The highest methane
concentrations (Fig. 10a) were encountered over biogenic/agricultural ﬁelds (typically low CO and CH3CN), with urban emissions
next (DCH4/DCO z 1 v/v) and the lowest rate of emission from BB
sources (DCH4/DCO z 0.08 v/v). It is evident from Fig. 10a that the
CH4 BB emission rates for the three regions were very nearly
identical. Enhancements of CO2 (DCO2/DCO) from urban pollution
of nearly 100 v/v far exceeded those from BB (10 v/v). Nitrous oxide
was negligibly elevated in BB plumes (DN2O/DCO z 0.001 v/v) with
larger contributions from agricultural and anthropogenic sources.
Relative enhancements of a variety of OVOC in BB plumes sampled
in the three phases of ARCTAS were very similar (Fig. 10def). It did

appear that the CH3CN enhancement in California ﬁres was
somewhat lower than boreal ﬁres. This difference is likely due to
the variations in biomass composition and the different ﬂaming/
smoldering balance in these ﬁres.
Some 70 small and large pollution plumes were identiﬁed
during ARCTAS. Using CH3CN as a BB tracer, 18 plumes were

Fig. 7. Median net ozone production rates from the three ARCTAS phases. These are
constrained by chemical and physical parameters measured by the DC-8 and calculated
using the NASA Langley box model (Olson et al., 2004).
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Fig. 8. Mean tropospheric proﬁles of observed and modeled O3 and NOx. MOZART and GEOS-Chem simulations are shown for all phases of ARCTAS. CMAQ model runs were
available only for ARCTAS-CARB and did not incorporate ﬁre emissions. NOx-MPN line indicates NOx when corrected for maximum possible CH3OONO2 interference. Ozone and NOx
data are from the NCAR-chemiluminescent instrument.

identiﬁed as fresh BB plumes mostly present in the lower troposphere (2  2 km). Twenty plumes sampled in the middle to upper
troposphere (7  2 km) were transported from Eurasian regions
and contained both anthropogenic and biomass burning signatures.
Twelve plumes were identiﬁed as mainly of anthropogenic origin
(elevated CO and no enhancement in CH3CN) present largely over
California at low altitudes. In Table 1 we provide mean enhancements of a variety of species relative to CO in these selected plumes.
We note that given the long lifetime of CO in the middle troposphere (3e4 months) it can be treated as a nearly inert tracer
during the 1e7 day transport time associated with these plumes.
The Modiﬁed Combustion Efﬁciency {(1 þ DCO/DCO2)1} of 0.94 in
transported plumes (column 2) can be compared with 0.90 in fresh

BB plumes (column 1) and 0.99 in urban plumes (column 3) suggesting that high altitude transported pollution contained both BB
and urban inﬂuences.
Enhancement ratios of plumes that were identiﬁed to have
predominantly BB signatures (column 1) were in general agreement with data reported in Fig. 10. Mean relative enhancements of
several species such as CO2, CH4, methanol, acetone, benzene,
toluene and aerosol are comparable to those observed at locations
and in other studies (Goode et al., 2000; de Gouw et al., 2006; de
Gouw and Jimenez, 2009; Mieville et al., 2010). The most distinct
features of BB plumes when compared to anthropogenic air masses
was rather low relative enhancements in CH4, CO2, and N2O and
rather high enhancements in organic aerosol (Fig. 11). Nine plumes
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Fig. 9. Observed and modeled concentrations of selected primary and secondary constituents at high latitudes (>50N) during ARCTAS. MOZART and Geos-Chem results are shown
in dashed (blue) and dotted (green) lines as in Fig. 8. (For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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Fig. 10. Relationship of selected greenhouse gases and organic chemicals with carbon monoxide tracer for the three phases of ARCTAS. BB: biomass burning, AN: anthropogenic; BG:
biogenic. Data sources as described in text.

measured in Arctic spring were greatly enhanced in BC (DBC/
DCO ¼ 9.4  3.3 ng sm3 ppb1) and SO
4 (DSO4/DCO ¼ 29  19 ng
sm3 ppb1) indicating greater industrial inﬂuences in ARCTAS-A
(Table 1). As has been suggested previously, it also appears from
Table 1 that unlike CH3CN, HCN may also have anthropogenic
sources that are presently not well quantiﬁed (Singh et al., 2003;
Baum et al., 2007; Crounse et al., 2009).
Organic aerosol, black carbon, CO and PAN enhancements in BB
plumes increased linearly with DCH3CN. However, this was not the
case for O3 whose enhancement in plumes was not easily
discernible and was often uncorrelated with DCH3CN. Relatively
fresh plumes of BB origin (column 1) had little NOx and minimal O3
enhancement (DO3/DCO ¼ 0.03  0.04 v/v). A comparison of emission ratios in various plume types (columns 1e3) of Table 1
suggests that most of the plumes at high altitudes had some
urban pollution in them. As an example DCH4/DCO and DSO4/DCO
can be seen to increase signiﬁcantly with greater anthropogenic
inﬂuences. More aged BB plumes that also contained some urban
pollution were substantially enhanced in O3 (DO3/DCO ¼ 0.11 

0.09 v/v). These relative responses indicate similarities in ﬁre
emissions from widely different regions and their change with
increasing anthropogenic pollution.
Enhancements of species relative to CO in urban plumes (Table 1
and Fig. 10) in many cases are useful in assessing the accuracy of
emission inventories generally derived from bottom-up data. This
is particularly true for greenhouse gas emissions that are presently
being quantiﬁed in many regions of the world. Here we use data
from the urban plumes shown in Table 1 to assess the emissions
information for CH4 and N2O. We note that the CARB CO emission
inventory (http://www.arb.ca.gov/app/emsinv/emssumcat.php) for
all California and South Coast Air Basin (SoCAB) indicating CO
emissions of 4.1 Tg y1 and 1.2 Tg y1, respectively is in reasonably
good agreement with ARCTAS-CARB observations and has been
extensively validated by the state. Bottom-up CH4 emissions for the
entire CA state (http://www.arb.ca.gov/cc/inventory/data/data.
htm) are estimated to be 1.3 Tg y1 with about 56% coming from
the agricultural sources. Scaling this emission inventory to the
SoCAB region (50% population/5% agricultural), we estimate a CH4

Author's personal copy

4562

H.B. Singh et al. / Atmospheric Environment 44 (2010) 4553e4564

Table 1
Enhancement ratios of selected species relative to CO in a variety of pollution plumes
sampled during ARCTAS.
Aged BB/urban
plumes
(alt. 6.9
 2.0 km)b

Urban plumes
(alt. 1.6 
2.5 km)c

Estimated
global BB
sourced
(Tg y1)

Enhancement
ratios relative
to CO

Fresh BB
plumes
(alt. 2.0 
1.3 km)a

DCH3CN/DCO

2.0  0.5

2.6  0.5

0.0  0.0

1.0

5.6  3.0

7.5  2.1

1.5  1.2

2.0

0.08  0.03

0.25  0.10

1.1  1.1

17.1

9.4  3.7

15.4  17.3

109  80

5539

0.03  0.04

0.11  0.09

0.09  0.11

e

8.3  4.1

9.9  8.3

137  145

1.6e

3.5  4.2

0.9  1.5

123  113

0.7e

0.3  0.6

0.3  0.4

14.5  11.8

0.1e

(ppt ppb1)
DHCN/DCO
(ppt ppb1)
DCH4/DCO
(ppb ppb1)
DCO2/DCO
(ppb ppb1)
DO3/DCO
(ppb ppb1)
DNOy/DCO
(ppt ppb1)
DNOx/DCO
(ppt ppb1)
DHNO3/DCO
(ppt ppb1)
DPAN/DCO
(ppt ppb1)
DHCHO/DCO
(ppt ppb1)
DCH3OOH/DCO
(ppt ppb1)
DCH3OH/DCO
(ppt ppb1)
DCH3COCH3/DCO
(ppt ppb1)
DCH3CHO/DCO
(ppt ppb1)
DC7H8/DCO
(ppt ppb1)
DC6H6/DCO
(ppt ppb1)
DSO2/DCO
(ppt ppb1)
DSO4/DCO
(ng sm3 ppb1)
DNO3/DCO
(ng sm3 ppb1)
DBC/DCO
(ng sm3 ppb1)
DOA/DCO
(ng sm3 ppb1)

2.7  1.8

4.1  3.1

5.6  4.1

0.5

15.8  7.8

3.7  4.2

23.0  13.7

6.3

13.4  16.2

6.7  8.6

6.2  6.2

8.6

15.6  9.2

21.1  7.0

21.0  14.0

6.7

4.7  3.3

10.6  3.6

18.3  9.5

3.6

4.9  3.3

2.4  2.0

4.4  2.6

2.9

0.7  0.2

0.8  0.5

2.3  1.3

0.9

1.6  0.3

2.0  0.4

1.6  0.3

1.6

1.1  0.6

0.6  1.5

30  35

1.0

3.0  1.7

11.6  17.2

29  33

0.9

6.3  3.5

3.3  4.3

7.6  7.9

1.9

1.6  0.9

2.4  2.8

2.4  0.5

0.5

155  60

60  60

40  25

46.0

e

Moderately fresh near source BB plumes (N ¼ 18; DCH3CN ¼ 2.4  1.5 ppb).
Moderately aged (1e5 days) BB plumes (N ¼ 20; DCH3CN ¼ 0.3  0.1 ppb)
transported from long distances are mixed with anthropogenic pollution. In ARCTAS-A (April) mean SO4 and BC enhancements in nine sampled plumes were
comparable to or larger than those in fresh urban plumes.
c
Urban pollution plumes (N ¼ 11; DCH3CN ¼ 0.0  0.0 ppb) mainly sampled over
California.
d
Based on mean data in column 1 and a global BB CO emission rate of 375 Tg y1
(see text). Does not include biofuel or charcoal burning.
e
Expressed in units of Tg(N) y1.
a

b

source of about 0.35 Tg y1. However, using the mean DCH4/DCO
ratio of approx 1 v/v measured over southern California in urban
plumes would suggest a SoCAB CH4 source of 0.7 Tg y1 or nearly
twice as large. A similar analysis for CO2 and N2O leads to SoCAB
emission estimate of 200 Tg y1 and 0.02 Tg y1 respectively, in
reasonable agreement with the state inventory. The anthropogenic emission rate of N2O in California is low in large part due to
the use of low sulfur fuels (Graham et al., 2009). Emissions rates
of N2O are likely to be larger in urban centers around the world
with higher fuel sulfur content. We also note that ground based
observations of Hsu et al. (2010) disagree with ARCTAS-CARB data
and report a DCH4/DCO of only 0.5 v/v, resulting in good agreement with the bottom-up state inventory. Clearly many

Fig. 11. Enhancements of organic aerosol (OA), methane (CH4) and ﬁne sulfate (SO4)
relative to CO as a function of plume types. For more detail see Table 1.

uncertainties are present and additional observational data are
necessary for satisfactory validation of GHG emissions in
California.
Given that BB emission rates appear to be relatively similar, we
use these data to estimate the global BB sources of several species
in Table 1 assuming a best available global BB CO source of 375
(20%) Tg y1 (Van der Werf et al., 2006; revised by 14% as per
private communication of authors). These estimates do not include
emissions resulting from biofuel and charcoal burning sources.
Where comparisons are possible, these global estimates are in
reasonably good agreement with previously published data
(Andreae and Merlet, 2001; Singh et al., 2003, 2004; de Gouw et al.,
2006; Schultz et al., 2008; de Gouw and Jimenez, 2009; and
references therein).
3.6. Optical effects
The DC-8 also measured detailed aerosol composition as well as
their physical and optical properties. Fig. 12a shows a plot of ARCTAS-CARB submicron scattering and total absorption at 532 nm
(green) as a function of degree of pollution represented by CO. The
relationship with black carbon was nearly identical. It is evident
that BB aerosol were strongly absorbing and both absorption and
scattering increased nearly linear as a function of CO. This relationship was also observed in boreal forest plumes with nearly
identical behavior. Fig. 12b shows the behavior of single scattering
albedo (scattering/absorption þ scattering; SSA), a quantity necessary for satellite aerosol retrievals, that had a mean value of 0.93. In
ARCTAS-B, SSA declined from about 0.94 to 0.91 (more absorbing)
with increasing BB smoke. Over California this behavior was
reversed with lower SSA at lower CO concentrations that were
associated with greater urban (southern California) inﬂuences.
Although black carbon concentrations in urban air over California
were moderately high, these were lower than those observed in
boreal ﬁres. Also BC particles were found to be more thickly coated
in ﬁre impacted air than in urban air. We speculate that the greater
abundance of organic aerosol, which is more reﬂective, in BB smoke
inﬂuenced air (Fig. 3) caused these air masses to have higher SSA
than similar concentrations in urban air. In all cases absorption and
scattering changed in a near linear fashion as a function of
increasing pollution causing SSA to be minimally impacted.
Although we only show data for 532 nm, similar relationships were
also evident at other wavelengths studied (470 nm and 660 nm).
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may be under estimated in California. ARCTAS provided a unique
and extensive body of data set from high latitudes that is useful for
further improvements in our knowledge and in model simulations.
These data are now available to all interested parties for further
analysis and new ﬁndings are expected.
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