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Abstract. The National Aeronautics and Space Administra- organic compounds that represent pure anthropogenic trac-
tion (NASA) conducted the Arctic Research of the Compo- ers, Asian anthropogenic pollution, incomplete combustion,
sition of the Troposphere from Aircraft and Satellites (ARC- and natural gas emissions. We determine flight legs contain-
TAS) mission during 2008 as a part of the International Polaring anthropogenic emissions and the pathways travelled by
Year (IPY). The purpose of ARCTAS was to study the factorsthese emissions. Results show that the DC-8 sampled an-
responsible for changes in the Arctic’s atmospheric compo-thropogenic emissions from Asia, North America, and Eu-
sition and climate. A major emphasis was to investigate Arc-rope during the spring phase of ARCTAS. The pathways
tic haze, which is most pronounced during winter and earlytravelled by these emissions agree with our derived transport
spring. This study focuses on the spring phase of ARCTAScharacteristics and previous studies of Arctic transport. Me-
(ARCTAS-A) that was based in Alaska during April 2008. teorological analysis and trajectory calculations indicate that
Although anthropogenic emissions historically have been asmiddle latitude cyclones and their associated warm conveyor
sociated with Arctic haze, biomass burning emissions dom-belts play an important role in lofting the surface based emis-
inated the ARCTAS-A period and have been the focus ofsions to their sampling altitude in all three cases.
many ARCTAS related studies.
This study determines mean transport characteristics of
anthropogenic emissions during ARCTAS-A. Trajectories 1 |ntroduction
are initiated each day from three significant regions of an-
thropogenic emissions (Asia, North America, and Europe).Since the Arctic is far removed from most industrial locations
The fifteen day forward trajectories are calculated using dataand other sources of pollution, its atmosphere once was be-
from the Weather Research and Forecasting (WRF) model dieved to be very clean. However, parts of the Arctic actually
45km horizontal resolution. The trajectory calculations in- can become very polluted due to the transport of emissions
dicate: origins of emissions that reach the Arctic (defined afrom distant sources (Raatz and Shaw, 1984; Shaw, 1995;
north of 70 N) within fifteen days, pathways of these emis- Rinke et al., 2004). There also are pollution sources within
sions, Arctic entry locations, and altitudes at which the tra-the Arctic from natural gas and oil extraction and other heavy
jectories enter the Arctic. industry. The greatest concentrations of Arctic pollution oc-
Three cases during the ARCTAS-A period (one for each ofcur during the winter and early spring months (Mitchell,
the regions above) are examined using backward trajectorie$957; Shaw, 1995; Eckhardt et al., 2003). The buildup of
and chemical fingerprinting based on in situ data samplecollutants during these months, combined with photochemi-
from the NASA DC-8. The fingerprinting utilizes volatile cal reactions (beginning in early spring), produce a visibility
reducing haze called “Arctic Haze” (Mitchell, 1957; Shaw,
1983; Hileman, 1983; Schnell, 1984; Meyer et al., 1990).
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(Mitchell, 1957). The haze typically is most concentrated are the dominant source of pollutants in the low levels of
near the surface, with discontinuous horizontal layers in thethe Arctic atmosphere, while North American and east Asian
middle and upper troposphere (Hileman, 1983; Hoff, 1987). pollutants are more common in the middle and upper levels

Arctic haze long was considered to consist mostly of an-(Klonecki et al., 2003; Stohl, 2006; Law and Stohl, 2007).
thropogenic pollutants (Hileman, 1983; Barrie and Hoff, The National Aeronautics and Space Administration
1985; Barrie et al., 1994), with primary species being a mix- (NASA) conducted the Arctic Research of the Composition
ture of sulfates and particulate organic matter (Li and Bar-of the Troposphere from Aircraft and Satellites (ARCTAS)
rie, 1993; Quinn et al., 2002). Other species include ammofield mission during 2008 (Jacob et al., 2010). ARCTAS was
nium, nitrate, dust and black carbon (Li and Barrie, 1993;conducted primarily over the Arctic areas of Alaska, Canada,
Quinn et al., 2002). Shaw (1995) noted that heavy metalsand Greenland and was a component of the Polar Study us-
detected in the haze are associated with industrial sourcesng Aircraft, Remote Sensing, Surface Measurements and
Recent research has shown that boreal forest fires in Siberislodels of Climate, Chemistry, Aerosols and Transport (PO-
and eastern China, as well as agricultural burning in KazaL ARCAT, Stohl and Law, 2006). ARCTAS consisted of
khstan, southern Russia, and eastern Europe also are impdwo deployments, one based in Alaska (April 2008) and the
tant sources of Arctic pollution (Warneke et al., 2009, 2010).other in Alberta, Canada (June—July 2008). The main goal
This source of biomass burning emissions may increase irof ARCTAS was to better understand the factors that con-
the future due to the effects of climate change (e.g., Kasistribute to changes in the composition of the Arctic atmo-
chke et al., 2005; Wotton et al., 2010). sphere and climate by studying the influx of mid-latitude pol-

Several factors contribute to the buildup of pollutants in lutants, boreal forest fire emissions, aerosol radiative forcing,
the Arctic atmosphere. First, the Arctic atmosphere is dom-and chemical processes (Jacob et al., 2010).
inated by strong temperature inversions that trap air near Anthropogenic emissions were expected to dominate the
the surface, especially during the winter and early springArctic atmosphere during the spring phase of ARCTAS
when there is little or no sunlight (Curry, 1983, 1987; Raatz, (hereafter denoted ARCTAS-A). However, that did not oc-
1991; Bradley et al., 1992). Since these inversions limit tur-cur. Instead, widespread fires in Russia were the major
bulent mixing, dry deposition is greatly reduced (Hileman, source of Arctic pollution during the period (Warneke et al.,
1983). Furthermore, since the atmosphere during the winteR009; Jacob et al., 2010). The fires started unusually early,
and early spring is cold, dry, and stable, precipitating cloudconsisting of agricultural burning in Kazakhstan and south-
systems are inhibited, thereby also limiting wet depositionern Russia as well as boreal forest fires in Siberia (Warneke
(Shaw, 1995). Another phenomenon that influences cold seaet al., 2009). ARCTAS related research has examined the
son Arctic transport is the “dome” of cold potential temper- sources and characteristics of the biomass burning emissions
ature that forms over the polar region (Klonecki et al., 2003;(e.g., Kondo et al., 2011; Matsui et al., 2011; Oltmans et
Stohl, 2006; Law and Stohl, 2007). Since potential temper-al., 2010; Singh et al., 2010). Although biomass burning
ature increases with altitude in the stable atmosphere, andmissions were the dominant source of Arctic pollution dur-
due to the temperature difference between the middle latiing ARCTAS-A, our focus is the characteristics and transport
tudes and the Arctic, the potential temperature (isentropic)pathways of anthropogenic emissions to the Arctic during the
surfaces curve upward from the mid latitudes to the Arctic spring period. We utilize in situ chemical data sampled from
(Carlson, 1981; Iverson, 1984, Raatz, 1991). If one assumethe NASA DC-8 flying laboratory and backward kinematic
adiabatic conditions, low level trajectories moving northward trajectories derived from high resolution numerical modeling
from the middle latitudes must ascend as they approach th&o identify source regions of the anthropogenic emissions that
Arctic. Conversely, for trajectories to remain near the surfacewere sampled by the aircraft. Three specific cases are exam-
while heading poleward, they must be diabatically cooled byined, one for each of the major source regions (Europe, Asia,
radiative effects such as passing over snow and ice. and North America).

Three typical transport pathways to the Arctic during the Section 2 provides details about the meteorological nu-
winter months have been identified by Stohl (2006). The firstmerical model that we employed as well as the trajectory
consists of rapid low level transport of already cold air north products derived from its output. Information about other
of the Arctic Front. A variation of this scenario is the rapid methodologies and the specifics of our various data sources
northward transport of air originally south of the Arctic front also is provided. Sections 3-8 present derived ARCTAS-A
up and over the Arctic Front. The second method of transportransport characteristics for each of the three major source re-
occurs on a longer time scale in which cold air is transportedgions as well as results from the three cases of anthropogenic
over a snow covered surface, allowing it to cool sufficiently Arctic transport.
to penetrate the Arctic isentropic dome. Finally, middle lat-
itude air can be lofted into the upper troposphere and then
quickly transported to the Arctic where it gradually sinks into
the lower troposphere due to radiative cooling. These three
transport processes generally mean that European emissions
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Table 1. WRF physics options used in this study. See Skamarock
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{ \J<’ WA~ B ‘I : et al. (2008) for details about each option
ENDZANIE: o TR I - -
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2.2 Trajectory calculations

Trajectories represent the paths taken by air parcels over a
period of time. Our three dimensional kinematic trajectories
were calculated using u, v, and w wind components from the
WREF hourly data at 45 km resolution. Although the 15 and
Fig. 1. Parent domain (45km, black) and inner nests (15km and5 km nested data were not used explicitly, the nesting did in-
5km, red) used for the ARCTAS simulations. fluence the 45 km parent grid through two way interactions.
Additional details about our trajectory model are given in Fu-
elberg et al. (1996, 2000) and Martin et al. (2002). If a trajec-
tory intersected the lower boundary, it was continued isobar-
2.1 WRE Model ically along the surface and possibly lofted later by vertical
motion, a procedure similar to Stohl et al. (1995). Limita-
Numerical simulations were used to study weather patterngions of trajectories are described in Stohl et al. (1995, 1998)
responsible for transport to the Arctic (defined as the regionand Fuelberg et al. (2000).
north of 70 N) during the ARCTAS mission. This study uti-  Fuelberg et al. (2010) used forward trajectories to describe
lized the Weather Research and Forecast (WRF) model (Skaverall northern hemispheric transport to the Arctic during
marock et al., 2008) version 3.0.1.1 developed by the Na-ARCTAS. In the current study we describe transport charac-
tional Center for Atmospheric Research (NCAR). We choseteristics for three specific regions of interest (Europe, Asia,
WREF instead of the Global Forecast System (GFS) since thend North America). To facilitate easy comparisons be-
latter is available at only 0°%5 0.5 horizontal resolution  tween the two studies, we employ the same meteorological
and at a coarser temporal resolution. Our WRF parent domodel, grid nesting, and trajectory methodology as Fuelberg
main had a 45 km horizontal resolution centered on the Northet al. (2010). We used a Lagrangian particle dispersion model
Pole (Fig. 1). It was important to resolve areas of greates{LPDM) (FLEXPART, Stohl, 2005) as a preliminary tool to
anthropogenic emissions at the highest resolution that ouhelp select the three individual case studies. Specifically, we
computing facilities would allow. Therefore, we placed in- |ooked for flights when plumes of anthropogenic CO from
ner telescoping nests of 15 and 5 km centered over three ma&LEXPART intersected the flight tracks. We then deter-
jor anthropogenic source regions including Europe, eastermined the particular leg of the flight when this occurred and
Asia, and North America. These inner nests provided two-began to analyze the chemistry and use trajectories to fur-
way feedback to the coarse grid. The parent domain and eacimer explore the meteorology. Although a backward LPDM
of the inner nests consisted of 50 vertical sigma levels thatpproach could have been used, we thought that its results
were packed in the boundary layer and near the tropopausevere more difficult to interpret and explain than those from
The specific physics packages used in our WRF simulationgackward trajectories. In any event, Fuelberg et al. (2010)
are listed in Table 1 and Fuelberg et al. (2010). Detailed dis-present results from both trajectories and the Lagrangian ap-
cussions about each of the settings in Table 1 can be foun@roach, and we are confident that use of a Lagrangian ap-
in Skamarock et al. (2008). The model was initialized with proach would not change any of our current conclusions.
final analysis data from the Global Forecast System (GFS) at  Anthropogenic CO emissions data from the University of
0.5°x 0.5 horizontal resolution. GFS is run operationally |owa Center for Global and Regional Environmental Re-
by the National Center for Environmental Prediction (avail- segrch (CGRER) were used to define the starting locations
able athttp://www.nco.ncep.noaa.gov/pmb/produyts/ of fifteen day forward trajectory calculations in our three

2 Data and methodology
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Fig. 2. Trajectory release locations on the 2:02.0° grid (blue dots) for(a) Asia,c) North America, ande) Europe. These locations
were based on anthropogenic emissions during ARCTAS (kg grid pbitay 1) for (b) Asia, (d) North America, andf) Europe from the
CGRER data set.

regions of emissions (Fig. 2). The CGRER emissions datawithin the areas of enhanced emissions. There was a degree
had been prepared to support the ARCTAS mission (forof subjectivity in selecting the starting locations. For exam-
further information and data access, ddp://www.cgrer.  ple, some offshore locations were included if they were close
uiowa.edu/arctas/emission.h)miSpecifically, the trajecto- to strong onshore emissions (e.g., the west coast of the US) or
ries were initialized at the surface on a 2:02.0° grid areas of major offshore drilling (northern Gulf of Mexico) .
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final day of trajectories extending to 3 May 2008. We chose
DC-8 Flight Track 5 April 2008: Flight 5 14:00 LDT because it is near the time of maximum surface
temperatures and when the planetary boundary layer often is
deepest and turbulent mixing (parameterized in WRF) gen-
erally is most pronounced. It is when surface based emis-
sions are most likely to be carried to higher altitudes where
the winds are stronger and the trajectories are more likely to
reach the Arctic within 15 days.

Backward trajectories for the three case studies were cal-
culated using the same trajectory model described above and
using the same WRF-derived wind data. The trajectories
were released at 1 min intervals along specific legs of DC-8
flights 5 and 8 (Fig. 3). At a typical aircraft ground speed
of 400kt (206 ms?t) in the upper troposphere, the 1 min
separation corresponds to a distance of 12.4km. A typical
ground speed of 250 kt (130 MY in the lower troposphere
corresponds to a separation distance of 7.8km. The trajec-
tories extended 15 days backward in time. Each flight was
broken into multiple legs (or segments) based on the pres-
sure level of the flight. Four predetermined altitude blocks
were used; when the flight was below 850 hPa, between 850—
500 hPa, between 500-300 hPa, and above 300hPa. Each

2 5 time the flight entered a new altitude block, a new leg was
a ! 3. ’Q y defined. This allowed us to break the flight into segments,

- 90 \ ;
]

thus reducing the flight data to more manageable increments
(more information can be found &ttp:/fuelberg.met.fsu.
edu/research/arctas/traj/traj.hjml

2.3 Determining warm conveyor belts

A WCB is an airstream ahead of a surface cold front that
originates near the surface of a cyclone’s warm sector and
then ascends to the upper troposphere (e.g., Eckhardt et al.,
2004). Warm conveyor belts play an integral role in trans-
porting boundary layer air into the upper levels of the at-
mosphere where it can undergo subsequent long range trans-
port (Ding et al., 2009). WCBs most commonly originate
along the east coasts of North America and Asia and are
more frequent during winter than summer (Stohl, 2001; Eck-
hardt et al., 2004). Based on a 15 yr climatology, Eckhardt et
al. (2004) determined the timescale of WCBs to-{&days.
They classified “reasonably strong” WCBs based on trajec-
tories that, during a 2 day time period, ascended 60 % of the
tropopause height and moved eastward at legskat@itude

and northward at least %atitude. Eckhardt et al. (2004) also
Although locations south of our domain (Fig. 1) could not be N0ted that most of the moisture at the start of a WCB is con-
included, emissions from those distant locations likely would Verted to precipitation, thereby producing decreased humid-

not be significant contributors to the Arctic within the 15 day 1Y @nd an increase in potential temperature. The potential
computational period. temperatures of their trajectories undergoing WCB processes

To derive general transport statistics during ARCTAS-A, increased 15-22 K within a 48 h period. We used these crite-
fifteen day forward trajectories were initialized within the do- '@ @s guidelines in determining whether WCBs played a role
mains of each of the areas of enhanced anthropogenic emid? Arctic transport during our case study period.
sions described in the previous paragraph. Releases were
made from the surface each day (14:00 LDT), during the
period 19 March through 17 April 2008, with data for the

Fig. 3. DC-8 flight tracks for(a) Flight 5 on 5 April 2008, and
(b) Flight 8 on 12 April 2008. Trajectories were released at 1 min
intervals along the red segments.

www.atmos-chem-phys.net/11/8677/2011/ Atmos. Chem. Phys., 11, 86072011
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Table 2. Atmospheric lifetime, analytical details, and measurement statistics for selected compounds measured in the Asian plume.
ARCTAS-A background averages also are included (see text for details).

Compound Formula  Lifetime  LOD Precision Accuracy Bkgd. Avg Bkgd. St.  Asian Plume Asian Plume Enhancement Asian Plume

(pptv) (%) (%) (pptv)  Dev. (pptv) Avg. (pptv)  St. Dev. (pptv)  over average Max (pptv)

background
(%)

1,2-Dichloroethane  §H4Cl» 1-2mo 0.1 5 10 11.0 0.8 57 9 420 64
Methyl chloride CHCI 1.0yr 50 5 10 567 7 739 19 30 751
Halon-1211 CBrClg 16yr 0.1 1 5 4.20 0.04 4.49 0.06 7 4.55
Carbonyl sulfide oCs 2.5yr 10 2 10 487 4 615 16 26 629
Tetrachloroethene  £Clg 2-3mo 0.01 5 10 4.20 0.60 6.77 0.35 61 6.99
HCFC-22 CHRCI 12yr 2 5 5 195 2 211.3 1.0 8 212.3

Table 3. As in Table 2, but for the North American plume.

Compound Formula Lifetime LOD Precision Accuracy Bkgd. Avg. Bkgd. St. North American North American Enhancement North American

(pptv) (%) (%) Dev. (pptv) (pptv) Plume Avg. St. Dev.  over average Plume Max

(pptv) (pptv) background (pptv)
(%)
Ethane GHg 47d 3 1 5 1408 166 1932 225 37 2317
Propane GHg 11d 3 2 5 312 59 573 122 83 798
Benzene GHe 9d 3 3 5 49 12 86 13 76 103
HCFC-22 CHRCI 12yr 2 5 5 195 2 201 4 3 210
Tetrachloro ethene  4Cl4 2-3mo 0.01 5 10 4.20 0.60 6.35 1.36 51 8.29
2.4 Chemical data ment can be found in Sachse et al. (1987, 1988). Specific

information about the WAS sampling techniques and pro-

Chemical data used in this study were collected by twocessing of these data can be found in Blake (2008), Simpson
groups aboard the NASA DC-8 during the ARCTAS etal. (2010), and the references therein. Briefly, 168 whole
campaign. The University of California-Irvine (UCI) at- air canisters were loaded on the DC-8 prior to each flight,
mospheric chemistry group used whole air sampling (WAS)and were filled sequentially throughout the flight. Sampling
techniques to measure 76 speciated volatile organic comtimes typically were 1 min during horizontal flight legs, and
pounds (VOCs) (Simpson et al., 2010), and NASA Lang-30s to 1 min during ascents and descents. Because of the
ley used the DACOM instrument to measure methanes(CH finite number of canisters, samples generally were taken ev-
and carbon monoxide (CO) (Sachse et al., 1987; Anderery 4-5min, and more frequently during ascents, descents,
son et al., 1996; Blake et al., 1996). We used these dat&nd plume encounters. The detection limit, precision and
to identify anthropogenic emissions and tag their respectiveaccuracy of the measu'rements vary by F:ompognd, and are
source regions. In particular we used carbonyl sulfide (OCS)shown for the 10 species that we considered in Tables 2,
halon-1211 (H-1211), methyl chloride (GBI) and 1,2- 3, and 4 of the results section. These 10 compounds have
dichlorethene (1,2-DCE) as tracers of Asian anthropogenicd range of atmospheric lifetimes, from 9 days (benzene) to
pollution plumes (Barletta et al., 2009); ethynexk) and ~ 16yr (H-1211) (Tables 2, 3, and 4). Since trace gases un-
benzene (gHe) as tracers of incomplete combustion, includ- dergo chemistry and mixing as soon as they are released from
ing biomass burning and/or urban fossil fuel (Blake et al., their emission source, a short-lived gas such as benzene will
2003; Warneke et al., 2007); methane (gHethane (GHg) become relatively more depleted during its multi-day tran-
and propane (§Hg) as probes for natural gas (Katzenstein et Sit from its emission source to the DC-8 sampling location.
al., 2003; Xiao et al., 2008); and tetrachloroethengQlg) Therefore, our identification of anthropogenic plumes from
and HCFC-22 as purely anthropogenic tracers since theyppecific emission source regions was based on a combina-

have no known natural sources (Aucott et al., 1999; Simp-tion of chemical fingerprinting and back trajectory analysis,
son et al., 2004). rather than by attempting to compare the measured data to

Measurements of CO and GHising the DACOM diode knovx_/n emission ratios from specific sources, which requires
laser absorption instrument were made with 1 s temporafe|a“Ve|y fresh plumes to be sampled (minutes to hours old).
resolution during the entire ARCTAS campaign, except for An additional consideration in the analysis is that many
brief periodic calibration intervals. The DACOM measure- of the trace gases being examined vary with time (diurnally,
ments were averaged to the sampling period of the WAS inseasonally, and annually) and space (latitudinally and al-
strument for this study. Details about the DACOM instru- titudinally). For example HCFC-22 is experiencing rapid

Atmos. Chem. Phys., 11, 8673701, 2011 www.atmos-chem-phys.net/11/8677/2011/
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Table 4. As in Table 2, but for the European plume.

Compound Formula Lifetime  LOD Precision Accuracy Bkgd. Avg Bkgd. St.  European Plume European St. Enhancement European Plume
(pptv) (%) (%) (pptv)  Dev. (pptv) Avg. (pptv) Dev. (pptv)  over average Max (pptv)
background
(%)
Tetrachloroethene  £Cly 2-3mo 0.01 5 10 4.20 0.60 6.03 0.86 44 6.93
Ethyne GH» 12-17d 3 3 5 264 42 519 79 97 600
Benzene GHs 9d 3 3 5 49 12 112 17 129 131
Methane (ppbv) Chl 9yr n/a 0.1 1 1840 8* 1871 8* 2 1877
Ethane GHg 47d 3 1 5 1408 166 1917 47 36 1972
Propane GHg 11d 3 2 5 312 59 537 36 72 577

* Asterisks for CH denote that its units are ppbv instead of pptv.

year-to-year growth (Montzka et al., 2009), whereas global Figure 4a shows the origins of Asian trajectories that en-
C.Cl4 levels are continuing a long-term decline (Simpson etter the Arctic during ARCTAS-A. In general, trajectories re-
al., 2004). Therefore, we calculated a local background forleased farther north have a greater chance of being trans-
each compound that is appropriate for the season and laported to the Arctic within 15 days, while some locations in
itudes that were sampled during ARCTAS-A. Specifically, the southern portion of the domain fail to produce any Arc-
data from DC-8 flights 4-10 were used (this excludes flightstic bound trajectories. Within the Asian domain, 40 % of the
3 and 11, which were transit flights between Palmdale, CA528 Arctic bound trajectories originated at latitudes greater
and Fairbanks, AK). Stratospheric data were removed bythan 40 N, 55% came from the region between°30and
choosing a cutoff of @>100ppbv. Furthermore, £de-  40° N, and only 5% originated further south tharf 30
pletion episodes at low altitudes were removed by choos- To determine the pathways taken by trajectories crossing
ing a cutoff of @ <45 ppbv. These criteria removed 338 of 70° N, the hourly position of each trajectory that reached the
1126 data points, leaving 788 points. The background averArctic was plotted. Figure 4b shows the results at11°
age for each compound then was calculated using the lowesesolution. Once a trajectory entered the Arctic, it was no
quartile (25 %) of the remaining data£ 197). These local longer tracked, even though it could have exited and sub-
background averages were compared to the plume enhanceequently re-entered the Arctic at a later time. Thus, only
ments. the first occurrence of Arctic entry was recorded. We did
not consider the residence time of trajectories after entering
, , the Arctic. Segments of grid points containing the most tra-
3 Eastern asian transport during ARCTAS-A jectory passages (the red areas) can be interpreted as impor-

. . . s tant transport pathways. Thus, most trajectories initiated over
To identify the Arctic bound transport pathways specific to Asia travel eastward, extending across eastern Siberia and the

eastern Asia (as defined in Fig. 2a), 15 day forward trajecto-, o )
ries were calculated from the WRF model data. During theNorth Pacific Ocean, over the Bering Sea, northward across

perc 15 arch vough 17 Ap 2006, rctones vere o217 ASS0, 1 10 e e A saler terof
initiated each day from the 173 grid points in the Asian do- ) P

main (Fig. 2a). This region corresponds closely to our 15 kmStateS'

. ; X ' : The aforementioned primary pathway is reflected in the
middile grid nest (Fig. 1). Although the finer 5km innermost lot of Arctic entry locations (Fig. 4c), where each colored

nest does not include the entire launch area, it does enconP—irCIe represents an entry region that fsléngitude wide
pass the reg.ion of gregtest emissions: As noted earlier, .bo he most common Arctic entry location from eastern Asia
of the nests interact with the parent grid at 45_km resolutlon.iS along the extreme northeastern part of Siberia, eastward
Thg rdesxlftt wa;, a tqtal Of_ 5363 releellsels dgrmr? _th_e f31 dathrough the Chukchi Sea, and along northwestern and north-
period. ert '€ trajectories were cacu ated, their in OrMa- - entral Alaska. In fact, 62 % of the trajectories that reach the
tion was combined to determine (1) the number of trajecto—Arctic enter between 180-14W. Very few Asian trajecto-
ries (per release grid point) that reached the Arctic (crossed. :

70° N) within the 15 day period: (2) the common pathways ries enter the Arctic from the northeastern Atlantic Ocegn
) g . and locations eastward through western and central Russia.
taken by these trajectories; (3) common Arctic entry loca-

tions along the 70N latitude belt; (4) and the pressure level 'ec-l;gﬁer:c;;c%mtrr?:nm?égfg gggigggeﬁéir)ez;grfs':? H:;S
at which the trajectories entered the Arctic. Since trajector bp

I 0, -
uncertainty increases with time after initialization, we focus _than 500hPa) troposphere (Fig. 4d). Only 3% of the tra

on large scale trajectory patterns, not the details of individuallec'[Orles reaching the Arct|p do S(? n the Ipwer troposphere
trajectories. (greater than 850 hPa), while 41 % arrive in the middle tro-

posphere and 56 % arrive in the upper troposphere.
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Fig. 4. Trajectory statistics for the eastern Asia domaia) Number and originating locations of trajectories reaching the Arcti€ Kj0o
within 15 days.(b) Pathways taken by all 15 day trajectories reaching the Ar@@jdNumber and location of trajectories entering the Arctic.
(d) Pressure level at which Arctic bound trajectories arrive &tN.0

4 Eastern asian case study 4.1 Chemical fingerprinting

We now present an example of Asian anthropogenic transporfsian outflow consists of a complex mixture of industrial,
using chemical tracers sampled by the DC-8 and backwardbiofuel, and biomass burning emissions (Russo et al., 2003;
trajectories from these sampling sites. We fingerprint theStreets et al., 2003). Distinguishing anthropogenic influences
source region of the sampled anthropogenic emissions anftom biomass burning emissions during ARCTAS-A is com-
describe its transport pathway and the weather patterns replex since the influence of biomass burning, especially from
sponsible for this transport. Asian emissions have been foundussia, was significant (e.g., Warneke et al., 2009; Jacob et
to be more efficient in producing tropospheric ozone thanal., 2010; Kondo et al., 2011; Matsui et al., 2011; Oltmans
European and North American sources (Stohl et al., 2002)et al., 2010; Singh et al., 2010). However, based on airborne
Thus, understanding the pathways and receptor regions aheasurements made during NASA's Intercontinental Chem-
Asian anthropogenic emissions is important in understandical Transport Experiment (INTEX-B), Barletta et al. (2009)
ing atmospheric chemistry budgets of the Arctic. noted that China has a distinct anthropogenic chemical fin-

Leg 5 of DC-8 flight 8 on 12 April 2008 is an example of gerprint consisting of enhanced levels of OCS,3sCH 1,2-
transport from Asia to the Arctic. This leg extends betweenDCE, ethyl chloride, and H-1211. The following description
17:30 and 18:03 UTC, and is shown in Fig. 3b as the southindicates that the ARCTAS flight 8, leg 5 chemical signature
ernmost red segment, just south of Nunyak Island, AK. is consistent with that fingerprint.
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Carbonyl sulfide has several sources, including oceansin the atmosphere, therefore producing relatively smaller
biomass burning, aluminum production, and coal combus-enhancements.
tion (Watts, 2000; Kettle et al., 2002; Blake et al., 2004). To summarize, enhancements in three purely anthro-
Sources of CHCI include biomass burning and biofuel use, pogenic tracers (§Cls, H-1211, and HCFC-22) signal
while 1,2-dichloroethane primarily is anthropogenic and isan anthropogenic influence along leg 5 of flight 8 on
used as a chemical intermediate in synthesizing other comi2 April 2008. Furthermore, four species known to be spe-
pounds (Barletta et al., 2009). Halon-1211, a purely anthro<ific to Chinese anthropogenic emissions (1,2-DCE, OCS,
pogenic tracer, is used in firefighting (Butler et al., 1998; H-1211, and CHCI) (Barletta et al., 2009) are well cor-
Fraser et al., 1999). Halon-1211 also contributes to stratorelated along leg 5. The two species that can have either
spheric ozone depletion, although its global abundance habiomass or anthropogenic emissions (OCS angCHare
begun to decline in recent yeardtp://cdiac.ornl.gov/trends/ concluded to be of anthropogenic origins since they are well
otheratg/blake/data.htjnl Although CHCI and OCS can correlated with the remaining two anthropogenic tracers (H-
have both anthropogenic and biomass burning sources, their211 and 1,2-DCE). Furthermore, the anthropogenic signa-
origins can reasonably be classified as anthropogenic wheture along leg 5 is enhanced compared to all other flights dur-
well correlated with H-1211 and 1,2-DCE. These species, asng ARCTAS-A. Thus, based on chemistry alone, Chinese
well as tetrachloroethene £Cls, an industrial solvent and anthropogenic emissions were sampled along leg 5. Note
purely anthropogenic tracer) and HCFC-22 (a refrigerant andhat air from other regions of Asia such as Japan or Korea
purely anthropogenic tracer) (Aucott et al. 1999; Blake et al.,have their own chemically distinct signatures (Blake et al.,
2003) are plotted in Fig. 5 with respect to sampling altitude 2003), and we are able to specifically attribute the leg 5 sam-
along DC-8 flight 8 on 12 April 2008. ples to source influences from China. The Chinese source is
Sampling altitudes as well as mixing ratios identify three examined from a meteorological perspective in the next sec-
data points between 7500-8300 m that represent the plumgon.
sampled along leg 5. The figure contains six composite plots
with leg 5 indicated by the red points. The blue points also4.2 Transport and meteorology
denote data from leg 5, specifically the subset of leg 5 data
that represents the plume that will be examined. All otherFifteen day backward trajectories were calculated at 1 min
legs along flight 8 are represented by the black points. intervals along flight leg 5 within the 500-300 hPa layer, for
Figure 5a—d show the tracers described by Barletta et total of 34 releases. We monitored whether each trajec-
al. (2009) as being an anthropogenic fingerprint for China.tory passed into the model-derived boundary layer during its
It is clear that the data points representing the plume (bluejransit, and all 34 trajectories were found to have done so
are enhanced over the background values for the flight. Fur(Fig. 6a). Boundary layer encounters are important since
thermore, a relatively strong average correlatioh£ 0.81)  they indicate that surface based emissions are accessed for
between these four tracers supports the conclusion that OC®ansport. Figure 6b shows only those segments of the trajec-
and CHCI within the leg 5 plume are of anthropogenic ori- tories in Fig. 6a that are in the boundary layer. In combina-
gin. Further strengthening the hypothesis that anthropogenition with the trajectories in Fig. 6a and b, we examined me-
emissions were sampled along leg 5 is the fact that twoteorological conditions at numerous constant pressure levels
purely anthropogenic tracers {Cl4 and HCFC-22, Fig. 5e, (e.g., 850, 500, and 300 hPa) to determine the factors con-
f) are enhanced over background values. In particulgGl£  tributing to the transport of emissions.
showed very good correlation with the four tracers of air of Going backward in time from the aircraft’s location, the
Chinese origin (H-1211, OCS, 1,2-DCE, CH3CI), with r trajectories split into two branches as they pass over the Sea
values between ranging from 0.79 to 0.99. of Okhotsk (Fig. 6a). Branch 1 is the most dispersive, with
Mean background mixing ratios for each of the speciesmany trajectories located over Asia 15 days prior to sam-
above were determined using data from ARCTAS-A flights pling. The paths become more consolidated as the trajecto-
4-10 (as described in Sect. 2.4) and are presented in Table Bes pass over the Koreas and then make a loop ne€ad 35
These values are compared with mean mixing ratios in thel75 E before heading toward southern Alaska and the DC-8.
plume along leg 5. All species listed in Table 2 exhibit Average locations of the trajectories when the boundary layer
greater mixing ratios in the leg 5 Asian plume than in back-is encountered are shown in Figs. 6b and 7a, while Fig. 7b
ground air measured during ARCTAS-A. The mean val- shows where the strong ascent occurs. The number within
ues of 1,2-DCE, @Cls, CH3CI, OCS, HCFC-22, and H- each red circle of Fig. 7 is the time (in days) prior to the
1211 in the Asian plume are enhanced by 420, 61, 30, 26flight encounter. Ten days prior to DC-8 sampling (Fig. 7a),
8 and 7%, respectively, over their mean background val-the trajectories are located in the boundary layer over eastern
ues (Table 2). One should note that these relative enhancéisia, just north of the Koreas, where anthropogenic emis-
ments generally decrease with increasing atmospheric lifesions are enhanced (Fig. 2b). The trajectories then move
time of each compound. This is consistent with longer-lived offshore over the western Pacific to a position south of the
species being more abundant (higher background valuefamchatka Peninsula and follow a looping track for the next
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Fig. 5. Vertical distributions of data from flight 8 on 12 April 2008 f¢a) 1,2-DCE,(b) CH3Cl, (c) H-1211,(d) OCS,(e) C>Cly, and(f)
HCFC-22. Red points are data from leg 5. Blue points also are from leg 5 but represent the sampled plume. Black points represent the
remaining legs of flight 8.

five days (Fig. 6a) due to a series of troughs and ridges over Branch 2 of the trajectories comprising leg 5 (Fig. 6a)
the northwest Pacific. A low pressure system develops offexhibits a more direct route to the DC-8. Figure 8 shows
the eastern coast of Japan, strengthens, and moves northwatttkir average locations both when the boundary layer is en-
during the final three days of transit (Fig. 7b). The trajec- countered (Fig. 8a) and when deep ascent occurs (Fig. 8b).
tories are located in the warm sector of this middle latitudeFifteen days prior to aircraft sampling, the trajectories are in
cyclone where they experience rapid ascent and arrive at ththe boundary layer over southern Asia near Bangladesh and
aircraft under the influence of upper level westerly flow. Bhutan (Figs. 6b, 8a). Similar to branch 1, this is an area of
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Fig. 7. Average location of trajectories comprising the easternmost
branch in Fig. 6a (red circles) f¢a) 9-10 days back from the flight,
and(b) 1-2 days back.
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Doys From Flight

Fig. 6. Fifteen day backward trajectories f@) all trajectories asso- tor of a middle latitude cyclone where they undergo ascent.
ciated with leg 5 that encountered the boundary layer sometime durl-:Or the remainder of the time until reaching the aircraft, they
ing their 15 day transi(b) only those segments of trajectorie{&) are transported northeastward in the upper tropospher’e
when the boundary layer is experienced, &)dpressure vs. time . . . . . :
plot for trajectories from leg 5 that encountered the boundary layer. Figure 6¢ presents the trajectories from Fig. 6a in a pres-
The two numbered elliptical areas (@) represent groups of trajec- Sure versus time reference frame. Both branches of trajecto-
tories that are discussed in the text. ries experience deep ascent during the 4 days prior to flight
8. The distribution on earlier days is poorly defined due to

) ) o ) the different paths taken by the individual trajectories. Syn-
major anthropogenic emissions (Fig. 2b). The weather patpptic analyses indicate that the strong ascent occurs when the
tern is rather benign at this time, and the trajectories take &rajectories are within a cyclone’s warm sector (Figs. 7b, 8b),
SIOW, almost negllglble eastward track through the lower trO'suggesting that the ascent may be due to a warm conveyor
posphere for the next several days (Fig. 8a). At 3 days prioelt (WCB).
to sampling (Fig. 8b) they are east of Japan in the warm sec-
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tropopause height is 6219 m. Results show that 71 % of the
trajectories in Fig. 6a ascend at least this amount during a
48 h period. Finally, we calculated the 48 h change in poten-
tial temperature along the leg 5 trajectories in Fig. 6a. Fifty-
six percent of them satisfy the 15-22 K increase criterion,
with 95 % of these cases coinciding with ascent greater than
60 % of the tropopause height. If we assume that either the
horizontal and vertical criteria, or the horizontal and poten-
tial temperature criteria must be met for WCB processes to be
verified, our percentage increases from 71 to 74 %. Although
not all of the leg 5 trajectories satisfy each of the Eckhardt
et al. (2004) WCB criteria, many do, and all of the trajecto-
ries fulfill the horizontal requirements. These results strongly
suggest that most of the trajectories in Fig. 6a did experience
“reasonably strong” WCB processes as defined by Eckhardt
et al. (2004).

In summary, these sections have detailed model-derived
transport from Asia, chemical fingerprinting based on in situ
aircraft measurements, as well as trajectory and meteorolog-
ical analyses. The results have shown that chemical tracers
hPa specific to Asian and Chinese anthropogenic emissions were
toaz sampled during leg 5 of the flight. Trajectory analyses re-
1028 vealed that this air had intersected areas of enhanced anthro-
1024 pogenic emissions across eastern Asia within the boundary
1020 layer (Fig. 2b). The emissions then were transported east-
10168 ward from the Asian continent where they most likely under-
- went WCB related ascent prior to reaching the DC-8 at flight
level on 12 April 2008.

5 North American transport during ARCTAS-A

~ We next examine the transport of North American anthro-
AN "‘1'(_ pogenic emissions to the Arctic. Forward trajectories were
’ 4 )é initiated at 178 grid points over North American anthro-
oo SR o o pogenic sources (Fig. 2c, d) each day during ARCTAS-A,
producing a total of 5518 releases during the 31 day period.
The origination points of trajectories which entered the Arc-
tic are distributed primarily over the northern half of the re-
gion (Fig. 9a). Origins at latitudes greater thart BOpro-
duce 47 % of the Arctic bound trajectories, while 50 % of the
trajectories originate between 30-24. Only a small per-

We examined each of the leg 5 boundary layer trajecto-centage (3 %) of trajectories originating at latitudes less than
ries (Fig. 6a) to determine if they satisfied the “reasonably30° N reach the Arctic within 15 days. A close examination
strong” WCB criteria in Eckhardt et al. (2004) (Sect. 2.3). of the trajectories crossing 708! (Fig. 9b), reveals two major
The 2 day periods were calculated back from each hourlypathways (red areas). The most distinct pathway transports
position along the trajectory path. Results show that 100 %air north from its origination. This path continues across
of the trajectories met the required northward and eastwardhortheastern Canada and enters the Arctic over Baffin Bay.
displacement criteria during a 2 day period. We then deter-A less defined pathway takes trajectories eastward across the
mined whether the trajectories’ ascent exceeded 60 % of th&lorth Atlantic Ocean and over Europe. From there they dis-
tropopause height as defined by our WRF simulations. Al-perse and enter the Arctic in a disorganized pattern.
though the tropopause height varies spatially and temporally, Entry regions to the Arctic (7ON) are shown in Fig. 9c.
its average height in our 30-6N window (where the as- The most prominent entrance region is between Nunavut,
cent occurred) was 10366 m, agreeing closely with the val-Canada and Greenland, a common pathway seen in Fig. 9b.
ues in Eckhardt et al. (2004). Sixty percent of the averageOf the trajectories that enter the Arctic from North America

4

Fig. 8. Average location of trajectories comprising the westernmost
branch in Fig. 6a (red circles) fqa) 10-15 days back from the
flight, and(b) 3—4 days back.
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Fig. 9. As in Fig. 4, but for North American trajectories.

within 15 days, 85% arrive between 40-20. A much 6.1 Chemical fingerprinting
smaller percentage (14 %) enters the Arctic across northern
Europe between 40V and 40 E. This region also is de- Volatile organic compounds, including nonmethane hydro-
picted in Fig. 9b. The remaining 1% enters the Arctic spo-carbons (NMHCSs), generally reach maximum concentrations
radically along the 70N latitude ring. over the United States during the winter months when OH
The distribution of altitudes at which trajectories arrive in production and photochemistry are at a seasonal minimum
the Arctic (Fig. 9d) is similar to that for the Asian domain (Russo et al., 2010). Concentrations decline during spring,
(Fig. 4d). Most trajectories initiated over North America en- reaching a minimum during the summer months when pho-
ter the Arctic in the middle (42 %) and upper tropospheretochemistry is most active. Some of these VOCs undergo
(53 %); only 5% arrive in the lower troposphere. These path-chemical reactions in the presence of nitrogen oxides to pro-
ways are consistent with previous studies (Klonecki et al.,duce ozone, a component of photochemical smog (Carter,
2003; Stohl, 2006; Law and Stohl, 2007). 1994; Russo et al., 2010). Itis important to note that NMHCs
from urban locations in the United States are primarily an-
thropogenic (Lee et al., 2006).
6 North American case study Figure 10 contains plots of#ls, C3Hg, CsHg, HCFC-22,
and GClg with respect to altitude during the 5 April 2008
DC-8 flight 5 on 5 April 2008 contains an example of trans- flight. Similar to the previous figure of this type (Fig. 5),
port from North America to the Arctic. Leg 8, between data for flight legs other than leg 8 are in black. However,
16:27-17:13 UTC, is shown in Fig. 3a as the red segmensince all data points in the North American leg represent the
between Baffin Island, Canada and Disko Bay, Greenland. sampled plume, the entire suite of data for leg 8 is colored
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Fig. 10. Vertical distributions of data from flight 5 on 5 April 2008 f¢a&t) CoHg, (b) C3Hg, (c) CgHg, (d) HCFC-22, ande) C>Cly. Blue
points are from leg 8, representing the sampled plume. In this case the plume is represented by all of the data points along leg 8. Black points
represent the remaining legs of flight 5.

blue. These data were determined to be from the same plumé&,Cly, Fig. 10d, e), whose origins were discussed in the pre-
since they all experienced enhancements over their respeeious case study, exhibit enhancements along leg 8. Since
tive background values, and they were sampled in the sameur IC tracer can have either biomass burning or anthro-
altitude range (4500-5000 m). pogenic origins, we correlated it with the known anthro-

The incomplete combustion (IC) traceglds (Fig. 10c),  pogenic species £Cl, to determine its source. The two are
as well as two purely anthropogenic tracers (HCFC-22 andwell correlated £2 = 0.72); thus, we can assumgHds has
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anthropogenic sources. In additionHg and GHs (also along the North American coastline where anthropogenic
enhanced along leg 8, Fig. 10a, b, respectively)-two naturaémissions are at their greatest (Figs. 11b, 12a, 2d). A surface
gas tracers that also are emitted from biomass burning—shovow over the Great Lakes places the trajectories in a region of
good correlation with the anthropogenic traceiQl; (-2 = southwesterly flow, transporting them northeastward toward
0.86 and-2 = 0.90, respectively). Therefore, the data suggestPrince Edward Island. The low strengthens and transports
that an urban/industrial influence is much more likely than athe trajectories into its warm sector 3 days prior to the flight
biomass burning influence. (Fig. 12b). It is here that the trajectories undergo ascent that
Similar to Table 2, Table 3 presents mean background mixdofts them into the upper troposphere. Finally, they round the
ing ratios of the species discussed above during ARCTAS-Abase of a middle tropospheric trough before travelling north-
for comparison with mean mixing ratios from the plume sam-westward to the DC-8.
pled along leg 8. The species listed in Table 3 exhibit higher Figure 11c shows deep ascent beginning days prior
mixing ratios in the leg 8 North American plume than in the to sampling. This corresponds to the time that the trajecto-
background air. Mean values oBg, CgHg, C2Cls, CoHg ries are located within the cyclone’s warm sector (Fig. 12b).
and HCFC-22 in the North American plume are enhanced byThus, a WCB was suspected to be the cause of the ascent.
83, 76, 51, 37 and 3%, respectively, over their mean backThe methods used previously to define “reasonably strong”
ground values (Table 3). WCB transport (Eckhardt et al., 2004) again were employed.
In summary, two purely anthropogenic species@G All of the trajectories examined along leg 8 satisfy the hor-
and HCFC-22) were enhanced over the background in thézontal WCB requirements. The average tropopause height
North American plume. Tetrachloroethene correlated wellbetween 40N and 60 N was 9644 m, with 60 % of this
with benzene, a non-specific tracer of incomplete combusvalue being 5787 m. Although no trajectories satisfy this
tion, as well as two natural gas tracerssi{g and GHg), ascent criterion, 44 % of the trajectories meet the 15-22K
strongly suggesting anthropogenic rather than biomass burrincrease in potential temperature criterion, It is important to
ing sources. These data suggest that the DC-8 sampled aneote the strong seasonal variability in WCB frequency and
thropogenic emissions along leg 8 of the ARCTAS flight on associated vertical mass flux, with maxima during winter
5 April 2008. The North American source is examined fur- and minima in summer (Stohl, 2001; Eckhardt et al., 2004).

ther in the next section. Since ARCTAS-A occurred during a transitional season, the
60 % ascent requirement may be too strict for spring, caus-
6.2 Transport and meteorology ing valid WCBs to be neglected. If we reduce the vertical

criterion to 40 % of the tropopause height (3858 m), 72 % of
Backward trajectories were released from the aircraft locathe trajectories satisfy the requirement. Furthermore, 94 %
tion each minute along flight leg 8 within the 600-500 hPa of those satisfying the potential temperature criterion also
layer, for a total of 47 releases. As before, each trajectorysatisfy the revised ascent criterion. Considering horizontal
was examined to determine whether it entered the boundaryhotion, the change in potential temperature, and the reduced
layer along its path; 39 trajectories were found to have doneascent criterion, 74 % of the leg 8 trajectories satisfy the re-
so (Fig. 11a). Boundary layer occurrences of the trajectoriesised WCB requirement. This information and the synoptic
in Fig. 11a are shown in Fig. 11b. Most of the trajectories patterns described above suggest that the leg 8 trajectories
follow a complex looping path as described below. Although experienced ascent due to a WCB.
4 of the 39 boundary layer trajectories travel westward across To summarize, chemical fingerprinting and meteorologi-

the United States and encounter the clean boundary layer afal analyses indicate that the DC-8 sampled North American

the northern Pacific Ocean, the majority of boundary layeranthropogenic emissions during leg 8 of the 5 April 2008

occurrences are located along the east coast of North Ametight. Vertical distribution plots and comparisons with back-

ica where anthropogenic emissions are enhanced (Fig. 2d). ground mixing ratios revealed enhancements during this leg,
Similar to the previous case, the trajectories in Fig. 11a andncluding tracers having purely anthropogenic sources. Tra-

b, combined with WRF constant pressure analyses (Fig. 12)ectory analysis showed that boundary layer air was encoun-

are examined to determine the factors contributing to thetered along the northeastern US coast where anthropogenic

transport of emissions. Fifteen days prior to the DC-8 sam-emissions are a maximum (Fig. 2d). Finally, the trajectories

pling anthropogenic emissions, the average location of thainderwent suspected WCB related ascent to the middle tro-

East Coast trajectories is over Baffin Bay (Fig. 11a), closeposphere where the emissions were sampled by the DC-8.

to their later sampling location. They then move in a gener-

ally looping pattern over northeastern Canada and the north-

eastern US for- 10 days (Fig. 11a) due to a series of cy- 7 European transport during ARCTAS-A

clones and anticyclones in the area. The trajectories are lo-

cated along the northeastern US coastline five days prior td-ifteen day forward trajectories were initialized from the 224

the flight (Fig. 12a). Itis between 4 and 5 days back from thegrid points with European anthropogenic emissions (Fig. 2e,

flight that the most trajectories encounter the boundary layef) on each of the 31 ARCTAS-A days, producing a total
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C) 1000 - Y inate at latitudes greater than°39; 54 % from between
° Da,ss From n;gmo : 40° N and 50 N, and 14 % at latitudes less thar®40. Most
trajectories reaching the Arctic follow two general pathways
Fig. 11. As in Fig. 6, but for leg 8 on 5 April 2008. (Fig. 13b). The first transports emissions northward across

northern Europe before crossing®M0 (the red area). This

path is most common for trajectories that remain in the lower
of 6944 releases. Only a few initiation points in the far troposphere. The second common pathway (red, then blue
southeastern domain do not produce Arctic bound trajecto€olors) begins with the trajectories moving eastward from the
ries within the 15 day period (Fig. 13a). Of the total trajec- domain. They cross the Caspian Sea and continue eastward
tories released, 1936 (28 %) reach the Arctic’(WM) within over Kazakhstan and then turn north to the Arctic. Although
15 days. Of the trajectories reaching the Arctic, 32 % orig- this is the most common track for trajectories that begin at the
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Fig. 13. As in Fig. 4, but for trajectories released from areas of European anthropogenic emissions.

surface and then ascend to the middle and upper troposphere, The altitudes at which European trajectories enter the Arc-
some do follow the first pathway. tic (Fig. 13d) differ from the previous two domains (Figs. 4d
Locations over northern Europe and northeastern Russiand 9d). European releases arrive in the lower, middle, and
are the dominant entry region to the Arctic for trajectories upper troposphere, whereas trajectories from the previous
originating from the European domain (Fig. 13c). Thi® 70 domains were primarily in the middle and upper troposphere.
longitude region between 20-98 accounts for 62 % of the  Although the middle troposphere accounts for 56 % of the
trajectories entering the Arctic. Secondary Arctic entry re- European trajectories reaching the Arctic, the lower levels
gions for trajectories originating from the European domainaccount for 17 %. This percentage arriving in the lower tro-
are similar to the primary Arctic entry regions from the other posphere is considerably greater than the previous two re-
two domains (Figs. 4c and 9c, respectively). The longitudegions (3 % from Asia and 5% from North America). The in-
sector between 18W and 140 W was a frequent entry re- crease in low-level arrivals is partly due to the more northerly
gion for Asian emissions (61.5%) and accounts for 6 % of European initiation locations compared to the other two re-
the trajectories entering the Arctic from Europe. Likewise, gions. The trajectories enter the Arctic at the low levels by
the region between 10@V and 40 W was a common en- the processes mentioned in the Introduction (Klonecki et al.,
try region for North American trajectories (85 %), and it ac- 2003; Stohl, 2006; Law and Stohl, 2007). The remaining
counts for 7 % of the trajectories released from the Europear27 % of Arctic bound trajectories from Europe arrive in the
domain. Thus, considering the primary and secondary entrypper levels.
regions from the European domain, the trajectories enter the
Arctic over a wide range of longitudes.
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8 European case study cases (Tables 2-3), the species in Table 4 have higher mixing
ratios in the leg 8 European plume than in the background air
Data from DC-8 flight 8 on 12 April 2008 comprise our case measured during ARCTAS-A. Mean values oftz, CoHo,
study of European emissions. This is the same flight onCzHg, C,Cls CoHg and CH; in the European plume are en-
which Asian emissions were sampled, emphasizing the findhanced by 129, 97, 72, 44, 36 and 2%, respectively, over
ing that many ARCTAS-A flights sampled air with multiple their mean background values (Table 4).
origins. The case focuses on the period 18:26-18:55 UTC In summary, enhancements in the purely anthropogenic
which is denoted as leg 8 (leg 5 was studied for the Asiantracer GCl, indicate that our plume is of anthropogenic
case). Leg 8 is located across the Bering Strait and ovebrigin. Generally good correlations between £H,Hg,

St. Lawrence Island, AK (Fig. 3b). C3Hg, C,Clys, CsHg and GH> also show that anthropogenic
_ o emissions including combustion sources and possibly natu-
8.1 Chemical fingerprinting ral gas sources were sampled along leg 8 of DC-8 flight 8 on

12 April 2008. The source of these emissions will be exam-
We are not aware of previous research that provides a chemped in the next section.

ical fingerprint that is specific to European anthropogenic
emissions. Thus, chemical considerations alone will notg8.2 Transport and meteorology
definitively link the sampled plume to a European source.
Rather, the firm linkage with Europe will be based on a syn-Of all the DC-8 flights during April, flight 8 provides the
thesis of trajectory and meteorological analyses. most favorable trajectories for sampling boundary layer air
The species examined for this case study ai@lg; CoHo, over Europe, while avoiding large areas of biomass burn-
CesHs, CoHg, C3Hg and methane (Cl (Fig. 14). Similarto  ing. A backward trajectory was initialized each minute along
the other cases, the blue points (in Fig. 14) represent the sankeg 8 within the 850-500 hPa layer. Of the 30 total trajecto-
pled plume along leg 8. This plume consists of 3 data pointsies, 13 travel in the boundary layer at some time during their
at almost the same altitude between 3704-3708 m. Each df5 day transit (Fig. 15a). The remaining 17 follow pathways
the tracers being examined has been used and discussedtimat are similar to the boundary layer trajectories, but always
previous sections with the exception of @HMethane is in-  remain above the boundary layer.
troduced because when GHC;Hg and GHg are well corre- Knowing where the trajectories were in the boundary layer
lated, natural gas emission can be inferred (Sect. 2.3). Howis especially important in this case because of a large area of
ever, since Ch, C3Hg and GHgemissions can be from both fires across western Russia. Figure 16 shows a close up view
biomass and anthropogenic sources, further examination isf the trajectories from Fig. 15a, as well as a composite of all
needed. First, the correlation for each of the natural gas tracfire locations between 26 March and 6 April 2008 (the period
ers with the others was computed. The best correlations arerthen the trajectories were over Europe and Russia). Fire
between GHg and GHg (2 = 0.95), followed by CH and locations are from the Naval Research Laboratory (NRL)
CzHg (2 =0.76), and CHand GHg (#2 = 0.56). In addition  Fire Locating and Modeling of Biomass Burning Emissions
to the fair to strong mutual correlations, this trio of gases also(FLAMBE) dataset (Reid et al., 2009). The fires primar-
exhibits excellent correlation with the urban/industrial tracerily are located between 50-6B, with their westernmost
CoClg(r?=0.91, 0.83 and 0.96 for CHC,He and GHs, boundary across eastern Belarus and northeastern Ukraine.
respectively). This strongly suggests that £1&€;Hs and Figure 15b shows the boundary layer segments of the trajec-
CsHg were co-emitted from an urban/industrial source suchtories in Fig. 15a. Most trajectories encounter the boundary
as natural gas usage, and not from biomass burning. Becaus$ayer across Europe, where fires are virtually absent. How-
ethane is the second most abundant component of natural gaser, a few briefly encounter the boundary layer over western
after CH; (Xiao et al., 2008), the relatively weaker correla- Russia, near the large region of fires. It is important to note
tions of CH; with C;Hg and GHg may suggest that an addi- that these brief incursions are not evident in the chemical data
tional urban source of CHalso was present or that the strong just described. Consistent with this, a biomass burning sig-
CoHe and GHg correlations represent a different fossil fuel nature is not evident based on the measured mixing ratios of
source such as liquefied petroleum gas (LPG). Regardlesshe biomass burning tracers HCN and CH3CN (not shown).
the light alkane signal is found to be urban in origin. Indeed, Thus, the brief fire area boundary layer encounters may be
the two IC tracers (gH> and GHg) also show excellent cor- an artifact of trajectory uncertainty.
relation with GCls (2 =0.99 and 0.73, respectively), again ~ Most European trajectories follow one simple pathway
consistent with an urban/industrial combustion source andFig. 15a). Fifteen days prior to aircraft sampling (Fig. 15a),
not biomass burning. the average location of the leg 8 trajectories is ned&rVg0
Following the previously described methodology, Table 4 over the northern Atlantic Ocean in a region of westerly flow.
presents mean background mixing ratios during ARCTAS-AThey continue in this westerly flow for several days and then
for the tracers used in this case, as well as mean values fqrass over western Europe where they encounter the bound-
the sampled plume along leg 8. Similar to the previous twoary layer (Fig. 17a) in an area of enhanced anthropogenic

Atmos. Chem. Phys., 11, 8673701, 2011 www.atmos-chem-phys.net/11/8677/2011/



D. L. Harrigan et al.: Anthropogenic emissions during Arctas-A

ARCTAS Flight 8, 12 April 2008
T T

T
Leg 8 Deto

ARCTAS Flight 8, 12 April 2008
T T T T

8695

e Leg 8 Dato
Leg B Plume Dato Leg B Plume Data
*
1oF E 101 -
ES *
" * "
8 Ho X X ow oy . ® 1 Bl wowse . * 7
éEL " g & \% = gx owm X
v Rl b ® v EF o * * -
3 o ﬁ&a&m’ei 3 o ol e ™ Wox o,
Z w z I ?»fx x
4T * "Q‘;*){ * ] i My xR %k * ]
b Ko ¥
Wy X
Ps T i s « Wt X i
ey L
o % Lo
o K *
a) 0 | Tl b) 0 i ™ ﬁ | |
[} 2 4 £ 3 [s) 200 £00 600 800 1000 1200
C2CL4 [pptv) C2H2 (pptv)
ARCTAS Flight 8, 12 April 2008 ARCTAS Flight 8, 12 April 2008
10 T T T T 12 T T T T
Leg 8 Deto ® .’ Leqg 8 Dato
WK Leg 8 Plume Doto Leg & Plume Dota
3
101 b
8 Famon * * b
* * *
¥ *
L &r oo -
g 6 ™ : *ox * % 1 g ®
= o % K"’; ﬁ';»‘x o = !“
2 T g 6F - 1
2 . % 2
= < H # =
T A e o x e R e w = ;
XX e 4 ‘% i
*u, ®
- % X -
2 * 3‘ 2k .i’;g ]
L E
* %
c) 4] I m-& Il | d ) 1] I L 1 &
0 50 100 150 200 250 1500 1600 1700 1800 1900 2000
CEHE (pptv) CH4 (ppbv)
ARCTAS Flight 8, 12 April 2008 ARCTAS Flight 8, 12 April 2008
12 T T T T 12 T T T T
1 Leg 8 Deto Y Leg 8 Doto
Leg 8 Plume Dato Leg 8 Plume Data
* *
or b or 1
L =
* *
8 " u A B B mEx x B
_ « _
g ¥ oxom X g LI
LS »* % g L G- L £ g
3 Txox #m:«*x " 3 *x "x*;ﬁq&xx»e? * :x
* * Ed
4r walf %A'::*;ei | 4r Hw *wA*ﬁly * % 7
% xR
F1s 35*“:‘; i P .y x* ™ i
sk, '
ﬁ(" :*x *
® * #
e) 0 I L 1 f) 0 L ey adieed I
0 500 1000 1500 2000 2500 o] 200 400 600 800 10C0

C2H6 (pptv)

C3H8 (pptv)

Fig. 14. Vertical distributions of data from flight 8 on 12 April 2008 f@a) C>Clg, (b) CoHo, (c) CgHg, (d) CHg, (€) CoHg, and(f) C3Hs.
Red points are data from leg 8. Blue points also are from leg 8 but represent the sampled plume. Black points represent the remaining legs
of flight 8.

emissions (Fig. 2f). When the trajectories are near Polandsector where they begin to ascend 7 days prior to sampling
11 days prior to sampling (not shown), the flow becomes(Fig. 17b). Once lofted into the upper troposphere, they are
stagnant. Over the next two days, they drift eastward as aransported by the westerlies and are sampled by the DC-8.
surface low develops over the Atlantic and moves onshore
near Norway. The trajectories pass into the cyclone’s warm
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Fig. 16. Trajectories as in Fig. 15a plotted with FLAMBE data (blue
dots) for the period 26 March—6 April 2008.

Ninety-two percent of the 13 trajectories examined satisfy
the horizontal WCB criteria. The average tropopause height
in the latitude belt 60—70N was 9584 m, with 60 % of this
value being 5751 m. Only 1 of the 13 trajectories satisfies
the 48 h ascent requirement. Similar to the previous case, if
the criterion is decreased to 40 % of the tropopause height
(3834 m) during a 48 h period, 62% of the 13 trajectories
meet the revised requirement. It is important to note that
Figs. 15a and 16 show two separate groups of trajectories.
The smaller group passes over Greenland and is not sus-
pected to have undergone WCB processes. If we remove
these 3 “stray” trajectories, 80 % of the remainder satisfies
the revised WCB requirements. Therefore, we believe it is
probable that the trajectories’ large scale ascent is due to a
WCB.

In summary, these results strongly suggest that the DC-
8 sampled anthropogenic emissions along leg 8 of the
12 April 2008 flight. Vertical distributions showed enhance-
ments in the purely anthropogenic traceidt;, as well as in
natural gas tracers GHCyHg and GHg, determined to be of
anthropogenic origins. The IC tracersiz and GHg were
shown to be of anthropogenic origin as well. Trajectory anal-
ysis showed that boundary layer encounters occurred across
European locations with enhanced anthropogenic emissions
(Fig. 2f). The leg 8 trajectories were lofted into the up-
per troposphere, most likely by a WCB, where they were

Figure 15c presents the trajectories from Fig. 15ain a pressubsequently sampled by the DC-8. Although the pathway
sure versus time reference. Synoptic scale ascent is indicatedken by these trajectories was common during ARCTAS-A
between~6-8 days prior to sampling. Similar to the previous (Sect. 3.6), they did not enter the Arctic in the most com-
cases, this is when the trajectories are in a cyclone’s warnmon region (northern Europe/northeastern Russia, Fig. 13c).
sector (Fig. 17b). Thus, potential WCB influences againinstead, the trajectories entered the Arctic through one of
were investigated using the criteria in Eckhardt et al. (2004) the secondary regions. This secondary location, north of

Atmos. Chem. Phys., 11, 8673701, 2011
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(ARCTAS-A) that occurred during April. Although biomass
burning emissions dominated pollution transport to the Arc-
tic during the study period (Warneke et al., 2009; Jacob et al.,
2010), our goal was to document the Arctic transport and me-
teorology associated with anthropogenic emissions. Three
source regions were studied, namely Asia, North America,
and Europe. Meteorological data were obtained from high
resolution simulations using the Weather Research and Fore-
casting (WRF) model.

Based on its chemical signature and backward trajecto-
ries, leg 5 from DC-8 flight 8 on 12 April 2008 was found
to have sampled anthropogenic emissions originating from
eastern Asia. Results showed enhancements of several key
tracers (OCS, CgLCl, 1,2-DCE, and H-1211) that Barletta et
al. (2009) have linked to eastern Asian anthropogenic emis-
sions. Values of the purely anthropogenic species HCFC-22
and GCl, also were enhanced along this leg. Carbonyl sul-
fide and CHCI, two tracers that could have either biomass
burning or anthropogenic origins, were highly correlated
with the anthropogenic tracer,Clg, which led to the con-
clusion that both tracers had anthropogenic origins.

hPa Fifteen day backward trajectories initiated along leg 5
1032 were traced back to origins across eastern Asia in areas of an-
1028 thropogenic emissions. Meteorological analyses highlighted
i the importance of synoptic scale cyclones and anticyclones
in transporting the emissions. The results also illustrated the
importance of a warm conveyor belt (WCB) in transporting
the emissions to higher altitudes where they were sampled by
the DC-8.

We determined mean transport characteristics of the
ARCTAS-A period by investigating each day during the mis-
sion. Based on 15 day forward trajectories, Asian emissions
i during ARCTAS-A most commonly were transported east-
w2 ward across the northern Pacific Ocean and then lofted into

the upper levels. The coast of eastern Asia is a common lo-

cation for the development of strong WCBs (Eckhardt et al.,

2004), and we hypothesize that Asian transport to the Arctic

often is facilitated by them. These emissions usually passed
Fig. 17. Avgrage_ Ioc_atior_1 of trajectorie_:s comprising the largest northward through the Bering Sea where they crossedN70
group of trajectories in Fig. 15a (red circles) f@) 12-13 days  |4tityde and entered the Arctic. Results showed that emis-
back from the flight andb) 7-8 days back. sions from Asia most commonly entered the Arctic in the

middle and upper levels during ARCTAS-A. Emissions that

the Bering Strait is similar to that of emissions from Asia originated from higher latitudes across eastern Asia tended to
(Fig. 4c). Thus, emissions entering the Arctic in this areaarrive in the middle troposphere, while emissions originating
likely are a mixture of those from Asia and Europe, with the at lower latitudes more commonly arrived in the upper tropo-
Asian emissions being more diluted than those from Europesphere.

Results showed that anthropogenic emissions from North

America were sampled along leg 8 of DC-8 flight 5 on
9 Summary and conclusions 5 April 2008. Enhanced mixing ratios of several species,

including two having strictly anthropogenic origins4Cl,
This study has examined the transport of anthropogeniand HCFC-22), were found along the leg. The incomplete
emissions to the Arctic (defined as north o R during combustion tracer §Hg exhibited a good correlation with
NASA's ARCTAS field mission conducted during 2008 (Ja- the purely anthropogenic tracepCly and was determined
cob etal., 2010). Our focus was the spring phase of ARCTAS0 have anthropogenic origins. Similarly, two natural gas

1016
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tracers (GHg and GHg) also correlated well with &Cl, in- tic entry locations along 7IN. Unlike the Asian and North
dicating their origins were from anthropogenic sources. American domains, emissions that originated in the higher
Backward trajectories originating along leg 8 spent con-latitudes of Europe more frequently entered the Arctic in the
siderable time over North America. They were within lower troposphere, while emissions originating further south
the boundary layer over regions of known anthropogenicarrived in the middle and upper troposphere.
emissions, especially the US Northeast Corridor. Since Although biomass burning emissions dominated Arctic
WCBSs frequently originate east of North America (Eckhardt transport during ARCTAS-A (e.g., Warneke et al., 2009;
et al., 2004), it was not surprising that a WCB likely was re- Jacob et al., 2010), the current results emphasize that an-
sponsible for the vertical transport of these emissions to theithropogenic emissions cannot be neglected. In the future,
sampling locations at the DC-8. biomass burning emissions may become the dominant source
Emissions from North America generally traveled north- of Arctic pollution due to increasing global temperatures that
east across the far northwestern Atlantic and over thewill promote enhanced numbers of wildfires.
Labrador Sea. The emissions typically were lofted into the
middle and upper troposphere along this path, with the ascerficknowledgementsThe research at Florida State University
suspected to be commonly due to WCBs. Once lofted, thevas sponsored by the NASA Tropospheric Chemistr_y Prpgram
trajectories generally entered the Arctic in a region extending'nder Grant NNXOAH72G. The research at the University of
between western Nunavut, Canada and central GreenIam&l"’ll'forr""’l'"‘."ne was supported by NASA grant NNX09AB22G.
Similar to results for Asian anthropogenic emissions, trajec- © .WOUId “.ke {0 express our sincere thanks.to. everyone who
. - . . h ' 72" participated in the highly successful ARCTAS mission. Finally, we
torlgs that originated in th_e hlgher Igtltudes of North Amerlf:a appreciate the helpful suggestions of three anonymous reviewers.
typically entered the Arctic in the middle troposphere, while
emissions from lower latitudes more frequently arrived in the Edited by: A. Stohl
upper troposphere.
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