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Abstract. We interpret observations from the Intercontinen- at least 4.6 DU for Asian anthropogenic emissions and at
tal Chemical Transport Experiment, Phase B (INTEX-B) in least 3.3 DU for lightning, as determined by simulations ex-
spring 2006 using a global chemical transport model (GEOS-cluding either source. Enhancements of ozone over Canada
Chem) to evaluate sensitivities of the free troposphere abovérom Asian anthropogenic emissions reflect a combination
the North Pacific Ocean and North America to Asian anthro-of trans-Pacific transport of ozone produced over Asia, and
pogenic emissions. We develop a method to use satellite obezone produced in the eastern Pacific through decomposition
servations of tropospheric NQcolumns to provide timely  of peroxyacetyl nitrates (PANS). A sensitivity study decou-
estimates of trends in NOemissions. N emissions in-  pling PANs globally from the model’'s chemical mechanism
creased by 33% for China and 29% for East Asia from 2003establishes that PANs increase ozone production by remov-
to 2006. We examine measurements from three aircraft plating NOy from regions of low ozone production efficiency
forms from the INTEX-B campaign, including a Canadian (OPE) and injecting it into regions with higher OPE, result-
Cessna taking vertical profiles of ozone near Whistler Peaking in a global increase in ozone production by 2% in spring
The contribution to the mean simulated ozone profiles over2006. PANs contribute up to 4 ppbv to surface springtime
Whistler below 5.5 km is at least 7.2 ppbv for Asian anthro- ozone concentrations in western Canada. Ozone production
pogenic emissions and at least 3.5 ppbv for global lightningdue to PAN transport is greatest in the eastern Pacific; com-
NOx emissions. Tropospheric ozone columns from OMI ex- monly occurring transport patterns advect this ozone north-
hibit a broad Asian outflow plume across the Pacific, which eastward into Canada. Transport events observed by the air-
is reproduced by simulation. Mean modelled sensitivitiescraft confirm that polluted airmasses were advected in this
of Pacific (30 N—60° N) tropospheric ozone columns are way.
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1 Introduction clones inject pollution into the free troposphere (Bey et al.,
2001a; Cooper et al., 2004; Li et al., 2005), and that PANs
Long-range transport of reactive nitrogen and ozone pollu-dominate the NQ budget (NQ =NOy + HNO3 + PANs +
tion from Asia is a growing concern in light of rapid eco- N,Os + HNOQj) in the outflow to the free troposphere (Koike
nomic and industrial growth in Asia (Parrish et al., 1992; et al., 2003; Miyazaki et al., 2003). Modelling studies of
Jacob et al., 1999; Richter et al., 2005). The Interconti-pollution transport (Berntsen et al., 1996, 1999; Jacob et al.,
nental Transport Experiment, Phase B (INTEX-B) campaign1999: Li et al., 2005) indicate that an increase in Asian emis-
characterizes this transport with measurement of gases arglons significantly enhances pollutant concentrations in the
aerosols from aircraft and ozonesondes over the North Paeastern Pacific and over North America. Furthermore, there
cific Ocean and western North America in Apri-May 2006, is evidence that inflow of ozone from the marine boundary
along with concurrent observations from satellite instrumentsayer to western North America has been increasing (Par-
(Singh et al., 2009). Interpretation of such measurements rerish et al., 2009). Despite recent works that examine the im-
quires an understanding of the chemical and physical mechgpact of various sources to ozone over Asia and the North Pa-
nisms involved in long-range transport. A 3-D global chem- cific Ocean (Zhang et al., 2008, 2009a), additional analysis
ical transport model can be used to develop this understands needed to disentangle the relative roles of ozone produc-
ing, by probing the sensitivities of the observations to emis-tion near Asia and subsequent long-range transport, and its
sion sources and chemical mechanisms. in situ production near North America caused by either long-

Previous analyses of long-range transport to Canada haveange transport of long-lived precursor gases such as PANS,
focused on aerosols, chlorinated organic pollutants, andr by direct emission of N@from natural sources such as
heavy metals (Welch et al., 1991, Bailey et al., 2000; McK- lightning.
endry et al., 2001; Gong and Barrie, 2003; van Donkelaar Lightning NO; emissions and consequent in situ ozone
et al., 2008). The INTEX-B campaign included regular air- production were found to have a surprising impact in the up-
craft profiles from a Cessna-207 in western Canada, as welber troposphere over North America during the Interconti-
as intensive ozonesonde releases from several Canadian sitegntal Chemical Transport Experiment, Phase A (INTEX-A)
which we interpret in context of the broader INTEX-B cam- (Cooper et al., 2006; Hudman et al., 2007; Thompson et al.,
paign to understand the processes and impacts of ozone pa007) and INTEX-B (Cooper et al., 2007; Thompson et al.,
lution transport into Canada. To assess these impacts, w008) campaigns. Lightning also makes an important contri-
study the chemistry of ozone formation, as well as emissions$ution to Asian outflow and ozone columns over the North
of precursor gases from natural and anthropogenic source®acific Ocean (Liu et al., 2002). We examine the contribu-
Remote sensing observations are included to quantitativelyion of lightning to ozone and reactive nitrogen observations
constrain and validate precursor emissions. over the North Pacific Ocean during INTEX-B.

Tropospheric ozone is a major greenhouse gas, contributes Satellite remote sensing observations of trace gases pro-
to atmospheric oxidation, and is toxic to biota. Productionvide timely global information that can be used to evalu-
of ozone in the remote troposphere is limited primarily by ate and improve emission inventories (Martin et al., 2003a;
the concentration of NQ(NOx=NO, + NO) (Liu et al., Palmer et al., 2003; Jaégkt al., 2005), to examine emis-
1987). Although the short chemical lifetime of N@hibits sions trends (Richter et al., 2005; Zhang et al., 2007), and
its direct transport from Asian sources to the remote Pacificalso to understand transport pathways (Heald et al., 2003;
NOy can be redistributed through the injection of peroxy- Allen et al., 2004; Heald et al., 2006; Zhang et al., 2008). We
acyl nitrates (PAN = peroxyacetyl nitrate and its structural use observations of trends in troposphericd©lumns from
analogues) from polluted areas into the upper tropospheréhe SCanning Imaging Absorption SpectroMeter for At-
where cold temperatures allow PANs to persist for weeksmospheric CHartographY instrument (SCIAMACHY) from
This process removes reactive nitrogen from high emissiore003—-2006 to construct a top-down anthropogenicy NO
regions and redistributes it to remote areas (Moxim et al.,emission inventory for 2006. This inventory is evaluated
1996). Upon subsidence of PANs in these remote areag, NOby comparison with a timely bottom-up inventory and with
is generated, triggering ozone production. There is grow-tropospheric N@ columns from SCIAMACHY. Simulated
ing evidence that increasing Asian emissions are impactingzone columns over the North Pacific Ocean are compared
western North American ozone (Parrish et al., 2009; Coopewith a retrieval of tropospheric ozone columns using OMI
etal., 2010). (Liu et al., 2010).

Previous studies of Asian outflow and pollution transport The attribution of pollution to a particular source region
in the Pacific using aircraft measurements such as TRACE-Rhrough the use of observations alone is confounded by the
(Browell et al., 2003; Heald et al., 2003; Talbot et al., 2003) interactions between export, non-linear chemical processing
and ITCT-2K2 (Hudman et al., 2004) have established theand dilution during transport, and local mixing near the ob-
above pathway as a method for ozone production in the reservation (Fiore et al., 2009). Global chemical transport
mote Pacific. Studies of Asian outflow suggest that warmmodels therefore provide integral insights in the study of
conveyor belt (WCB) airstreams within extra-tropical cy- long-range pollution transport, as further evidenced by the
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Fig. 1. Flight tracks for the NASA DC-8 (red), NCAR C-130 (blue), and Canadian Cessna (green) aircraft platforms during INTEX-B
between April 17 and May 17, 2006. Also plotted are the IONS ozonesonde sites (magenta circles) at Kelowna, BC and Bratt’s Lake, SK.

numerous studies that employ them (Berntsen et al., 1996Alaska; the NCAR C-130 which flew 12 flights out of Seat-
1999; Jacob et al., 1999; Heald et al., 2003; Hudman et al.tle, Washington; and a Canadian Cessna-207 which flew 33
2004; Li et al., 2005). One potential issue in the simulationflights out of Pemberton, British Columbia. Flight tracks for
of long-range transport is the degree to which photochemicathese platforms are shown in Fig. 1. The DC-8 and C-130
processing and mixing are represented. The logarithm of thdlew varied flight paths over a large domain, relying on chem-
ratio of two hydrocarbons with different reactivities provides ical forecasts to identify potentially interesting airmasses. As
a measure of photochemical processing and the age of an aidescribed by Leaitch et al. (2009), the Cessna flew regular
mass (Roberts et al., 1984). Parrish et al. (1992, 2004) foundertical profiles over the nearby ground measurement sta-
that the ratio of propane to ethane remains remarkably robudion at Whistler Peak to facilitate the interpretation of the
as an indicator of air mass age over several e-folding life-measurements, to provide context for the Whistler summit
times. The INTEX-B observations of these alkanes providestation, and to accomodate the shorter range of the Cessna.
a test for global simulations. Singh et al. (2009) describe the instrumentation on all three
We use the GEOS-Chem model to interpret aircraft mea-aircraft platforms.
surements of @and reactive nitrogen from the Pacific phase  Consistency of the Cessna ozone measurements with the
of INTEX-B and from satellite and ozonesonde observationsother platforms is of interest. Figure 2 shows flight tracks and
during the same time period. We develop a baseline simuvertical ozone profiles from the two intercomparison flights
lation that reproduces the aircraft mean vertical profiles ofbetween the C-130 and Cessna platforms. Points used in
ozone and reactive nitrogen, and use a set of sensitivity simthe vertical comparison include only measurements within
ulations to probe the dependence of the signal at the aircraf).3° latitude and longitude that sampled at the same altitude
and sonde locations to various N®missions sources and within 20 minutes of one another. On May 3, the C-130
chemical sensitivities. A transport event observed by the airflew to Whistler to compare with the Cessna at its habitual
craft on 4-5 May 2006 is examined in detail as evidence ofprofiling location. Both aircraft flew profiles over the ver-
a transport pathway for ozone pollution due to Asia sourcedical range of the Cessna within a half hour, although the
entering western Canada. C-130 did not descend as low as the Cessna. Data from this
comparison are shown in the top row of Fig. 2, showing fair
agreement throughout the profile. The two craft flew a sec-

2 Overview of data sets ond intercomparison (bottom row of Fig. 2) on May 9 at the
Canada-US border. The aircraft only came within 15km of
2.1 Aircraft data one another and attempted vertical profiles as they separated,;

however, during these profiles, relative humidity measure-
INTEX-B included an intensive aircraft measurement cam-ments indicate that the two planes encountered different air-
paign over western North America and the North Pacificmasses, and so the majority of the data from these profiles
Ocean during April and May 2006 (Singh et al., 2009). We are excluded from this comparison. Ozone concentrations
use data from three of the airborne platforms during the Pameasured by the C-130 exceed those from the Cessna by
cific phase of the mission: the NASA DC-8 which flew 4 4 ppbv on average, the bias increasing with altitude. Chen
flights out of Hilo, Hawaii and 5 flights out of Anchorage, et al. (2007) and Kleb et al. (2010) found that the DC-8 and
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Fig. 2. Flight tracks and vertical mean profiles of ozone measurements during the two intercomparison flights between the C-130 (shown in
blue) and the Cessna (in red). Top panels show the May 3 flights; bottom panels show the May 9 flights. Crosses indicate 1-minute mean

measured values of ozone on each platform. Data are filtered to include only points where the two platforms flew3Rithiitu@le and
longitude of one another.

the C-130 ozone are within 5 ppbv, measurements from theesolution of up to 13 knx 24 km at nadir. The spectra (from
C-130 being 2% higher on average. The intercomparisor270 nm to 500 nm) gathered by OMI permit the retrieval of
between the various aerosol instruments is described in vaseveral important trace gases, including, @hich is used
Donkelaar et al. (2008). here for 2006.

For subsequent analysis, the aircraft data were filtered for Liu et al. (2010) performed ozone profile retrievals using
stratospheric air and for fresh pollution plumes following an optimal estimation technique to fit the calibrated radiances
Hudman et al. (2007). The stratospheric filter used a threshin the Hartley and Huggins bands (270-330 nm) as measured
old O3:CO ratio of 1.25, which removed 0.2% of the C-130 by OMI. The retrieval produced partial ozone column den-
data and 6.5% of the DC-8 data. The filter for fresh pollution sities in 24 layers from the surface to about 60 km. The re-
plumes removed points with a NONOy ratio in excess of trieval has 6—7 degrees of freedom for signal overall, up to
0.4 or a NQ concentration greater than 0.5 ppbv, removing 1.5 of which are in the troposphere. We only use retrievals
3.6% of the C-130 data and 1.1% of the DC-8 data. Suffi-with at least 0.5 degrees of freedom in the troposphere to al-
cient reactive nitrogen and CO measurements were unavailow the separation of a tropospheric ozone column. For solar
able for the Cessna, so these data are unfiltered. After thesgenith angles below 80the precision of the retrieved tropo-
filters were applied, the aircraft data were averaged onto th&pheric ozone column is 0.7-3 DU with an error of 2-5DU
horizontal and vertical resolution of the GEOS-Chem model.(4—20%), increasing rapidly at greater solar zenith angles.

Daily data are averaged here over April-May 2006.

2.2 Remote sensing data We also use N@tropospheric columns obtained using ob-
servations of solar backscatter from the SCanning Imaging
The Ozone Monitoring Instrument (OMI) on the Aura satel- Absorption spectroMeter for Atmospheric CHartographY
lite is a UV-visible spectrometer viewing in nadir (Levelt (SCIAMACHY) satellite instrument (Bovensmann et al.,
et al., 2006). Aura was launched in July 2004 into a near-1999). The SCIAMACHY instrument observes the atmo-
polar sun-synchronous orbit with a local equator-crossingsphere in nadir from the ENVISAT satellite, which was
time of 13:45. OMI achieves daily global observations of so-launched in March 2002 into a sun-synchronous orbit with
lar backscatter in the early afternoon atmosphere at a spatia 10:00 local equator-crossing time. SCIAMACHY achieves
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global coverage in 6 days, at a typical horizontal resolutioninto HNOz and NG;, and heterogeneous chemistry (Jacob,
of 30 km along track and 60 km across track. 2000). Cross-tropopause ozone transport is prescribed by the
The tropospheric column NQetrieval begins with a spec- synthetic ozone method (McLinden et al., 2000), while the
tral fit at visible wavelengths to obtain slant columns. The cross-tropopause NGlux is calculated from NO oxidation
stratospheric column is then removed, and the remainingn the model stratosphere. Global annual net stratospheric
slant columns are converted to tropospheric vertical columngluxes are 500 Tggyr—! and 0.5 TgNyr!. The model is
using an air mass factor calculation using vertical profilesrun at a horizontal resolution o’ 22.5°, with 55 vertical
from GEOS-Chem simulations. Detailed retrieval descrip-levels, the lowest five of which are centered at approximately
tions can be found in Martin et al. (2006) with updates in 170m, 360 m, 722m, 1299 m, and 2081 m.
Kaynak et al. (2008). The retrieval uncertainty for SCIA-  In the standard model, anthropogenic emissions are ob-
MACHY monthly mean NQ tropospheric columns i&(5 x tained from the Global Emission Inventory Activity (GEIA)
10 moleccnm2+30%) for cloud-filtered scenes (Martin bottom-up inventory. This global inventory is overwritten

etal., 2006). with regional inventories over North America (EPA NEI99),
and East Asia (Streets et al., 2003, 2006; Zhang et al.,
2.3 Ozonesonde data 2009b). The global distribution of lightning NGemissions

is calculated according to the scheme of Price and Rind

Ozonesonde data from the INTEX-B Ozonesonde Network(1992), and then locally rescaled here using seasonal mean
Study 2006 (IONS-06) over North America during April and flash rates from the Optical Transient Detector and Lightning
May 2006 are used from release points in Kelowna, BritishImaging Sensor (OTD-LIS), following Sauvage et al. (2007).
Columbia (26 sondes), and Bratt's Lake, Saskatchewan (2%ightning emissions are distributed vertically according to
sondes) (Thompson et al., 2008). The high measurement freRickering et al. (1998).
quency at these two sites, and their proximity to the Cessna The GEOS-Chem model has been applied to a variety of
aircraft flight tracks, makes them particularly valuable sitesstudies, including several involving continental outflow (Bey
for this work. etal., 2001a; Li et al., 2004; Park et al., 2006; Hudman et al.,

The WMO thermal tropopause is defined for each sound-2009; Zhang et al., 2010) and long-range transport (Jacob
ing (WMO, 1966). For pressures below 500 hPa, the thermakt al., 1999; Heald et al., 2003, 2006; Hudman et al., 2004,
tropopause is defined as the lowest point with respect to alti2007; Guerova et al., 2006; Fairlie et al., 2007; van Donke-
tude where the lapse rate decreases to 2 Kkriihe average  laar et al., 2008; Zhang et al., 2008; Fiore et al., 2009; Wu
lapse rate to any point within the next higher two kilome- et al., 2009; Fisher et al., 2010; Nam et al., 2010; Rastigeyev
ters may not exceed 2 Kknt, and the sounding must extend et al., 2010). Simulations of ozone generally agree with
at least 2 km above that point. The mean tropopause pregnonthly mean ozonesonde measurements over North Amer-
sure for the Kelowna sondes was 272 hPa, and that for Bratt'sca to within 10 ppbv (Bey et al., 2001b), and simulations of
Lake was 241 hPa. The ozonesonde profiles at each locatiofgactive nitrogen are generally within 30% of measured val-
are averaged at altitudes below the WMO tropopause calcusies (Martin et al., 2006; Hudman et al., 2007; Zhang et al.,

lated for each sounding. 2008).
We construct a baseline simulation that incorporates up-
2.4 Model description dates to anthropogenic and natural emissions. A recent emis-

sion inventory for the year 2006 is implemented for East Asia
In order to interpret the measurements, we employ thefor NOy, CO, and VOC’s (Zhang et al., 2009b). Reactive
GEOS-Chem global chemical transport model, version 7-NMVOC emissions from biomass burning are increased here
04-10 (http://www.geos-chem.org/) to simulate troposphericby a factor of 5, following Fu et al. (2007) in order to cap-
chemistry and transport, with some modifications as de-ure satellite-observed isoprene emissions behaviour. Light-
scribed below. Transport in the model is driven by GEOS-ning NO, emissions are rescaled here using seasonal mean
4 assimilated meteorological fields from the NASA Global flash rates from the Optical Transient Detector and Light-
Modeling and Assimilation Office, which have 6-h (3- ning Imaging Sensor (OTD-LIS), following Sauvage et al.
h for surface fields and mixing depths) temporal resolu-(2007). This produces a global flash rate of 44 flashes/s, with
tion. GEOS-Chem includes a detailed NOyx-hydrocarbon  22% of flashes at midlatitudes (Christian et al., 2003). Ap-
chemistry mechanism that was first described by Bey et alplication of a midlatitude NO yield of 360 moles/flash (Ott
(2001b) with initial updates by Fiore et al. (2002), Mar- et al., 2007) produces a midlatitude source of 1.5 TgNyr
tin et al. (2002, 2003b), and Evans and Jacob (2005). Itconsistent with constraints inferred from aircraft N@bser-
also includes a simulation of aerosols and their precursoryations (Martin et al., 2006; Hudman et al., 2007). A trop-
(Park et al., 2004) that is coupled to the gas-phase chemical NO vyield of 280 moles/flash produces a global source
istry simulation through effects on photolysis frequenciesof 6 TgNyr2, as constrained by in situ and satellite obser-
(Martin et al., 2003b) as well as through the formation of vations of trace gases (Martin et al., 2007; Sauvage et al.,
sulphate and nitrate, partitioning of total inorganic nitrate 2007). These NO yields/flash differ from those in Hudman
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Table 1. Description of baseline and sensitivity simulations performed with the GEOS-Chem model.

Simulation  Description

Baseline version 7-04-10; 2006 Asian anthropogenic emissions (Zhang et al., 2009b); lightning
scaled by seasonal OTD-LIS (Sauvage et al., 2007) and mid-latitude source scaled to
1.6 Tgyr1 (Martin et al., 2006); biomass burning reactive NMVOC source increased
by factor of 5 (Fu et al., 2007)

Scaled 2006  baseline emissions, substituting scaled anthropogegi@miSsions for those from
Zhang et al. (2009b) over East Asia

No lightning  baseline emissions, with lightning N®missions off

No Asia baseline emissions, with Asian anthropogenic emissions off

No PAN baseline emissions, with peroxyacyl nitrates removed from chemical mechanism

et al. (2007) due to our use of the observed OTD-LIS flashuseful in cases where an accurate bottom-up inventory is un-
distribution. Latitudinal gradients in vertical wind shear may available, or as a first guess at emissions in an area experi-
be responsible for the greater NO yield at midlatitudes thanencing rapid change.
in the tropics (Huntrieser et al., 2008). Most previous top-down estimates of N@missions have
Table 1 describes the baseline simulation and four sensitivused observations for a specific time period to constrain
ity simulations that were also conducted. The “Scaled 2006"emissions for that time period (Martin et al., 2003a; Jaegl
simulation uses the scaled anthropogenig/Ni@entory de- et al., 2005; Miller and Stavrakou, 2005; Konovalov et al.,
rived in the next section. The “no lightning” and “no Asia” 2006; Zhang et al., 2008). A challenge with such an approach
simulations exclude the global lightning N@r Asian an- s that the a priori inventory may be out of date (Martin et al.,
thropogenic emissions, respectively, and are used in order t2006), or that the result is sensitive to retrieval biases (van
evaluate these sources’ contributions relative to the baselindloije et al., 2006; Lamsal et al., 2010a). The scaling ap-
simulation. Similarly, the “no PAN” simulation was imple- proach presented here has the advantages of beginning with
mented by removing any reactions involving peroxyacy! ni- observations for the same time period as the a priori inven-
trates from the chemical mechanism, following Moxim et al. tory, and potentially lower retrieval errors in inferring a trend
(1996). This method permits the evaluation of direct trans-than in using a specific year due to cancellation of systematic
port of ozone from Asia compared to transport that involveserrors in the retrievals.
the conversion of NQinto PANs for transport in the free We begin with a bottom-up East Asian anthropogenigNO
troposphere. All simulations were allowed to spin up for 9 emissions inventory for the year 2000 (the TRACE-P inven-
months. tory, from Streets et al. (2003) with updates in Streets et al.
(2006)). This inventory is first scaled forward to 2003 based
on trends in fossil fuel consumption by country, as described
in van Donkelaar et al. (2008). N@missions over East Asia
increase from a total 6.9 TgNy# in 2000 to 8.4 TgNyr?!
in 2003. This scaling is standard practice in GEOS-Chem;

Bottom-up emissions inventories generally take years tO\rll\(l)wever, the fuel consumption statistics lag by several years.

compile and are released infrequently. Such delays can b e use NQ column observations during spring from SCIA-

especially problematic in regions where emissions are chan EAACHY during the intervening years (2003-2006) to calcu-

ing rapidly, such as in East Asia. However, satellite observa 2t€ @ trend for each model grid cell. A GEOS-Chem simula-

tions can provide timely information with near global cover- tion in which East Asian surface emissions are perturbed by

0, i i i -
age. Although we have implemented a recent bottom-up in-S0% establishes the relationship between surfacg &ils

ventory for 2006 developed for the INTEX-B period (Zhang sions and N@columns:

et al., 2009b), we present here an alternative method of ob£(perturh Qno, (perturh .
talnmg an estimate of emissions from trends in satelllte_ob— E(base | Qno,(base @)
servations that was developed before the release of this re-

cent inventory. We scrutinize the scaling method by com-whereQno, denotes column N@9and E denotes emissions
parison with the bottom-up inventory of Zhang et al. (2009b) in the perturbed and baseline runs. The fagtoepresents
and with satellite observations of troposphericN®lumns.  the local factors that affect the relationship betweenyNO
Obtaining emissions estimates from satellite trends could bemissions and the NfOcolumn, in a similar fashion to the

3 Origins of Asian outflow

3.1 Estimate of Emissions

Atmos. Chem. Phys., 10, 8353-8372, 2010 www.atmos-chem-phys.net/10/8353/2010/
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TRACE-F inventory (2000 Scaled inventory (2006) INTEX-B inventory (2006

Tg Nyr
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Fig. 3. Development of the Asian anthropogenic fl&mission inventory for the baseline simulation. The left panel shows the standard
GEOS-Chem regional inventory for East Asia, compiled for TRACE-P by Streets et al. (2003). The center panel contains the emission
inventory after applying a two-stage scaling process using ratios of annual fuel consumption from 2000 to 2003, as well as a linear regression
of springtime tropospheric N&columns from SCIAMACHY from 2003 to 2006. The right panel displays a recent &l@ission inventory

compiled by Zhang et al. (2009b).

SCIAMACHY.

" PaliviN

0 2 4 5 8 10

% 10"° molecfem?®

Fig. 4. Simulated and observed mean tropospheric;dG@lumns for April-May 2006. The left panel shows simulated columns from the
baseline simulation, sampled at the satellite overpass times for SCIAMACHY. The central panel shows the same quantity for the GEOS-
Chem simulation using the scaled emissions. The right panel showschlOmns retrieved from the SCIAMACHY satellite instrument.

variablex used to infer top-down emissions (E) by Martin  The center panel of Fig. 3 shows the scaled inventory,

et al. (2003a): which exhibits an increase in anthropogenic N&nissions
by 58% over the East Asian region compared with the 2000
E=a-Q ) inventory (shown in the left panel). The increase over China

is 84%. The bottom-up inventory of Zhang et al. (2007) is
displayed in the rightmost panel of Fig. 3. This inventory
increases East Asian N@missions by 62% compared with
the 2000 inventory, and emissions in China by 98%. Zhang

a u_nltliess trend factor that d_escnbes how a change i Noet al. (2007) found good agreement between trends in satel-
emissions affects a change in Bl@olumns. The factop ; ; . :
lite and bottom-up inventories during the summer months,

Is then used to infer the emissions trend between 2003 anéut discrepancies during the winter when emissions were at
2006 from SCIAMACHY observed N@columns. The lin- . P 9 -
their annual peak. The close agreement here indicates that

ear trend in the derived emissions during these years is the{he trends in spring are also comparable between satellite and
used to scale the 2003 inventory forward to 2006. The us%ottom-up inventories

of alinear trend reduces sensitivity of the trend to anomalous
events such as from biomass burning. Lamsal et al. (2010b)
further discusg8 and extend this approach globally. These
calculations are performed at the model resolution over the
East Asian region.

However, o has units ofs! and describes the direct rela-
tionship between N® columns and N emissions. g8 is
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3.2 Evaluation of simulation ot

Remote sensing observations of N@opospheric columns
were used to evaluate the changes toyN@issions imple-
mented for the baseline simulation. The left panel of Fig. 4 '} slopefelrendl < 1,72 0,15y 7= 0155
shows tropospheric NOcolumns from the baseline simula- slope (model) = 154 D14, = 033
tion averaged over April-May 2006. The model is sampled at
the satellite overpass time for SCIAMACHY. A pronounced
maximum is apparent from anthropogenic emissions over
eastern China. We evaluate the simulated columns usinc
tropospheric N@ columns retrieved from SCIAMACHY in il
April-May 2006, which are shown in the right panel of
Fig. 4. The simulation underestimates the observed NO
columns by 31% on average, with a coefficient of variation ,
of r>=0.49. This difference is consistent with many previ- % . . .= & 2: 5 15 +  os o

ous satellite-model comparisons of NOver East Asia for In(propane/ethane)

GOME (e.g. van Noije et al. (2006)), SCIAMACHY (e.g.

Martin et al. (2006)), OMI and GOME-2 (e.g. Lin et al. Fig.5. Correlations of the natural logarithms of propane and ethane

Frapane [pptv]
=

(2010)). data taken during INTEX-B in spring 2006. Measured values and
We repeated this analysis using the scaledyNénis- the regression line to them are shown in black; modelled values are
x shown in red.

sions inventory in place of those from Zhang et al. (2007),
again sampling the model during both satellite overpass
times. The scaled inventory still captures much of the dis- . . .
tribution observed by the satellites, although it includes a5|mu|at|0n are excll;ded from thes_e plots,_because they are in
smaller increase in emissions, which increases the mode‘fiIII cases W't_h'_n 0.2/?01_‘ the basehng profl.les.
bias only slightly (32%) and worsens the explained variance ©Z0ne mixing ratio increases with altitude for all three
(r2=0.46). platforms, Wlth the ;tandgrd d(_—:-V|at|on of the 0zone measure-
Alkane concentrations decrease as they are oxidized in thE'€Nts also increasing with altitude. The baseline simulation
atmosphere by the OH radical. The logarithm of the ratioreprodu.ces the increase with alt|_tudelobseryed by the aircraft.
of concentrations of two different alkanes can be used as &1€an biases between the baseline simulation and the C-130,
metric for the degree of chemical processing within an airPC-8, and Cessna ozone profiles are -6.6 ppbv, +0.1 ppbv
parcel (Parrish et al., 2004). Figure 5 correlates the aircraf@nd +4.4 ppbv, respectively (positive values indicate model
measurements of propane and ethane, as well as the Sarﬁgerestlmates). The overestlma.te at the Cessna Iocqtmn is
quantity as produced by the model along the aircraft tracks/n Part due to the model averaging over the nearby city of
The high correlation values provide confidence that modelVanCOUVer.
mixing is representative of the airmasses observed at the air- Figure 7 shows vertical profiles of peroxyacyl nitrates and
craft locations. The vertical offset between the observed andnitrogen oxides from the C-130 and DC-8 platforms, aver-
simulated ratios suggests a model underestimate of propar&ged over the entire INTEX-B campaign, in a manner iden-
emissions. The slight model underestimate of the slope inditical to that used for the ozone profiles. The colour scheme
cates that propane is being depleted too quickly in the modehere is the same as that described for Fig. 6.
relative to ethane. Most of the low values in the observations The peroxyacyl nitrate mean profiles from the DC-8 and
are from the lower atmospere for a single flight and may re-the C-130 exhibit a characteristic increase with altitude, re-
flect a plume of clean air that is not resolved by the model. flecting the temperature dependence of PAN dissociation.
Ozone and reactive nitrogen observations from the threeNOy has a C-shaped profile, reflecting the increased lifetime
aircraft platforms were also used to evaluate the emission®f NOy at high altitudes and the combination of lower and
in the baseline simulation. Figures 6 and 7 show campaigrupper tropospheric sources, including PAN dissociation near
average vertical profiles for these species as available on thiéhe surface in the remote troposphere. The reactive nitrogen
three platforms. Aircraft data are plotted as yellow crossesprofiles display significant agreement between the baseline
with black lines to represent the mean and standard deviasimulation and the in situ measurements for,N®ean bias
tion of the measurements at each of the model vertical levelsof 3.0 pptv for the C-130 and-28 pptv for the DC-8) and
Each simulation was sampled at the same times and locationgeroxyacyl nitrates-{9.4 pptv for the C-130 and-58 pptv
as the actual aircraft, and any points filtered from aircraft datafor the DC-8). The agreement for NOnay be fortuitous
as described above were excluded from the model means as the NO and N@observations are not in photochemical
well. Red lines represent campaign average profiles from thateady state (Zhang et al., 2008). Simulated HN&biased
baseline simulation. Model profiles from the “Scaled 2006” high relative to the aircraft measurements by a factor of 2—3,
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Fig. 6. Campaign average vertical profiles of ozone for C-130, DC-8, and Cessna aircraft. Aircraft data are plotted as yellow crosses,
with black lines to represent the mean and standard deviation of the measurements at each of the model vertical levels. Red lines represer
campaign average profiles from the baseline simulation; green, from the “no Asia” simulation; and, blue, from the “no lightning” simulation.
Simulations are sampled along the aircraft flight tracks.
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= o - * Bl : Fig. 8. Mean vertical profiles of ozone in the troposphere from
1000 ———— 2'00 o s o0 100 s i P ozonesondes at Kelowna, BC (left) and Bratt's Lake, SK (right).
PNs [ppiv] NG, [pptv] Yellow crosses represent sonde data. Black lines represent the

mean and standard deviation of the measurements. Red lines repre-
Fig. 7. Campaign average vertical profiles of peroxyacyl nitrates sent campaign average profiles from the baseline simulation; green,
and nitrogen oxides for the C-130 and DC-8 aircraft. \Ni@m from the “no Asia” simulation; and, blue, from the “no lightning”
both platforms was obtained from the chemiluminescence instru-simulation. Measurements are filtered for stratospheric influence
ments. PANs on the C-130 were measured with PAN-CIGAR, and(ozone>120 ppbv).
PANs on the DC-8 by the TD-LIF instrument. Aircraft data are
plotted as yellow crosses, with black lines to represent the mean
and standard deviation of the measurements at each of the mod&ratt’s Lake. Hudman et al. (2004) found a similar underes-
vertical levels. Red lines represent campaign average profiles frontimate in simulated GEOS-Chem ozone versus observations

the baseline simulation; green, from the “no Asia” simulation; and, gver California in spring due to insufficient ozone of strato-
blue, from the “no lightning” simulation. Simulations are sampled spheric origin.

along the aircratft flight tracks.
3.3 Sources of ozone over the North Pacific Ocean

reflecting a model underestimate in wet deposition (FairlieWe now use sensitivity studies to evaluate the importance
et al., 2009). of various emission sources and chemical mechanisms for
The two IONS ozonesonde sites provide yet anotherproducing observed ozone distributions in the Pacific. The
means for evaluating the simulation. Figure 8 shows thetop right panel of Fig. 9 shows cloud-filtered tropospheric
mean ozone profiles, with sonde data plotted as yellowozone columns retrieved from OMI averaged over April-May
crosses and the mean and standard deviation of the measur2006 (Liu et al., 2010). The data are filtered to exclude re-
ments shown with black lines. Modelled and measured ozonérievals with average fitting residuals greater than 1.5 rela-
mixing ratios both increase with altitude. The baseline simu-tive to the measurement error, cloud fractions greater than
lation reproduces the ozone profiles at the two Canadian site8.3, retrievals that use a total weighted area in the grid cell
with mean biases of 3.0 ppbv at Kelowna and 7.7 ppbv at  of less than 0.25, and retrievals with less than 0.5 degrees
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Fig. 9. Comparison between simulated and observed tropospheric ozone columns. The top row contains tropospheric ozone columns from
the baseline simulation convolved with the OMI averaging kernels, and those retrieved from OMI by Liu et al. (2010). The bottom row
shows simulated contributions to the tropospheriac@lumns due to lightning N@emissions and due to Asian anthropogenic emissions as
determined by difference with simulations that exclude either source.

of freedom for signal in the troposphere. Both the satel-  zo0p— 2007

lite and simulation tropospheric columns are calculated us- _Effo

ing the same tropopause height. A broad maximum extends Cessna

across the mid-latitude Pacific, exhibiting a decrease from 3% _ge'iw:; \ 300
ratisl =]

west to east that is indicative of Asian outflow and net chem-
ical loss. The top left panel of Fig. 9 shows simulated tro-
pospheric ozone columns from the baseline simulation, sam-

400 4001

Pressure [hP&]

pled at the OMI overpass time, convolved with the OMI aver- £ *” o
aging kernels, and averaged over the same two-month period 500 ” boor
The simulated columns also show the broad Asian outflow 70 700;

features, although the simulation tends to under-predict the &0 8007

satellite tropospheric columns by 3.7 DU (7.7%) on average % saar
in the Pacific. 0% a 5 : o %% 10 15
Contribution [pphv] Contribution [%]

The lower two panels of Fig. 9 show the sensitivity of tro-
pospheric ozone columns to the lightning Né&hd Asian an-  Fig. 10. Vertical profiles of the mean difference between baseline
thropogenic emissions sources as determined by differencend “no Asia” simulations at the locations of the three aircraft and
between the baseline simulation and a sensitivity simulatiortwo ozonesonde observations.
excluding either source. This approach underestimates the
true source contribution since ozone production is more sen-
sitive to NQ; at low NO, concentrations (Liu et al., 1987). tion from the stratosphere to the tropospheric columns over
Following Sauvage et al. (2007), values will be preceded bythe North Pacific Ocean in the spring, 20 DU on average. By
“>" to emphasize this nonlinearity. The contribution due comparison, Lelieveld and Dentener (2000) find an annual
to the lightning source is greatest in the tropieslé DU), mean contribution of the stratosphere to the tropospheric col-
but remains substantial at mid-latitudes3(2 DU on average umn over Canada of 42%.
over the Pacific between 3@nd 60 N). The contribution Figures 6, 7, and 8 offer further insight into the influence
due to Asian anthropogenic emissions shows a broad maxief the lightning and Asian anthropogenic emissions sources.
mum (peak value-11 DU) that extends over Japan and into Blue and green lines in these figures show simulated profiles
the western Pacific. The mean contribution from Asian emis-excluding these two sources. The difference between these
sions in the Pacific between 3@nd 60 N is >4.6 DU. The  profiles and the baseline represents the simulated contribu-
mean Asian contribution over western Canad8.3DU) is  tion to the profiles from this source. This is shown more
comparable to that over the western coastal £%.2 DU). A clearly in Fig. 10, which shows the difference between the
separate taggedsxGimulation shows a reasonable contribu- baseline and “no Asia” simulations at the locations of all
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Fig. 11. Model studies of @ production in spring 2006. Net4Jproduction at 2km due to Asian anthropogenic emissions is shown on the
top left, while net @ production due to PAN transport at 2 km is displayed in the top right. The bottom left panel shows the gross lpss of O
due to Asian anthropogenic emissions at 2 km. The bottom right panel displays petdction due to the lightning NQsource at 11 km.

three aircraft and the two ozonesonde stations. For all lo-duction due to Asian pollution occurs above and downwind
cations, the contribution due to Asian anthropogenic emis-of regions with high N@ emissions, while over the central
sions is greatest in the lower free troposphere between 60&nd eastern Pacific Ocean net production is nearly zero, even
and 700 hPa, reaching8.9 ppbv, whereas the contribution slightly negative (i.e. @ destruction) at more southern lati-
due to lightning (Fig. 6) is greatest in the upper tropospheretudes. In an average sense, net ozone production due to Asian
reaching>12 ppbv in the DC-8 mean profile. The contribu- sources occurs primarily over Asia and then is transported
tion from Asian anthropogenic emissions to the ozone pro-across the Pacific. We find a similar pattern throughout the
files above Whistler is 6-8 ppbv on average. The reactivelower troposphere.
nitrogen profiles (Fig. 7) contain a substantial contribution  The top right panel of Fig. 11 displays neg Production
from Asian emissions in PANs, accounting for up to a third due to PAN transport, obtained by difference between the
of the PAN present. As we will show in the section that fol- paseline and “no PAN” simulations, following Moxim et al.
lows, PANs play an important role in ozone production over (1996). This contribution and that due to Asian emissions
the remote North Pacific. are not mutually exclusive, since a fraction of the PAN trans-
ported does originate from Asian anthropogenic emissions.
Also, the contribution due to PAN transport calculated here
is a low-end estimate because our approach assumes PAN
4.1 Role of PAN Transport form.ation in thg source reg_ion is decoupled from 0zone pro-
duction. The simulation without PAN chemistry will over-
Ozone in the remote troposphere is affected by transport frongstimate direct ozone export from the source region because
regions with net photochemical production including down- the lifetime of NQ there is extended.
ward flux from the stratosphere, and in situ production from In the top right panel of Fig. 11, a net loss of @ appar-
transported precursors, both natural and anthropogenic. Thent over the Asian source regions, reflecting PANs remov-
INTEX-B data set provides a useful opportunity to examine ing NOy from near the surface and transporting it elsewhere.
the sources of ozone above the eastern North Pacific Oceafonsequent to this redistribution, an enhancement to net pro-
and to evaluate its dependence on in situ net production ofluction occurs both immediately downwind, over the Yellow
ozone compared to direct transport from a polluted region. Sea and east of Japan, and also above the eastern Pacific.
The top left panel of Fig. 11 shows the simulated contribu- The latter region was previously observed to be a location of
tion to net @ production due to Asian anthropogenic emis- subsidence of transported PANs from the upper troposphere
sions, again obtained by difference with a simulation that ex-(Heald et al., 2003; Hudman et al., 2004; Zhang et al., 2008).
cludes Asian anthropogenic emissions. Maximum net pro-Ozone production due to PAN transport is disproportionate

4 Transpacific transport pathways
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Fig. 12. Simulated ozone fluxes at 2 km averaged over the campaign. The two panels overlay mean surface pressure maps over the campaig
with average fluxes of total £and that are due to transport of PANs.

to loss because PAN removes Nfom a location with low 4.2 Case study: 4-5 May 2006

ozone production efficiency and injects it into a remote re-

gion where ozone production efficiency is higher, resulting Transit time analysis has shown that trans-Pacific transport of
in a global increase of 2% in netzroduction. Asian outflow has both midltatitude and subtropical modes

. . . . during spring (Holzer and Hall, 2007). Furthermore, Zhang

The net ozone production due to Asian emissions can Stl"et al. (2008) identified two branches of the midlatitude Asian
?r'ansport plume that were both sampled by the aircraft during
a1Lne INTEX-B campaign. The southern branch subsides into
tihe lower troposphere off the west coast of California, while

he northern branch remains in the mid-troposphere and cir-
the distribut £ Q itself f thi ¢ cles off to the northeast. Zhang et al. (2008) focus on the

€ distribution 0 Q itself from this source, as We €Xpect o, ihern branch, which has a greater impact on the United
for a first-order loss process. Examining the effect of PANs

; . . tates. Here we explore how both branches affect Canadian
on the ozone buc_iget, we find that PAN transport is reqwred:ir quality. We examine the May 4-5 transport event using the
for gross production to exceed gross loss as far as the easte

- Hicraft observations and sensitivity simulations to identify

Pacific. transport pathways whereby this transported pollution could
Lightning is a natural source of ozone precursors, and cameach western Canada.

thus contribute to its production in the remote troposphere. Figure 12 displays the mean surface pressure during the
The bottom right panel of Fig. 11 shows the ozone pro-INTEX-B campaign. Itis characterized by a strong low pres-
duced due to lightning at 225 hPa, obtained by differencesure system over Alaska and a strong high directly south, the
with the “no lightning” simulation. A maximum over In- combination of which allows for rapid advection across the
donesia and Thailand is apparent, with some transport imecean (Liang et al., 2005). Overlaid on these maps is the total
mediately downwind. Upper tropospheric ozone productionozone flux at 2 km altitude (second panel) and the contribu-
due to lightning emissions at northern mid-latitudes is 1-tion to this flux due to PAN transport (top panel). The total
3 ppbv/day, comparable to the effect of PAN in the lower flux at this altitude curls around the high, then back to the
troposphere. north, following the Aleutian low. Near the high, PAN leads

duction due to PAN transport is balanced by a gross loss th
is also due to Asian emissions. Gross loss gti0e to Asian

anthropogenic emissions is shown in the bottom left panel o
Fig. 11. The spatial distribution of the loss follows closely
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Fig. 13. Simulated ozone fluxes at 2 km averaged during the 4 May 2006 event. The two panels show the surface pressure and ozone fluxe:s
on 4 May 2006.

to the production 0t~4.7% of the total ozone flux, further vations but lacks the resolution to capture the brief peaks in
evincing that subsidence around this high brings PANs dowrconcentration encountered by the aircraft. When the plane
from the upper troposphere, contributing to the ozone signakxited the boundary layer (magenta marker), it encountered a
in this region. dry airmass with ozone (115 ppbv), CO (204 ppbv), and PAN
Aircraft observations, meteorology, and simulated fields (1125 pptv) substantially elevated above background levels.
during the INTEX-B campaign reveal distinct transport As the flight continued westward, these concentrations re-
events where ozone was advected into the North Americanurned to close to background values. The simulated contri-
continent. Figure 13 focuses on the ozone flux and surfacdéution to ozone due to Asian emissions near this altitude is
pressures on May 4. The pattern in surface pressures is sim-10 ppbv, while the contribution from PAN transport is near
ilar to the campaign means shown Figure 12, although hereero.
the Alaskan low is broader and even more pronounced, and The following day, the C-130 flew west from Seattle over
the high over the eastern North Pacific Ocean extends up ththe Pacific. It also observed a dry airmass at 700 hPa with ele-
western North American coast. This shifts the fast transportvated ozone (114 ppbv), CO (188 ppbv), and PAN (512 ppb),
conduit between the two systems to be directed northeastsimilar to what the DC-8 observed one day prior. Backtra-
ward into British Columbia. The contribution from PANs to jectories from the C-130 flight track intersect with the track
the total ozone flux is quite high-(12.3%) in the eastern Pa- of the DC-8 on the previous day. Figure 15 shows the flight
cific along this conduit. track and data series from the C-130 aircraft measurements.
Further corroboration of the May 4 event is provided by The C-130 appears to have flown through the same plume
the DC-8 observations. Figure 14 shows the flight track outduring both its descent (magenta marker) and ascent (cyan
of Anchorage that day, underlaid by the contribution to ozonemarker). Finally, the Cessna flight on May 5 encountered an
concentrations due to PAN transport in the top left panelairmass with elevated ozone between 3 km and 4 km coinci-
and the contribution from Asian emissions in the top right. dent with a sulphate aerosol plume (Leaitch et al., 2009).
The plots in the bottom panel of Fig. 14 focus on measure- While the simulated contribution to the ozone concentra-
ments during the westbound leg of the flight with the blue, tion in the C-130 flight due to Asian emissions remained as
magenta, and cyan markers indicating the aircraft’s locationhigh as for the DC-8, the contribution due to PANs increased
The simulation reproduces the general shape of the obseto 3 ppbv. If the two aircraft are sampling the same airmass,
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Fig. 14. Detail of the DC-8 measurements during the May 4, 2006 transport event. The top left panel shows the flight track of the DC-8 on
May 4, 2006 overlaid on the simulated contribution to ozone concentrations due to transport of PANs at 4 km. The top right panel displays
the flight track atop the contribution from Asian emissions. The bottom plots show aircraft measurements during the westbound leg, where
the aircraft encounters a plume of elevategl OO, and PANs at about 700 hPa. Blue, magenta, and cyan circles mark the location of the
aircraft on the maps during the data series.

as the model suggests, some of the elevated PAN from Map Conclusions

4 must have dissociated, triggering ozone production. This is

consistent with the southern branch of transport identified inThe INTEX-B campaign in spring 2006 provided observa-

Zhang et al. (2008). However, the peak ozone mixing ratiotions of ozone and reactive nitrogen over the North Pacific

observed on the C-130 was within 2% of that observed byOcean and western North America. We interpreted these ob-

the DC-8, likely reflecting dilution and chemical destruction. servations using the GEOS-Chem global chemical transport
The northern branch of the transported plume is also repmodel to study the sources and transport mechanisms that

resented in the simulation. Figure 16 shows the contribu-produce ozone in the remote Pacific and to identify pathways

tion to the ozone concentration at 2 km due to PAN transporfor transported pollution entering North America, with par-

over 5 days, concluding on 5 May 2006. The maximum con-ticular attention to Canada.

tribution is over the eastern North Pacific Ocean, and on 2 \ye studied ozone measurements from a Canadian Cessna-
through 4 May, the northeastward progress of an airmass afsg7 in the broader context of the INTEX-B campaign. The
fected by PAN transport is observed. This follows from the cessna-207 flew 33 flights out of Pemberton, BC, typically
flux fields shown in Fig. 13, which also show strong north- herforming a vertical profile near Whistler Peak, BC. Two
eastward advection during this event. The affected airmastytercomparison flights between the C-130 and Cessna plat-
enters Canada on 3May, having a contribution at this alti-forms were performed. Mean vertical ozone profiles for

tude of up to 7 ppbv from PAN transport. The sensitivity these two flights agree to within 5 ppbv, with the C-130 being
simulation suggests other similar events during spring 2006pigher than the Cessna.

although the INTEX-B flights were not situated to intercept

them We developed a method to apply changes i,Glumns

to infer changes in N emissions. The local scale fac-
tor is inferred from a GEOS-Chem simulation. We con-
structed a timely NQ emissions inventory over East Asia
using satellite observations of tropospheric N&lumns
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Fig. 15. Detail of the C-130 during the May 5, 2006 transport event. The left panel shows the flight track of the C-130 on May 5, 2006
overlaid on the simulated contribution to ozone concentrations due to transport of PANs at 4km. The top right panel displays the flight
track atop the contribution from Asian emissions. The bottom plots show aircraft measurements during the westbound leg where the aircraft
encounters a plume of elevated, @O, and PANs at about 700 hPa. Blue, magenta, and cyan circles mark the location of the aircraft on the
maps during the data series.
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Fig. 16. Ozone due to transport of PANs from 1-5 May 2006. Panels show the contribution from PAN transport at 2 km, obtained from
difference between the baseline and “no PAN” simulations.
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from the SCIAMACHY satellite instrument. This scaling in- vected northeastward into the northwestern United States
creased NQ emissions in the region by 2.5 TgNyrsince  and Canada. Several events observed by the aircraft plat-
2003, yielding results comparable to a recent bottom-up informs during INTEX-B contained elevated levels of ozone
ventory (Zhang et al., 2009b). Satellite observations provide(>95 ppbv), CO £ 150 ppbv), and PANs{500 pptv). These
both a global record that extends for several years and alsevents were observed at 2km elevation, at times when the
observations that are timely, allowing this method to be useddominant flow was directed northeastward, circling the Aleu-
to scale emission inventories in regions where an up-to-datéian low.
bottom-up inventory is unavailable.
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