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[1] A suite of gas phase and aerosol measurements were made during spring 2008 at the
summit of Mount Bachelor (2763 m asl), located in central Oregon. Here we focus on
observations of peroxyacetyl nitrate (PAN) for the period of 3 April to 18 June 2008.
During this period, PAN mixing ratios ranged from below detection limit to 527 pptv, with
a campaign mean of 119 pptv. Our analysis indicates that the variability in PAN was
predominantly a function of synoptic scale processes. Three plumes containing elevated
PAN were analyzed in detail. Two of these plumes were of Asian origin, and one was
associated with North American sources. The Asian plumes were observed on 17–18 April
and 12–13 May. Both were associated with elevated PAN, CO, O3, and aerosol scattering
(ssp). The relationship between PAN and O3 varied with air mass temperature within
the 17–18 April plume, and we exploited this to derive an O3 production efficiency per unit
of PAN decomposed of 51–73 mol mol�1. The second Asian plume (12–13 May) was
more dilute, characterized by lower CO and ssp. This event had a larger PAN/CO slope,
consistent with relatively colder subsidence as calculated by trajectories. We traced the
pathways of the plumes using a global chemical transport model (GEOS-Chem) alongside
trajectories to show that the plumes crossed the Pacific at different rates and following
different routes. The plume observed on April 17–18 traveled over the great circle, while
the later plume took a slower more southern path across the Pacific.
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1. Introduction

[2] Asia is experiencing rapid economic growth and is a
growing source of anthropogenic pollutants to the global
atmosphere [Kato and Akimoto, 1992; van Aardeene et al.,
1999; Zhang et al., 2007]. The demand for energy and an
increased standard of living will result in increasing emis-
sions of nitrogen oxides (NOx = NO + NO2) and nonmethane
volatile organic compounds (NMVOC), both of which are
ozone (O3) precursors [Ohara et al., 2007]. Emissions
inventories indicate a �176% increase in Asian NOx emis-
sions over the period 1980–2003, and both satellite measure-
ments of the NO2 column and emissions inventory
approaches indicate an accelerating growth rate since 2000
[Ohara et al., 2007; Richter et al., 2005; Zhang et al., 2007].
The increase in NOx emissions over 1980–2003 was larger
(�280%) in China, approximately 6% and 11% per year in
the earlier and latter part of the period, respectively. Both
emissions of NOx and NMVOCs are projected to increase
substantially through 2020 [Ohara et al., 2007].

[3] Cyclones that develop over coastal East Asia provide
the primary export pathway for pollutant plumes out of the
Asian boundary layer (BL) [Bey et al., 2001a]. Polluted BL
air is drawn upward into the free troposphere (FT) between
30� and 60�N ahead of eastward moving cold fronts in warm
conveyor belts [Liu et al., 2003]. Only a fraction of the total
reactive nitrogen (NOy) emitted in the Asian BL is exported
during this process. Koike et al. [2003] found that 15% of the
NOx emitted over northeastern China remained as NOy over
the western Pacific FT, and peroxyacetyl nitrate (PAN) was
found to be the dominant form of NOy [Koike et al., 2003].
Observations of plumes over the Pacific Ocean during the
Intercontinental Transport and Chemical Transformation
(ITCT 2K2) experiment also indicated that most of the NOy

is not exported to the FT, primarily due to the loss of HNO3

[Nowak et al., 2004]. However, for PAN, frequent cyclone
formation in spring, makes this an efficient season for export
and eventual trans-Pacific pollution transport.
[4] The main loss process for PAN below �7 km is via

thermal decomposition (CH3C(O)O2NO2! CH3C(O)O2 +
NO2) [Talukdar et al., 1995]. The lifetime of PAN is
>1 month at temperatures characteristic of the midtroposphere
in spring, but much shorter, on the order of 1 h, at 20�C.
Because PAN has a relatively long lifetime at low temper-
atures, it can be transported on a hemispheric scale in the
midtroposphere, thereby serving as a reservoir for reactive
nitrogen. It can subsequently decompose under subsiding syn-
optic regimes to release NOx in remote areas. Measurements
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of PAN and NOx in the remote troposphere support this
view [Singh and Salas, 1986]. The cyclonic export mech-
anism from the Asian source region and the synoptic scale
subsidence that delivers plumes from the FT to the surface
create the episodic nature of Asian pollution impacting
North America [Yienger et al., 2000].
[5] The impact of Asian NOx emissions on North American

surface O3 concentrations can be divided into direct transport
of O3 produced in the Asian BL and in-transit production
from the export of NOx and PAN [Jaeglé et al., 2003]. Ozone
has a relatively long photochemical lifetime during spring
(�1 month), so O3 exported from the Asian continent can
have an impact on downwind regions [Heald et al., 2003].
NOx produced from the thermal decomposition of PAN has
been suggested to enhance O3 production in descending
Asian pollution plumes observed in the eastern Pacific FT
[Heald et al., 2003; Hudman et al., 2004; Kotchenruther et
al., 2001; Moxim et al., 1996; Zhang et al., 2008].
[6] Here we report on spring 2008 PAN observations from

Mt. Bachelor (2763 m), a mountain top site located in central
Oregon. We use the data to characterize the variability of
PAN observed at Mt. Bachelor during spring 2008, and we
use local meteorological parameters to separate measure-
ments of PAN in the FT from BL-influenced periods. We
present case studies of two major PAN events in the context
of air mass origin using backward trajectories and the 3D
global chemical transport model GEOS-Chem, and we com-
pare these events to the climatological mean synoptic con-
ditions associated with trans-Pacific O3 transport [Zhang

et al., 2008]. Observations of O3 and PAN during the largest
PAN episode are used to estimate the contribution of thermal
PAN decomposition to O3 production, and we compare this
estimate to the limited previous estimates.

2. Methods

2.1. Site Description

[7] Mount Bachelor Observatory (MBO) is located on the
summit of a dormant volcano in central Oregon (43.98�N
121.7�W, 2763 m asl) (Figure 1). Since its establishment,
MBO has proven to be well positioned to observe Asian air
pollution and biomass burning plumes [Jaffe et al., 2005;
Weiss-Penzias et al., 2007, 2006].
[8] The sampling inlet is located on the roof of the summit

lift building, and the instruments are located in a temperature-
controlled room within the building, situated approximately
15 m lower than the inlet. CO, O3, NOx, and PAN were
sampled through a 1/400 internal diameter PFA Teflon line,
with a 1 mm Teflon filter located at the inlet. All instru-
ments were connected to the line through a common Teflon
manifold, and flow through the line was �14 L min�1

resulting in a residence time of �2 s. Midvisible (530 nm)
sub-mm ssp was measured using a Radiance Research
(M903) nephelometer. Temperature (T), relative humidity
(RH), pressure (P), and wind direction were also measured
at the summit. The methods pertaining to the ongoing
measurements other than PAN have been described in detail
previously [Weiss-Penzias et al., 2006]. Multiwavelength
measurements of sub-mm dry aerosol ssp and aerosol absorp-
tion (sap) were also measured during spring 2008 using a
three wavelength integrating nephelometer (Model TSI-3563,
TSI Incorporated, Shoreview, MN) and a three wavelength
Particle Soot Absorption Photometer (PSAP, Radiance
Research, Seattle, WA). This aerosol data is reported at
standard temperature and pressure (STP), and these partic-
ular measurements are described in a separate paper [Fischer
et al., 2009, manuscript in preparation]. NO was measured
with a high-sensitivity chemiluminescence instrument sim-
ilar to that described by Kotchenruther et al. [2001]. NO2

was detected as NO following broadband UV photolysis
using a Droplet Measurement Technology Blue Light
Converter. The NOx measurements are described in detail
in a separate paper [Reidmiller et al., 2009, manuscript in
preparation]. Unless otherwise noted, all data are reported in
GMT which is 7 h later than local Pacific Daylight Time
(GMT = PDT + 7).

2.2. PAN Measurements

2.2.1. Instrument Design
[9] PAN was measured with a custom gas chromatograph

with a Shimadzu Mini2 electron capture detector (ECD). A
schematic diagram is provided in Figure 2. A 1.5 mL sample
was injected using an eight-port Valco sampling valve. The
sample loop is made from 1/800 polyetheretherketone (PEEK)
tubing and the connecting tubing material from the sampling
valve to the column is 1/1600 PEEK. We chose PEEK tubing
over perfluoroalkoxy (PFA) and stainless steel because oxygen
diffuses through PFA tubing, causing an elevated and noisy
background, and PAN loss has been observed on stainless
steel. Flocke et al. [2005] reported no loss of PAN in PEEK
tubing. Ultrahigh purity (UHP) helium (He) was used as a

Figure 1. Location of Mount Bachelor and other relevant
sites. Map adopted from Weiss-Penzias et al. [2006].
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carrier gas, and UHP nitrogen (N2) was used as a make-up
gas. The carrier gas was further purified with a Valco
Helium Purifier (HP2) to remove a suite of impurities,
most importantly O2. The UHP N2 passed through an O2

and H2O trap (Supelpure-O 22449). The carrier gas flow
rate was �25 mL min�1, and the make-up gas flow was
2–3 mL min�1.
[10] The air masses encountered at MBO have a similar

range of water vapor (WV) mixing ratios to those sampled
during aircraft campaigns. Following Flocke et al. [2005],
prior to entering the valve and column the carrier gas was
humidified with 100 ppmv WV. This was accomplished by
passing the carrier gas through a cartridge filled with�200 g
of copper(II) sulfate pentahydrate (CuSO4�5H2O, 99.995%
purity), temperature controlled to 35�C [Flocke et al., 2005].
Prior to installing the cartridge in the system, it was flushed
with UHP He (at �50 mL min�1) for several days. The
addition of WV minimizes loss of PAN in the column, valve,
and connecting tubing. The cartridge was changed monthly.
[11] We used a 15 m Restek Rtx-200 ms (1 mm film

thickness, 0.53mm ID) capillary column to separate PAN. The
carrier gas and makeup gas flows are controlled using two
nonlubricated low-flow needle valves (Valco ZBNV1LF-D).
The eight-port valve, connecting tubing, needle valves, and
column are situated in an insulated box which is controlled
to 20�C using a bidirectional temperature controller (TE
Technology TC 36–25 RS232) and a thermoelectric device
(TE Technology AC-073) with a built-in Peltier cooler
element, and hot and cold side fans. This temperature and
flow rate setting yields a PAN retention time of �1.9 min.
By controlling the temperature of all the components, we
are able to ensure a constant sample volume, retention time,
and minimize baseline drifting. The room temperature was
also controlled at 20 ± 3�C. The PAN spends 2 min within
the instrument. At 20�C, PAN has a lifetime for thermal
dissociation of about 85 min, which yields a thermal loss of

about 3% during the sample time within the instrument;
however, this is corrected through our calibration system.
[12] The Shimadzu Mini2 ECD was operated using a

custom NOAA GMD electrometer. The detector was insu-
lated and temperature was independently controlled to
40�C. The ECD was operated in constant-current mode
(144.0 picoamperes), which yielded a background voltage of
approximately 150 mV. The output voltage signal from the
electrometer was converted to a digital signal by the Peak
Simple Chromatography Data System. Peak Simple software
was used to collect the output from the electrometer at 5 Hz,
and it was also used to perform the integrations. Sample
chromatograms are given in Figure 3. Samples were injected
every 10 min, and each sample is a point measurement, not
a 10-min average. Both hourly averages and unaveraged
data are used in our analysis. Each hourly average includes
all samples taken within that hour, normally 6.
2.2.2. Calibration, Uncertainty, Sensitivity,
and Detection Limit
[13] We used a photochemical PAN calibration source

similar to that described by Roberts et al. [2004] and Wolfe
et al. [2007]. Peroxyacetyl radicals were generated by the
photolysis of acetone (20 ppm acetone in ultra zero air, Scott-
Marrin) in the presence of O2. An accurately measured flow
ofNOwas added to the acetone gas stream. In this system, the
NO is converted to NO2 and then to PAN [Roberts et al.,
2004; Warneck and Zerbach, 1992]. The output from the
calibrator was diluted with hydrocarbon free air from a
pressurized cylinder. We assumed that the calibrator was
93 ± 3% efficient in converting NO to PAN [Volz-Thomas
et al., 2002]. Calibrations were accomplished by switching
the inlet line from the common manifold to the calibrator
exhaust line. A small portion of the calibrator exhaust was
pulled into the sample loop, and calibration samples were
handled exactly the same as the ambient samples. One-point
calibrations were done weekly throughout the campaign and

Figure 2. Schematic of the custom gas chromatograph.
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were supplemented by multipoint calibrations every 2 weeks.
We used an Airgas standard cylinder with a NO mixing
ratio of 0.82 ± 0.01 ppm. This cylinder was compared to a
10.12 ppm National Institute of Standards and Technology
(NIST)-traceable Scott-Marrin cylinder prior to and follow-
ing the spring 2008 campaign to ensure that the mixing ratio
in the Airgas cylinder did not drift during the campaign.
[14] We estimate the accuracy of the PAN mixing ratio

produced by the calibrator to be 7.7%. This was calculated
as the root sum of the squares of the error in all the calibration
components, which includes the reported uncertainty in the
mixing ratios of the calibration gases (5.0%), the uncertainty
of the flow controllers used to deliver the calibration gases to
the calibrator (1.7%, 0.89%, 0.29% for the three flow con-
trollers) and the uncertainty associated with the calibrator
efficiency (3.0%). On the basis of multiple calibrations, the
estimated precision of the system is 3.0%. The overall
uncertainty in each sample was 8.2% and this was calculated
as the root sum of the squares of the precision (3.0%) and
the accuracy (7.7%). On the basis of chromatograms taken
during clean air periods, we estimate an on-site detection
limit of �15 pptv. This corresponds to a peak height-to-
baseline noise ratio of 3.
[15] The average sensitivity throughout the campaign was

13.9 ± 0.7 (mean ±1 SD) area units per pptv. The PAN
mixing ratio in a given sample is found by multiplying the

area of the peak by the sensitivity. With the exception of one
2-week period, PAN mixing ratios were determined using
the average sensitivity of the encompassing biweekly multi-
point calibrations. During the one period where there was a
change of more than 7% between subsequent biweekly
calibrations, a linear fit between the two biweekly multi-
point calibrations was used to determine the sensitivity and
the corresponding PAN mixing ratios for this period.

2.3. Description of Backward Trajectories

[16] We calculated two sets of backward trajectories to
establish the long-range transport history of the air masses
impacting MBO. The first set included 10-day back trajec-
tories initialized each hour from the summit of MBO using
the Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT-4) model [Draxler and Rolph, 2003]. These
10-day trajectories were calculated using global meteorolog-
ical data from the Global Data Assimilation System (GDAS)
archive, which has a time resolution of 3 h, a spatial resolution
of 1� latitude by 1� longitude, and a vertical resolution of
23 pressure surfaces between 1000 and 20 hPa. Trajectories
were run at multiple heights surrounding the summit of
MBO as described by Weiss-Penzias et al. [2006].
[17] The second set of backward HYSPLIT trajectories

were run for 3 days using meteorological data from the Eta
Data Assimilation System (EDAS) archive. The EDAS
archive grid covers the continental United States after 2004,
has a horizontal resolution of 40 km and a vertical resolution
of 26 pressure surfaces between 1000 and 50 hPa. These
trajectories were initialized from 1200 m above model
ground level (amgl) for each hour of the spring campaign.
The trajectories were initialized above the ground since both
the GDAS and the EDAS models define the terrain for the
grid box containing MBO significantly below the actual
altitude of Mount Bachelor.
[18] Error in HYSPLIT trajectory calculations normal to

the direction of flow are 10–30% of the distance traveled
after 24 h [Draxler and Hess, 1998]. A trajectory is not
representative of the path of an air parcel within the BL
because the parcel quickly loses its identity through mixing
processes [Stohl, 1998]. However, the HYSPLIT model is
adequate to classify regional-scale air mass motions.

2.4. Temperature and Relative Humidity Profiles

[19] During spring 2008, we used a novel method to
acquire in situ profiles of T and RH along the northwest face
of Mount Bachelor. The goals of these measurements were to
determine if the local BL reaches the summit and if so, at
what time does this occur. We employed a HOBO (http://
www.onsetcomp.com/) model S-THA-M002 T/RH sensor,
Model # S-BPA-CM10 barometric pressure sensor and a
model H21-002 Micro Station (to log the 1 s data). These
components were sheltered in a custom-made PVC housing,
specifically designed to allow ample airflow to pass over the
sensors, ensuring sufficient response times. The�0.5 m long
instrument was attached to the back of a chair on the ski
resort’s chair lift that runs from midmountain (�2230 m asl)
to the summit (�2700 m asl) where our trace gas species are
measured. Using barometric pressure as a proxy for altitude,
wewere able to track the temporal evolution of changes to the
mixed layer from early morning (�08:00 PDT) until early
afternoon (�13:00 PDT). These observations were made on

Figure 3. Examples of PAN chromatograms: (a) 18 April
2008 and (b) 18 May 2008. The signal in Figure 3a corre-
sponds to an ambient mixing ratio of 527 pptv PAN, the
maximum mixing ratio measured during the campaign. The
large signal before 1 min is the oxygen peak. The signal in
Figure 3b corresponds to an ambient PAN mixing ratio of
24 pptv.
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8 days over the campaign, and they provide information on
BL evolution under a variety of meteorological conditions
[Reidmiller et al., manuscript in preparation]. The profiles are
used in this analysis to overcome the challenges associated
with interpreting measurements of pollution plumes impact-
ing MBO in the context of local BL dynamics.

2.5. Model Description

[20] We used the GEOS-Chem global 3-D transport model
of tropospheric chemistry version v8-01-03 (http://www.as.
harvard.edu:16080/chemistry/trop/geos/) [Bey et al., 2001b]
to aid our interpretation of the MBO data. The model was
driven by assimilated meteorological fields from theGoddard
Earth Observing System (GEOS-5) of the NASA Global
Modeling and Assimilation Office (GMAO). The GEOS-5
meteorological fields were degraded to a horizontal resolu-
tion of 2� latitude by 2.5� longitude. The GEOS-5 meteorol-
ogy has a time resolution of 3 h for surface fields and 6 h for
the rest of the atmosphere. We use a vertical resolution with
47 levels, with 15 levels below 2 km.
[21] We used the 2008 Fire Locating and Modeling of

Burning Emissions (FLAMBE) daily biomass burning emis-
sions [Reid et al., 2004] and 2001 Asian emissions [Streets
et al., 2006]. North American anthropogenic emissions are
based on the Environmental Protection Agency National
Emission Inventory (EPA-NEI99) for the United States, the
Criteria Air Contaminants (CAC) inventory for CANADA,
and the Big Bend Regional Aerosol and Visibility Obser-
vational Study Emissions Inventory (BRAVO) [Kuhns et
al., 2005] for Mexico. European anthropogenic emissions
are from the Cooperative Programme for Monitoring and
Evaluation of the Long-range Transmission of Air Pollu-
tants in Europe (EMEP) inventory [Vestreng and Klein,
2002]. Anthropogenic emissions elsewhere are based on
the EDGAR 2000 inventory [Olivier et al., 1999]. Biogenic
emissions are from the Model of Emissions of Gases and
Aerosols from Nature (MEGAN) inventory [Guenther et al.,
2006].
[22] We conducted a full chemistry O3-NOx-VOC-aerosol

simulation to examine the distribution of PAN. In addition,
we also conducted a CO-only simulation in which CO tracers
were tagged according to their source regions and type. In

particular, we will present results of a tagged CO tracer for
biomass burning occurring in Siberia, defined as the Asian
region poleward of 33�N and eastward of 60�E.

3. Results and Discussion

3.1. Overview of Chemical Measurements

[23] Figure 4 presents a time series of the 10-min PAN
data for the spring 2008 campaign. PAN mixing ratios were
relatively low during the first half of April (median =
62 pptv). The gray shading highlights two periods of
elevated PAN where backward trajectories indicate that the
air masses likely spent significant time in the Asian BL prior
to reaching MBO. The first of these events occurred in mid-
April and the maximum single point observation of PAN
during the campaign (527 pptv) occurred during this period.
The second event occurred in mid-May; both events are
discussed in detail in section 3.2. The gray box surrounds an
obvious weeklong period of elevated PAN and this was a
period of North American continental influence. This event
is discussed in section 3.5.
[24] Table 1 presents an overview of the hourly averaged

data (mean ±1s) during April and May 2008. The mean
PANmixing ratio (119 pptv) for the campaign was larger than
the median (109 pptv) reflecting sporadic elevated events.
Higher mean O3 and CO were observed during April than
May reflecting the expected seasonality of these species at a
remote site [Derwent et al., 1998; Holloway et al., 2000;
Logan, 1985].
[25] To facilitate a more direct comparison of the 2008

MBO PAN data with aircraft data from previous campaigns
in the eastern Pacific region, the hourly averaged data were
segregated on the basis of the associated averageWVmixing
ratio. The WV bounds chosen for each month created two
data sets with different characteristics. The ‘‘wet’’ data set is
representative of BL influenced air. The ‘‘dry’’ data set is
representative of pure FT air, or air that is characteristic of
700 hPa (�3 km) and higher. Fifteen day running statistics
were calculated using the WV mixing ratio reported at 850
and 700 hPa for the routineMedford and Salem, OR (Figure 1)
atmospheric soundings (http://weather.uwyo.edu/upperair/
sounding.html). The MBO data were classified as ‘‘wet’’ if

Figure 4. Time series of 10-min PAN for spring 2008. Data for March was intermittent and has not been
included here. The shaded periods represent the two periods of strong Asian influence that are discussed
in detail in section 3.2. The gray box encompasses the period of consistent North American continental
influence, also discussed in section 3.5.
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the WV mixing ratio were greater than the 25th percentile
of the Medford and Salem sounding data at 850 hPa for
the surrounding 15 days. Similarly, the MBO data were
classified as ‘‘dry’’ if the WV mixing ratio was less than
the 75th percentile of the sounding data at 700 hPa for the
surrounding 15 days.
[26] Table 1 presents the mean ±1s for the relevant

chemical and meteorological parameters in both the ‘‘wet’’
and ‘‘dry’’ data subsets. The difference between the average
O3 in the two data sets was modest in April and larger in
May when we expect more thermally driven BL influence.
PAN and CO mixing ratios and ssp were larger in the ‘‘dry’’
data than in the ‘‘wet’’ data, with a larger difference in April.
This reflects enhanced global sources of these compounds to
the FT and relatively few local sources in this region.
[27] To determine the degree to which daily upslope and

downslope mountain flows influenced the measured chem-
ical species, we calculated the average value of each param-
eter as a function of time of day. The range of variability
in the PAN diurnal cycle was an order of magnitude smaller
than the range of PANmeasurements, suggesting that diurnal
processes are not a main factor controlling PAN levels at
MBO. The average PAN mixing ratio (127 pptv) during the
afternoon hours was slightly higher than the average PAN
mixing ratio during the morning hours (116 pptv), but the
z-statistic indicated that the difference was not significant.
There was a notable afternoon/early evening rise in PAN
observed on several days during May, and this was possibly
attributable to thermally induced vertical transport of BL
pollution [Zellweger et al., 2003]. Averaged over April and
May, the hourly average NOx mixing ratio reached a mini-
mum at 8:00 PDT (94 pptv) and a maximum at 19:00 PDT
(180 pptv). The hourly average afternoon NO peak (50 pptv)
occurred at 15:00 PDT. The diurnal cycles of the routine
measurements (O3 and CO) have been summarized previously
by Weiss-Penzias et al. [2006] and will not be repeated here.

3.2. Analysis of the Asian Pollution Transport Events

3.2.1. The 17–18 April Plume
[28] In this section, we focus our attention on the largest

PAN plume observed during the spring 2008 campaign. The
plume was observed over a 24 h period, and we use the in
situ chairlift profiles of T and RH to identify predominantly
FT-influenced periods. We begin with a description of the
gas and aerosol observations, followed with a discussion of
the meteorological context. Finally, we break the event into
two periods on the basis of subsidence temperature and
calculate the O3 production likely resulting from PAN
decomposition.
[29] Elevated ssp, CO, O3, and PAN mixing ratios were

observed from 17 April 1300 GMT to 18 April 1900 GMT;

a time series of these parameters is presented in Figure 5a.
The peak PANmixing ratio during spring 2008 was observed
toward the end of this period on 18 April 1500 GMT. At
times when the PAN peaked, a simultaneous spike in O3 was
also observed. CO reached 195 ppbv coincident with the
PAN peak; however, CO measurements were only available
after 17 April 2100 GMT. During the period with both CO
and PAN measurements, CO and PAN were well correlated
(R2 = 0.66). The relationship between O3 and PAN differed
during the two morning periods. There was a larger O3

enhancement during the morning of 17 April and a smaller
O3 enhancement relative to the PAN enhancement on the
morning of 18 April. The maximum hourly average NO2

mixing ratio (523 pptv) measured during the campaign also
occurred during the afternoon of 18 April. The NO2 peak of
184 pptv observed at 1300 GMT 18 April stands apart from
the average NO2 mixing ratios for this time of day, which
were typically <100 pptv.
[30] Figures 6a and 6b present representative 10 day

HYSPLIT back trajectories for the event. The trajectories
shown in Figure 6 represent the 5 h period surrounding the
peak measured PAN mixing ratio. Trans-Pacific transport
was relatively efficient; the plume crossed along the Pacific
Rim in approximately 5 days. Figures 6c and 6d are sum-
maries of all the 10-day back trajectories for the time period
of interest. The y axis in each plot is the height that the
trajectories were initialized at MBO, and the color indicates
how many hours a particular trajectory, initialized at a given
height and time, spent within the two boxes shown in
Figure 6a.
[31] The northern box in Figure 6a encompasses a region

where there were many active forest fires during mid-April
2008. Active fires for 12–14 April, as identified by MODIS,
are plotted in red for this region (http://maps.geog.umd.edu/
firms/) [Davies et al., 2009; Giglio and Descloitres, 2003;
Justice et al., 2002]. The trajectories show that the air mass
impacting MBO on 17–18 April passed through this area of
active forest fires in southeastern Russia between 12 April
and 14 April. Some of the trajectories also passed through a
region of intense agricultural burning further west (not
shown). Biomass burning emissions can be a source of
PAN, as the emissions are relatively high in both NOx and
acetaldehyde [Trentmann and Andreae, 2003]. Without
tracer measurements (e.g., CH3CN) and given the large error
in trajectory calculations, we are unable to determine whether
this plume has a primarily fossil fuel or biomass-burning
source using the observations alone. However, the GEOS-
Chem tagged CO simulation does support a Siberian bio-
mass-burning source. After the plume was exported from
the Asian BL, it was primarily transported above 4 km.

Table 1. Hourly Mean (±1s) Monthly Values for the Chemical and Meteorological Parameters Measured During April and May 2008a

Month and Segregation, N PAN, pptv CO, ppbv O3, ppbv NO, pptv NO2, pptv ssp, Mm�1 T, �C
Relative

Humidity, %
Water Vapor,

g/kg

April dry data (149) 147 ± 48 147 ± 9 55 ± 5.6 10 ± 12 104 ± 54 4.5 ± 7.4 �12 ± 3.5 82 ± 17 1.7 ± 0.3
April wet data (491) 88 ± 58 135 ± 20 52 ± 6.9 25 ± 34 112 ± 77 4.1 ± 4.8 �4.3 ± 5.5 84 ± 16 3.17 ± 0.9
April all data (533) 109 ± 63 138 ± 19 53 ± 6.6 20 ± 29 110 ± 69 4.0 ± 5.2 �6.4 ± 5.9 84 ± 16 2.0 ± 0.7
May dry data (44) 140 ± 50 142 ± 17 63 ± 6.7 7.5 ± 7.4 85 ± 64 2.5 ± 4.6 �5.1 ± 4.1 52 ± 27 1.7 ± 0.5
May wet data (650) 129 ± 90 125 ± 21 46 ± 10 26 ± 39 101 ± 59 3.3 ± 3.8 1.1 ± 5.2 82 ± 19 4.6 ± 1.1
May all data (724) 130 ± 87 127 ± 22 48 ± 11 23 ± 37 100 ± 59 3.1 ± 3.8 0.4 ± 5.5 79 ± 21 3.1 ± 1.0
aSee section 3.1 for an explanation of the ‘‘wet’’(representative of 850 hPa) and ‘‘dry’’ (representative of 700 hPa) classifications.
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The trajectories suggest that the plume began to descend
south of Alaska.
[32] The air mass arrived atMBO under strongly subsiding

conditions. The WV mixing ratio coincident with the peak
PAN was 1.9 g/kg, and reached a minimum of 1.6 g/kg a few
hours earlier. Figure 7a shows the dropping temperature and
pressure (solid lines) observed at MBO throughout the event.
Figure 7 also shows the initialization pressure and tempera-
ture from the EDAS 40 km trajectories (dashed lines). These
parameters track the observations, indicating that the trajec-
tories and the underlying meteorological fields captured the
regional synoptic situation well. The plume subsided during
a period of cold air advection over the Pacific Northwest.
[33] The lower panel of Figure 7a shows the RH and WV

observed at MBO. On the basis of average WV mixing
ratios for routine nearby Medford, OR (Figure 1) soundings,
the air reachingMBO during the peak PANwas characteristic
of �700 hPa. It should be noted that this is approximate
since WV mixing ratios at a given altitude vary widely. The

observed minima in ssp near sunrise on 18 April (Figure 5a)
coincides with a period of high RH, suggesting that the
aerosols may have been scavenged locally.
[34] Figure 7b shows the evolution of the local specific

humidity (q) profile during the morning period of 18 April.
These are in situ profiles of q for two time periods (0845
and 1145 PDT) on 18 April. These profiles extend from
approximately midmountain to the summit where the other
observations are made, and they can be used to infer the
evolution of the local BL. The times given are approximate
since each vertical profile was taken over a period of
approximately 12 min. In situ profiles were not collected
on 17 April.
[35] The in situ soundings show that during the morning,

notably during the time of the peak observed PAN mixing
ratio (�0800 PDT), the summit was not impacted by the
BL, where q is expected to be constant with height.
Throughout the morning, the height of the BL increased,
reaching the summit around midday. The in situ profiles

Figure 5. (a) Time series of gas and aerosol species on 17–18 April. PAN error bars are ±1s of the
measurements included in each hourly average. All the other data are presented as hourly averages. Two
measures of ssp are included here because of breaks in the data. The TSI data have been corrected to STP,
the radiance data have not. The shading indicates approximate sunset to sunrise and time is in GMT. The
yellow boxes surround the two FT-influenced morning periods used in the calculations presented later in
Table 2. (b) GEOS-Chem simulated CO, HNO3, and PAN for the location of MBO.
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Figure 6. (a) Plain view of representative 10 dayHYSPLIT backward trajectories (GDAS grid) initialized
from 1800 m amgl each hour from 1200 to 1800 GMT 18 April. MODIS active fires for 12–14 April are
shown in red. See text for references. (b) Vertical view of HYSPLIT trajectories. (c) Total residence time of
back trajectories in the northern Asian box as a function of time and starting altitude from MBO. (d) Total
residence time of back trajectories in the southern Asian box as a function of time and starting altitude from
MBO. The white lines in Figures 6c and 6d indicate the approximate height of MBO on the basis of the
pressure in the GDAS meteorological grid used by HYSPLIT for the trajectory calculations.
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confirm that the plume was observed free from BL influences
during two morning periods, and these two FT-influenced
periods are highlighted by the yellow boxes in Figures 5
and 7a.
[36] Figure 8a presents a series of 3-day backward trajec-

tories calculated using the EDAS-40 km grid for the event.
There was a slight shift from northerly to northwesterly
decent over the plume event. On the basis of the shift in the
O3 to PAN ratio that occurred at 1200 GMT 18 April (see
Figure 5a), we divided the event into two parts. The plume
was warmer during the first portion of the event when it
was observed at MBO, even though the trajectories indicate
that the rate of descent was fairly consistent during the
24 h prior to reaching MBO (Figure 8b). Over the 48 h prior
to reaching MBO, the portion of the plume observed on
18 April descended from slightly higher altitudes. More
importantly, the temperature during the subsidence was
different. Figure 8c presents the average temperature along
the trajectories over the 48 h prior to reaching MBO. The
first portion of the event, characterized by a large O3

enhancement and a minimal PAN enhancement, traveled to

MBO under warmer conditions than the second part of the
event, characterized by a small O3 enhancement and a larger
PAN enhancement.
[37] The trajectory analysis, in conjunction with the in

situ soundings, suggests that we observed a plume during
two morning periods when MBO was under the influence
of the FT. The temperature during subsidence was different
for the two portions of the plume, with the later portion
arriving at MBO �5�C colder (Figure 8c and Table 2).
[38] Ozone production efficiency (OPE) is traditionally

defined as the O3 produced per molecule of NOx oxidized
to nitric acid (HNO3) [Liu et al., 1987]. Understanding the
impact of Asian NOx on O3 in the western U.S. is a matter
of great interest [Hudman et al., 2004; Zhang et al., 2008],
and OPE links NOx emissions to O3 production. We can
estimate the OPE per unit of PAN decomposed using the two
morning periods when the plume was observed at MBO. The
parameters used in this calculation are given in Table 2.
Several assumptions are necessary. First, we assume that
plume is well mixed and the same plume type was sampled
throughout the event. We cannot confirm this because there

Figure 7. (a) Meteorological parameters at MBO during 17–18 April pollution event. In the top panel,
the initialization values of T and pressure for the EDAS 40 km backward HYSPLIT trajectories are also
included (dashed). As in Figure 5, the shading indicates approximate sunset to sunrise and time is in GMT.
The yellow boxes surround the two FT-influenced morning periods used in the calculations in Table 2.
(b) Two specific humidity profiles on the morning of 18 April; times are in PDT.
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is a period of missing CO data at MBO; however, the
HYSPLIT trajectories calculated using the EDAS 40 km
grid confirm descending northwesterly flow throughout the
period of interest. Therefore, the likelihood that we observed
North American pollution is low. Second, we assume that all
the NOx released from the thermal decomposition of PAN has

formed HNO3 and is therefore no longer contributing to O3

production. On the basis of our assumption, the calculation
presented next may underestimate OPE. The assumption
that NOx is in chemical steady state between the source
from PAN decomposition and the loss from oxidation to
HNO3 has been applied previously in a similar context
[Hudman et al., 2004] and is applicable to the remote
Pacific midtroposphere [Jacob et al., 1996]. This is a more
stringent assumption than applied here.
[39] We use the hourly average peak O3 and peak PAN

mixing ratios during each stage of the event. The peak PAN
mixing ratios during the warm and coldmornings of the event
were 224 and 379 pptv, respectively, which corresponds to a
difference in PAN potentially because of thermal decompo-
sition of 155 pptv. The peak O3 mixing ratios during the
warm and cold mornings of the event were 74 and 66 ppbv,
respectively, corresponding to an enhancement in O3 in the
warm part of the event, because of production driven by
PAN decomposition, of 8 ppbv. From the observations, we
calculate an OPE of 51 mol/mol. Alternatively, we could
use average parameters for the morning periods for a similar
calculation (shown in yellow in Figure 5). This approach
yields an OPE of 73mol/mol; this is the calculation presented
in Table 2. The OPE calculation was done in two different
ways because there are valid arguments for both. The cal-
culation using the maximum PAN and O3 in the FT periods is
useful because these time periods likely represent the most
concentrated portions of the plume. The downside of using
only the maximum PAN and O3 is that the calculation is
based on only 2 h of data. The calculation using the mean O3

and PAN avoids this problem; therefore, both calculations
are presented. Regardless of which way the calculation is
done, the calculated OPE is much higher than observed in
the polluted continental BL [Liang et al., 1998].
[40] It is also possible to estimate PAN decomposition

using the temperatures along the HYSPLIT trajectories.
The lifetime of PAN is dependent on temperature and the
NO2/NO ratio because of cycling between PAN and the
acetyl peroxy radical (CH3CO3�). Reaction of CH3CO3� with
NO2 does not lead to a net loss of PAN, while reaction with
NO or with other species (e.g., HO2 or RO2) does. A
correction accounting for the cycling between PAN and
CH3CO3� acts to extend the lifetime of PAN [Brasseur et
al., 1999; Jacob et al., 1996; Roberts, 2007]. This correction
can be large in polluted environments [Roberts, 2007],
reducing the rate at which PAN is permanently lost via
thermal decomposition by up to 70%. Considering the

Figure 8. (a) Examples of HYSPLIT backward trajec-
tories run with the EDAS 40 km grid for 17–18 April. The
trajectories were initialized from 1200 m above model
ground level (amgl) which is the approximate height of
MBO on the basis of the pressure in the EDAS grid. The
trajectory labels indicate the initialization time from MBO.
(b) Average height along backward trajectories initialized
from MBO from 17 April 1200 GMT to 18 April 1200 GMT
(gray) and from 18 April 1300 GMT to 19 April 0300 GMT
(black). (c) Average temperature along backward trajectories
initialized from MBO from 17 April 1200 GMT to 18 April
1200 GMT (gray) and from 18 April 1300 GMT to 19 April
0300 GMT (black).

Table 2. Comparison of Average Hourly PAN, O3, and Tempera-

ture for the Periods 17 April 1200–1800 GMT and 18 April 1200–

1800 GMT

17 April 1200–1800 GMT
‘‘Warm Plume’’

18 April 1200–1800 GMT
‘‘Cold Plume’’

Hourly average
T, �C

�1.4 �6.6

Hourly average
PAN, pptv

166 261

Hourly average
O3, ppbv

66 59

Calculation PAN decomposed = 261 pptv � 166 pptv = 95 pptv
O3 produced = 66 ppbv � 59 ppbv = 7 ppbv

O3/PAN = 73 mol/mol
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relatively low NOx levels and the low NO2-to-NO ratio
observed at MBO, we do not expect the correction to be
this large in the case presented here. However, it is important
to account for cycling between PAN and CH3CO3� to
prevent overestimating PAN loss.
[41] We used the mean temperature along the trajectories

associated with the warm portion of the event (17 April
1200 GMT—18 April 1200 GMT) and the peak hourly
average PAN (379 pptv) during the cold morning of the
event to calculate the potential PAN loss due to thermal
decomposition. Following Brasseur et al. [1999], we used
the average observed NO2/NO ratio (1.3) for 0900 PDT–
1100 PDT on 17 and 18 April at MBO, and calculated an
effective lifetime of PAN which accounted for cycling
between PAN and CH3CO3�. The average NO2/NO ratio
observed at MBO was used because it is the best estimate of
within-plume NOx mixing ratios available. On the basis of
the temperature, decomposition of �197 pptv of PAN was
possible in the plume in 48 daylight hours (this calculation
is only relevant in the presence of NO), indicating that the
trajectory temperatures during subsidence are broadly con-
sistent with our previous estimate of PAN loss. We repeated
the same calculation using the mean temperature along the
trajectories associated with the cold portion of the event and

the PAN (379 pptv) during the cold morning of the event.
This calculation suggests less PAN loss (�111 pptv) due to
thermal decomposition under the colder conditions.
[42] The NO2/NO ratio that we observed at MBO and

that was used in this calculation was relatively low. It is
possible to increase the NO2/NO ratio by a factor of 2 before
the recycling between PAN and CH3CO3�is sufficient to
make this calculation inconsistent with the calculation of
OPE. As an additional consistency check, we compared our
observationally based estimate of OPE to that obtained from
the GEOS-Chem model. The right column of Figure 9 shows
model calculated OPE for 2–4 km for April 15–18. The
model predicts a region of relatively high OPE (>50mol/mol)
in the Gulf of Alaska on April 15–16, consistent with our
observationally based calculations. The middle column of
Figure 9 shows GEOS-Chem tagged Siberian biomass
burning CO for 1200 GMT April 15–18. GEOS-Chem
supports a fire source for the plume observed at MBO 17–
18 April. Finally, the left column in Figure 9 shows the
GEOS-Chem calculated 700 hPa PAN. The model shows
the plume traveling over the great circle, in agreement with
the trajectories.
[43] HNO3 and total reactive nitrogen (NOy) were not

measured at MBO during spring 2008. However, the

Figure 9. (left) GEOS-Chem simulated PAN mixing ratios at 700 and 500 hPa geopotential height (m)
for 15–18 April 2008. (middle) GEOS-Chem simulated tagged Siberian biomass burning CO at 700 hPa
and sea level pressure (hPa) for 15–18 April 2008. (right) Mean simulated ozone production efficiency
per unit NOx consumed (OPE) for 15–18 April in the lower free troposphere (FT, average between 2 and
4 km altitude).
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GEOS-Chem simulated HNO3 and PAN mixing ratios for
MBO over the period 17–18 April are broadly consistent
with our implicit assumption that NOy was conserved
during this period. The GEOS-Chem output is considered
here because the model captures the magnitude of PAN
observed at MBO (�400 pptv) and the observed tempera-
ture transition during this particular time period (Figure 5b).
[44] Hudman et al. [2004] calculated an OPE of 53 mol/

mol in the eastern Pacific on the basis of the average PAN and
O3 measured in two different plumes encountered 12 days
apart by the NOAA WP-3D aircraft during the 2002 ITCT
2K2 mission [Nowak et al., 2004]. A higher OPE (80 mol/
mol) was reported on the basis of GEOS-Chem calculations
[Hudman et al., 2004]. Typical OPEs at similar latitudes in
the continental BL and the lower FT over North America
are on the order of 10 and 20 mol/mol, respectively [Hudman
et al., 2004; Liang et al., 1998]. Hudman et al. [2004]
suggest that the OPE in the Pacific Northwest FT is partic-
ularly high because of the combination of strong radiation,
low humidity, and low background NOx concentrations.
[45] NOx levels at MBO are higher than those observed

via aircraft in the remote central or eastern Pacific at similar
altitudes [Bertram, 2006; Singh et al., 1998], and we suspect
this to be largely because of the fact that MBO experiences a
greater continental influence given its location. However, in
comparison to other continentally influenced high-altitude
sites in North America, the values of NOx observed at MBO
are on the lower end of what has been observed [Murphy et
al., 2006a, 2006b, 2006c; Parrish et al., 1990]. Most akin
to the observations seen at MBO are those from springtime
measurements at the alpine research station Jungfraujoch
(3580 m) in the Swiss Alps [Zanis et al., 2000; Zellweger et
al., 2003].
3.2.2. The 12–13 May Plume
[46] A second Asian pollution plume impacted MBO on

12–13 May, and a time series is presented in Figure 10.
CO, O3, and PAN mixing ratios rose throughout 11 May,

with a sharp rise in PAN and O3 observed on 12 May. The
event ended abruptly 1200 GMT 13 May. The peak hourly
average PAN mixing ratio during this event (295 pptv)
was observed near local sunrise when MBO was under the
influence of the FT. CO reached 168 ppbv during this event.
Unlike the plume observed during April, the relationship
between PAN and O3 at MBO remained consistent.
[47] Figure 11a presents representative 10-day HYSPLIT

back trajectories for the plume. The particular trajectories
shown are associated with the 5-h period surrounding the
peakmeasured PANmixing ratio (1100–1800 GMT 12May).
As in Figure 6c, Figure 11b can be interpreted as a summary
of all the 10-day back trajectories for the May pollution
event. It indicates that MBO was steadily impacted by air
that had previously passed over Asia. Similar to the previous
event, most of the trajectories that passed through the Asian
BL (below 3 km in the box shown), passed through the
northeastern portion of the region encompassed by the box in
Figure 11a. As fires were also noted in this region during
the first 2 weeks of May, this plume could have either an
anthropogenic or biomass burning source. This plume took
a more southerly route across the Pacific than the plume
observed in mid-April. Some of the trajectories initialized
at lower elevations at MBO suggest that portions of this air
mass descended in the mid-Pacific (as shown in Figure 11a);
other trajectories initialized at higher elevations do not show
this dip in altitude during transit.
[48] Also shown in Figure 11 is the average height

and temperature for the 3-day backward HYSPLIT
(EDAS 40-km grid) trajectories initialized fromMBO during
the event. The plume descended approximately 3000 m
during the 48 h prior to reaching MBO. The average
temperature along the trajectory was colder than that calcu-
lated for either portion of the 17–18 April plume. This plume
was also observed at MBO under strongly subsiding con-
ditions, although the synoptic situation differed from the
17–18 April case. Figure 11d shows the rising temperature
and pressure (solid lines) observed at MBO throughout the
event. As in Figure 7a, the initialization pressure and tem-
perature from the EDAS 40-km trajectories (dashed lines)
track the observations, indicating that the trajectories and
the underlying meteorological fields captured the regional
synoptic situation well. During the air mass descent to MBO,
T only reached a maximum of �270 K. The lower panel in
Figure 11d shows the RH and WV observed at MBO. The
rise in ssp does not coincide exactly with the rise in the gas
phase species (Figure 10) because of local aerosol scaveng-
ing due to freezing fog at MBO.

3.3. Synoptic Context of the April and May Asian
Plumes

[49] There are limited observations of the effects of PAN
decomposition on O3 production in subsiding pollution
plumes in the eastern Pacific FT. Subsidence is generally
associated with the springtime climatological high pressure
centered near 140�W and 35�N, which creates subsidence
over northern California.Kotchenruther et al. [2001] observed
a subsiding plume during the PHOBEA campaign in
spring 1999 under this type of regime. As mentioned in
section 3.2.1, several plumes identified during aircraft
flights during the ITCT 2K2 campaign have been analyzed
by both Nowak et al. [2004] and Hudman et al. [2004].

Figure 10. (a) Time series of gas phase species and
1-mm ssp during the plume observed at MBO on 11–
14 May. The shading indicates approximate sunset to
sunrise. Time is in GMT. ssp was below detection limit for
the first portion of the period shown.
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The importance of secondary O3 production during subsi-
dence in the Pacific high-pressure system was noted by
Jaeglé et al. [2003]. More recently, Zhang et al. [2008]
examined the chemical evolution of anAsian pollution plume
during trans-Pacific transport that was identified by satellite
and aircraft observations during the 2006 INTEX-B cam-
paign. In the same paper, they generalize this case study, in
terms of the transport and pattern of O3 production, to the
entire INTEX-B period (mid April–mid May) [Zhang et al.,
2008]. They show that as pollution plumes reach the eastern
Pacific, the semipermanent springtime Aleutian Low and
Pacific High cause the plumes to split into a southern and
northern branch. The O3 production driven by PAN decom-
position is expected to be stronger in the southern branch
located off the California coast, which is characterized by
warm dry subsidence (see Figure 11 by Zhang et al. [2008]).
[50] Figure 12 presents the 5 day mean sea level

pressure, 700 hPa geopotential height, and 700 hPa vector
winds for the April and May events. Despite the common
thread of subsidence, the synoptic situations surrounding the

17–18 April and the 12–13 May pollution plumes observed
at MBO were notably different. The meteorology support-
ing the transport of the latter plume was consistent with the
framework presented by Zhang et al. [2008]; but this was
not the case for the 17–18 April plume. The wind speed
maximum during this period at 700 hPa was located in the
Gulf of Alaska (Figure 12c). The height field indicates strong
northwesterly flow from the Gulf of Alaska to the Pacific
northwestern U.S. The plume embedded in this flow field
arrived at MBO under strong cold air advection, which is
apparent in the cloud structure visible in coincident satellite
observations (not shown). During April 2008, the Pacific jet
stream was stronger and located further north than the
climatological mean. Anomalously high surface pressure
also extended north to the Aleutian Islands.
[51] The mean synoptic state surrounding the 12–13 May

plume was similar to the climatological mean situation for
spring in this region (not shown). A prominent Aleutian
Low developed and a region of high surface sea level
pressure existed off the coast of California (Figure 12d).

Figure 11. (a) Representative 10-day HYSPLIT backward trajectories initialized from 1400 m amgl
each hour from 1100 to 1800 GMT 12 May. These trajectories were initialized during the period with
maximum observed PAN mixing ratios. (b) Total residence time of back trajectories in the east Asian box
(outlined in gray in Figure 11a) as a function of time and starting altitude from MBO. (c) Average height
(black) and temperature (magenta) along HYSPLIT backward trajectories (EDAS 40 km grid) initialized
from MBO from 11 May 1200 GMT to 13 May 1200 GMT, and (d) Meteorological parameters at MBO
during 12 May pollution event. The shading in Figure 11d indicates approximate sunset to sunrise.
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The wind speed maximum at 700 hPa was shifted south, and
as indicated by the trajectories in Figure 11a, the plume
embedded in this flow field did not travel over the Gulf of
Alaska. It took a more southern path, and the type of plume
splitting outlined by Zhang et al. [2008] was possible during
this period. The difference in these two synoptic regimes,
both of which resulted in subsiding plumes reaching MBO,
illustrates that a stark latitudinal separation of regions of
high- and low-O3 production is not a feature of all descending
pollution plumes in the eastern Pacific.
[52] The two different synoptic regimes also created

different travel times across the Pacific. The plume observed
at MBO on 17–18 April traveled over the great circle,
moving from southern Russia to Oregon in �4 days. The
12–13 May plume took a longer more southern path across
the Pacific. The plume pathways as simulated by GEOS-
Chem were consistent with the HYSPLIT trajectories.

3.4. Relationship Between Trace Gases in the April
and May Asian Plumes

[53] PAN was positively correlated with CO in both
transport plumes. A reduced major axis (RMA) regression
analysis was performed for each plume, and these results are

summarized in Table 3. RMA regression is appropriate
when there is error in both the independent and dependent
variables [Ayers, 2001]. There was a lower PAN/CO rela-
tionship observed during the 17–18 April event compared
to the 12–13 May event, which is consistent with the colder
subsidence experienced by the 12–13May plume. However,
because the source of the April plume is likely biomass
burning in southeastern Russia (http://firefly.geog.umd.edu/
firemap/), and the NOy/CO emission ratios for biomass
burning and industrial plumes differ, this difference should
not solely be interpreted as a result of different subsidence
rates or temperatures between the plumes.

Figure 12. (a) Five day mean sea level pressure field for 15–19 April 2008, (b) 5-day mean 700 hPa
geopotential height field for 15–19 April 2008, (c) 5-day mean 700 hPa vector winds for 15–19 April
2008, (d) 5-day mean sea level pressure field for 10–14 May 2008, (e) 5-day mean 700 hPa geopotential
height field for 10–14 May 2008, and (f) 5-day mean 700 hPa vector winds for 10–14 May 2008.
Images provided by the NOAA/ESRL Physical Sciences Division from http://www.cdc.noaa.gov/
[Kalnay et al., 1996].

Table 3. Regression Statistics for Plume Periods

Time Period (GMT)

PAN/CO Regression
Statistics

O3/CO Regression
Statistics

RMA Slope,
ppbv/ppbv � 10�3 R2

RMA Slope,
ppbv/ppbv � 10�3 R2

17 April 2100
to 19 April 1200

4.0 0.66 �0.33 0.10

12 May 0000
to 13 May 1500

6.3 0.42 0.73 0.28
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[54] A consistent positive relationship was not seen in the
O3 and CO data for these events. Note that COmeasurements
were not available for the beginning of the 17–18 April
plume, and the relationship between O3 and CO is only
presented for the second part of the plume. Over this entire
period, O3 and CO were not significantly correlated. Ozone

was weakly correlated with CO in the 12–13 May plume
(R2 = 0.28, P = 0.004).
[55] The PAN-CO-O3 relationships are complicated by

transport and chemistry, and it is difficult to account for the
relative contributions of these processes. We expect to
maintain a linear relationship between these species as a
plume is diluted with relatively clean air during transpacific
transport, as long as all the dilution air has a consistent
PAN-CO-O3 relationship. This is not the case as the plume
chemically ages. Both the thermal decomposition of PAN
and O3 production or destruction are nonlinear processes.
The relationships can be further complicated if the plume is
mixed with O3-rich air of stratospheric origin, or if lightning
NOx emissions are injected into the air mass.

3.5. North American Continental BL PAN Mixing
Ratios: 24–29 May

[56] The gray box in Figure 4 surrounds a weeklong period
of elevated PAN (median = 290 pptv) observed at MBO
during a period of continued North American continental
influence. No obvious diurnal variability in PAN mixing
ratios was observed during this period (Figure 13a). Periods
of elevated CO (�160 ppbv) were observed on 25 May, but
throughout the remainder of the period of elevated PAN,
CO remained <140 ppbv. Ozone ranged from 38 to 54 ppbv.
NOx data were not available for this period. Fog (RH > 95%)
was observed during this period at MBO, with the exception
of 26 May 0000 GMT–27 May 1800 GMT, coincident with
a period of above detection limit (1–9 M m�1) ssp.
[57] Backward trajectories initialized from MBO on 24,

25, and 26 May show low-level transport out of the Gulf
of Alaska, transport shifting from northwesterly to north-
easterly, and easterly transport from the North American
continental BL, respectively. The trajectories indicate the
air arriving at MBO from 26 to 28May traveled fromHudson
Bay, south through the southern Manitoba BL and then west
along the Canadian-U.S. border, finally turning south over
Washington State to reach central Oregon (Figure 13b). The
700 hPa geopotential height field for 26 May indicates that
the easterly flowwas the product of two low-pressure regions
that developed to the south and east of MBO over California
and North Dakota, respectively. Active fires were observed
in North Dakota, southern Manitoba, and southeastern
Saskatchewan during the week of 20–26 May (http://firefly.
geog.umd.edu/firemap/).
[58] GEOS-Chem captured the magnitude and timing of

the weeklong period of elevated PAN well (R2 = 0.78,
GEOS-Chem sigma level 10 versus MBO), so the model
was used to identify the origin of the PAN (Figure 13a). The
model indicated that the source region for the PAN observed
from 23 to 25 May was located in eastern Washington and
Idaho (Figure 13c), while the source for the PAN observed
from 25 to 29 May was located in the Dakotas, southern
Manitoba, and southeastern Saskatchewan (Figure 13d).
GEOS-Chem does not support an Arctic contribution to
observed PAN at MBO during this period.
[59] This period of PAN observations at MBO is the most

appropriate period to compare with previous measurements
from the North American BL, and with measurements of
PAN from continentally influenced mountain observation
sites, such as Jungfraujoch [Lööv et al., 2008; Zellweger et
al., 2003; Zellweger et al., 2000]. The PAN mixing ratios

Figure 13. (a) Observed PAN at MBO and GEOS-Chem
simulated PAN atMBO for sigma levels 9–16. The levels are
roughly equivalent to 874–732 hPa. (b) Ten day HYSPLIT
backward trajectory initialized from MBO 0000 GMT
26 May. (c) GEOS-Chem simulated PAN at 700 hPa 0000
GMT 23 April. (d) GEOS-Chem simulated PAN at 700 hPa
1800 GMT 25 April. The circles in Figures 13c and 13d
surround the hypothesized source regions for PAN observed
at MBO. See text for further information.
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observed at MBO during this continentally influenced period
(155–350 pptv) are of a similar magnitude to these previous
measurements. Pippen et al. [2001] observed median PAN
mixing ratios of 231 and 334 pptv during May 1998 and
May 1999, respectively, at a rural site in northern Michigan
[Pippen et al., 2001]. During 1998–1999, Zellweger et al.
[2003] observed median PAN mixing ratios of 256 and
334 pptv in undisturbed FT and BL-disturbed FT periods,
respectively. Using a different method to identify period of
undisturbed FTair, Lööv et al. [2008] estimated lower mixing
ratios for spring 2005 (mean ±1s = 137 ± 54.1 pptv). The
mean PAN mixing ratio reported by Lööv et al. [2008]
associated with undisturbed FT air during spring 2005 is
much closer in magnitude to that observed at MBO during
2008 than that reported by Zellweger et al. [2003] for two
spring seasons in the late 1990s.

4. Conclusions

[60] We have presented an analysis of spring 2008 PAN
measurements from the MBO. The range of variability
observed in the diurnal cycle was an order of magnitude
smaller than the range of PANmeasurements, suggesting that
PAN mixing ratios at MBO are controlled by synoptic scale
processes. Two plumes of Asian origin associated with
elevated PAN mixing ratios were identified on the basis of
elevated CO, ssp and back trajectory analysis. These plumes
and the associated meteorological conditions were examined
in detail. We also highlighted a period when MBO was
influenced by North American continental BL air, which
was characterized by consistent elevated PAN mixing ratios
(median = 290 pptv).
[61] The relationship between PAN and O3 varied in the

17–18 April Asian plume. We observed a higher PAN-to-O3

ratio under colder temperatures and a lower PAN-to-O3 ratio
in warmer temperatures, consistent with the production of
O3 from PAN decomposition during warm subsidence. Using
in situ vertical profiles of basic meteorological parameters,
we were able to segregate two periods of measurements free
from BL influences. We used these two periods to derive an
O3 production efficiency (OPE) per unit of NOx released
during PAN decomposition of 51–73 mol/mol. On the basis
of this calculation, a substantial amount (�8 ppbv) of the
observed �20 ppbv O3 enhancement can be attributed to
recent PAN decomposition. The 17–18April plume provides
an example of the hemispheric impact biomass burning can
have on the composition of the remote FT.
[62] The secondAsian long-range transport event (observed

during May) was more dilute, characterized by lower CO
mixing ratios and ssp than the April event. There was more
PAN relative to the amount of CO measured, consistent with
the colder subsidence temperatures calculated by backward
trajectories. Both events occurred under subsiding condi-
tions, and trajectories indicate decent to MBO over the
48 h prior to the air masses reaching MBO. We show that the
synoptic situation was different during the two major Asian
events observed during this spring campaign. The April event
was characterized by strong subsidence associated with
pronounced cold air advection. The subsidence during the
May event occurred under strengthening high pressure. The
case studies presented here illustrate that PAN decomposition

to produce NOx and subsequently O3 depends critically on
the local temperature regime. We also show that a stark
latitudinal separation between regions of high and low O3

production may not be a feature of all descending pollution
plumes in the eastern Pacific.
[63] It is evident from this analysis that plumes of O3

precursors are imported into the North American FT.
Assessing the integrated importance of these plumes for
North American air quality requires further research in two
key areas. First, we need a better understanding of how
these plumes are diluted and chemically processed as they
are mixed down from the FT into the BL. Second, we need a
multiyear consistent observational record of O3 precursors
to determine the frequency of these events and the inter-
annual variability in the PAN import flux.
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