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Abstract. We report on the first multi-year springtime mea-
surements of PAN in the free troposphere over the US Pacific
Northwest. The measurements were made at the summit of
Mount Bachelor (43.979◦ N, 121.687◦ W; 2.7 km a.s.l.) by
gas chromatography with electron capture detector during
spring 2008, 2009 and 2010. This dataset provides an ob-
servational estimate of the month-to-month and springtime
interannual variability of PAN mixing ratios in this region.
Springtime seasonal mean (1 April–20 May) PAN mixing ra-
tios at Mount Bachelor varied from 100 pptv to 152 pptv. The
standard deviation of the three seasonal means was 28 pptv,
21 % of the springtime mean. We summarize the interan-
nual variability in three factors expected to drive PAN vari-
ability: biomass burning, transport efficiency over the central
and eastern Pacific, and transport temperature.

Zhang et al. (2008) used the GEOS-Chem global chemi-
cal transport model to show that rising Asian NOx emissions
from 2000 to 2006 resulted in a relatively larger positive
trend in PAN than O3 over western North America. How-
ever the model results only considered monotonic changes
in Asian emissions, whereas other factors, such as biomass
burning, isoprene emissions or climate change can induce
greater variability in the atmospheric concentrations and thus
extend the time needed for trend detection. We combined the
observed variability in PAN and O3 at Mount Bachelor with
a range of possible future trends in these species to determine
the observational requirements to detect such trends. Though
the relative increase in PAN is expected to be larger than that
of O3, PAN is more variable. If PAN mixing ratios are cur-
rently increasing at a rate of 4 % per year due to rising Asian
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emissions, we would detect a trend with 13 years of mea-
surements at a site like Mount Bachelor. If the corresponding
trend in O3 is 1 % per year, the trends in O3 and PAN would
be detected on approximately the same timescale.

1 Introduction

Ozone (O3) is regulated in the US under the Clean Air Act.
Urban concentrations of O3 have been decreasing, but a sig-
nificant fraction of the US population (∼40 %) is still ex-
posed to harmful concentrations of this pollutant (Bell et al.,
2004; Hubbell et al., 2005). The US Environmental Protec-
tion Agency (EPA) revised the 8-hour O3 standard downward
to 75 ppbv in 2008. If a threshold for O3 health impacts ex-
ists, it is well below this 75 ppbv (NRC, 2008), so a lower
standard is currently under consideration. As background
concentrations of this species rise, larger domestic emission
reductions will be required to offset the incremental contri-
bution from non-domestic anthropogenic or natural sources
(NRC, 2010; Jacob et al., 1999).

O3 concentrations have increased in the lower atmosphere
since the late 1800s (Staehelin et al., 1994). The increase is
primarily attributed to a rise in precursor NOx (NO + NO2)

emissions from widespread industrialization and increased
biomass burning, which caused tropospheric O3 production
to double (Horowitz, 2006). East Asia is currently the fastest
growing source of O3 precursors, and emissions are projected
to continue to increase substantially through 2020 (Ohara et
al., 2007). O3 concentrations in the Asian export region are
rising rapidly (Lee et al., 1998), and there is evidence that
the trend is larger toward the upper end of the O3 distribu-
tion (Tanimoto, 2009). The impact of Asian emissions of O3

Published by Copernicus Publications on behalf of the European Geosciences Union.

http://creativecommons.org/licenses/by/3.0/


5642 E. V. Fischer et al.: PAN and ozone at Mount Bachelor

precursors on North American O3 concentrations is twofold.
O3 has a sufficient lifetime during spring (∼1 month) that O3
exported directly from the Asian boundary layer (BL) can
have an impact on downwind regions (Heald et al., 2003;
Jaegĺe et al., 2003). O3 is also produced in-transit from the
export of peroxyacetyl nitrate (PAN) (Jaeglé et al., 2003).

There are multiple lines of evidence that springtime O3
concentrations are increasing over western North America
(Cooper et al., 2010; Chan and Vet, 2010; Parrish et al.,
2009; Jaffe et al., 2003; Jaffe and Ray, 2007; NRC, 2010;
Parrish et al., 2004). The most recent analysis by Cooper
et al. (2010) showed a strong increase in lower free tropo-
spheric (FT) springtime O3 mixing ratios from 1995 to 2008.
They used a retroplume analysis to show that the rate of in-
crease in O3 mixing ratios is greatest in air masses directly
transported from Asia. Parrish et al. (2009) also showed a
positive trend (0.46 ppbv year−1) in springtime onshore flow
of marine air along the North American west coast. However
O3 concentrations above the boundary layer (BL) at Trinidad
Head, California do not show a significant change over the
last 10 years (Oltmans et al., 2008). As noted by Jaffe and
Ray (2007), the low frequency of ozonsondes limits the sta-
tistical power of this dataset. Detection of O3 changes in
the northeastern Pacific FT is challenging because consistent
observations in this region are sparse. While most obser-
vational studies have attributed the increase in O3 to rising
Asian emissions, global chemical transport models underes-
timate the observed increases in O3 (Fiore et al., 2009), un-
dermining our confidence in the attribution.

There is evidence that that O3 production driven by the
thermal decomposition of PAN can be significant over the
eastern Pacific (Kotchenruther et al., 2001b; Fischer et
al., 2010b; Yienger et al., 2000; Hudman et al., 2004).
Peroxycarboxylic nitric anhydrides (PANs, chemical for-
mula: RC(O)OONO2) are formed in the atmosphere through
the same complex photochemistry that forms O3 (Roberts,
2007). The formation of PANs involves several stages of
the oxidation of non-methane volatile organic compounds
(NMVOCs). Most NMVOCs can serve as PAN precur-
sors though the yield varies (Roberts, 2007). The imme-
diate precursors are the oxidation intermediates acetalde-
hyde (CH3CHO), acetone (CH3C(O)CH3), and methylgly-
oxal (CH3COCHO). Methylglyoxal is an oxidation product
of isoprene (Paulot et al., 2009), a very reactive biogenic
VOC with a temperature and sunlight dependent emission
rate (Guenther et al., 2006). The most abundant peroxycar-
boxylic nitric anhydride is commonly called peroxyacetyl ni-
trate (PAN, chemical formula: CH3C(O)OONO2).

PAN is often the most abundant member of the odd nitro-
gen (NOy) family in the FT, and it is present at mixing ratios
ranging from a few pptv in the remote marine atmosphere
to several ppbv in polluted urban environments and biomass
burning plumes (Singh and Salas, 1986; Ridley et al., 1990;
Singh et al., 1990; Singh et al., 1998). The lifetime of PAN
is strongly dependent on air mass temperature. PAN is stable

in the mid-troposphere, which allows the compound to be
transported on a hemispheric scale and serve as a reservoir
for reactive nitrogen. 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 dissociative
lifetime of PAN is longer than 1 month at temperatures char-
acteristic of the mid-troposphere in spring, but much shorter,
on the order of 1 h, at 20◦C. PAN decomposes within sub-
siding air masses to release NOx in remote areas, and mea-
surements of PAN and NOx in the remote troposphere sup-
port this view (Kotchenruther et al., 2001b; Singh and Salas,
1986; Fischer et al., 2010b).

Our ability to detect trends in environmental data depends
on the size of the trend, the magnitude of the variability, and
the autocorrelation of the observations (Weatherhead et al.,
1998; Weatherhead et al., 2002; Tiao et al., 1990). To confi-
dently detect a trend in a trace gas, it must be large relative
to both the natural variability and to the measurement uncer-
tainty, or alternatively one needs many years of observations.

Jaffe et al. (2007) hypothesized that the impact of ris-
ing Asian NOx emissions on US air quality should be de-
tected more quickly in PAN than O3 due to the larger rela-
tive change. Attribution of a trend in this species is also less
complicated because there is a smaller background. Based
on the GEOS-Chem calculation for the years 2000 and 2006,
we expect a relatively larger percentage increase in PAN over
the eastern Pacific. The expected increase in PAN concentra-
tions (∼3–5 % year−1) due to rising Asian emissions is larger
than that expected for O3 (∼0.5–1 % year−1) (Zhang et al.,
2008). Therefore it may take less time to detect a trend in
PAN than a trend in O3 (Jaffe et al., 2007). The current set
of PAN observations over the northeast Pacific are discontin-
uous and made from a range of platforms (Kotchenruther et
al., 2001b; Nowak et al., 2004; Roberts et al., 2004; Wolfe
et al., 2007; Zhang et al., 2008; Kotchenruther et al., 2001a).
Thus, these observations are insufficient to establish a trend
in this constituent or to quantify the true variability.

Here we present the first consistent multi-year spring-
time measurements of PAN in the free troposphere over
the US Pacific Northwest. The measurements were made
at the summit of Mount Bachelor (43.979◦ N, 121.687◦ W;
2.7 km a.s.l.) by gas chromatography with electron capture
detector during spring 2008, 2009, and 2010. These observa-
tions will be an important benchmark for future observational
campaigns targeting the influence of imported O3 precursors
on air quality in this region. We also address the observa-
tional requirements for detecting a rise in O3 or PAN due to
changes in Asian precursor emissions.
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2 Methods

2.1 PAN measurements

Mount Bachelor Observatory (MBO) is located on the sum-
mit of a dormant volcano in central Oregon (43.98◦ N
121.7◦ W, 2763 m a.s.l.). The site was established in 2004.
Observations from MBO have been used to explore the trans-
port of CO, O3, reactive nitrogen, aerosols, and mercury
from Asia to the US (Fischer et al., 2010a,b, 2009; Reid-
miller et al., 2010; Jaffe et al., 2005; Weiss-Penzias et al.,
2006). PAN was measured at MBO by gas chromatogra-
phy with electron capture detector (ECD) during four cam-
paigns: 3 April–18 June 2008, 30 August–7 October 2008,
26 March–20 May 2009, and 23 March–25 May 2010.

The sampling inlet is located on the roof of the Mount
Bachelor summit lift building, and the instruments are lo-
cated in two temperature controlled rooms within the build-
ing, situated approximately 15 m lower than the inlet. The
gas phase species, including CO, O3, and PAN, were sam-
pled through a 1/4′′ internal diameter PFA Teflon line, with
a 1 µm Teflon filter located at the inlet. All instruments were
connected to the line through a common Teflon manifold,
and flow through the line was∼14 l min−1 resulting in an
inlet residence time of∼2 s.

PAN was measured with a custom gas chromatograph with
an electron capture detector (ECD). A detailed description
of this instrument is presented in Fischer et al. (2010b).
Briefly, we used a 15 m Restek Rtx-200 ms (1 µm film thick-
ness, 0.53 mm ID) capillary column at 20◦C, and a Shi-
madzu Mini-2 ECD at 40◦C. The carrier gas and make up
gas were ultra-high purity (UHP) helium (He) flowing at
∼25 ml min−1 and UHP N2 flowing through the ECD at 2–
3 ml min−1. Samples (1.5 ml) were injected every 10 min.
Following Flocke et al. (2005), the sample loop and all con-
necting tubing was 1/16′′ PEEK. The air masses encoun-
tered at MBO have a similar range of water vapor mixing
ratios to those sampled during aircraft campaigns, therefore
the He was humidified using a hydrated salt cartridge which
minimized loss of PAN in the column, valve and connect-
ing tubing (Flocke et al., 2005). This cartridge was changed
monthly.

We used a photochemical PAN calibration source simi-
lar to that described by Roberts et al. (2004) and Wolfe et
al. (2007). We assumed that the calibrator was 93± 7 % effi-
cient in converting NO to PAN (Volz-Thomas et al., 2002;
Warneck and Zerbach, 1992). Calibrations were accom-
plished by manually switching the inlet line from the com-
mon sampling manifold to the calibrator exhaust line. A
small portion of the calibrator exhaust was pulled into the
sample loop and calibration samples were handled similarly
to ambient samples. Multi-point calibrations were done ev-
ery two weeks. We used an Airgas standard cylinder with
a NO mixing ratio of 0.82± 0.01 ppm during spring 2008.
This cylinder was compared to a 10.1 ppm National Insti-

tute of Standards and Technology (NIST)-traceable Scott-
Marrin cylinder prior to and following the spring 2008 cam-
paign. The concentration in the 10.1 ppm NO cylinder was
verified through an intercomparison with other NO cylin-
ders. We used a 0.99± 0.01 ppm NO NIST-traceable Scott-
Marrin cylinder during spring 2009 and 2010. Prior to each
campaign, the NO mixing ratio was verified in this cylin-
der through an intercomparison with 14 other cylinders con-
taining a range of NO mixing ratios (0.5 ppmv–100 ppmv)
(E. Williams, personal communication, 2010).

We estimate the accuracy of the PAN mixing ratio pro-
duced by the calibrator to be 9 %. 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 ef-
ficiency (7.0 %). The estimated precision of the system is
3.0 %. This is based on repeated sampling from the calibra-
tor at a PAN mixing ratio of 470 pptv. At this mixing ratio,
which corresponds to an average peak area of 36 area units,
the standard deviation of the peak areas was 1.1 area units,
or 3 % of the average area of the repeated samples.

We calculated uncertainty as the root sum of the squares
of the precision (3 %) and the accuracy (9 %). We estimate
an on-site detection limit of∼15 pptv, and this corresponds
to a peak height-to-baseline noise ratio of 3. The uncertainty
at levels well above the detection limit is 10 %. Since the de-
tection limit is 15 pptv and the median mixing ratio for each
campaign was>100 pptv, most observations were well above
the detection limit. The average sensitivity throughout the
2008, 2009, and 2010 campaigns was 13.9± 0.7, 14.1± 1.3,
and 12.1± 0.9 (mean±1 standard deviation) pptv per area
unit.

2.2 Description of backward trajectories

We calculated backward trajectories to establish the trans-
port history of the air masses impacting MBO. The results
presented here are based on 10-day back trajectories initial-
ized 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 trajec-
tories were calculated using global meteorological data from
the GDAS (Global Data Assimilation System) archive, which
has a time resolution of 3 hours, a spatial resolution of 1◦ lat-
itude by 1◦ longitude, and a vertical resolution of 23 pressure
surfaces between 1000 and 20 hPa. The trajectories were ini-
tialized at 1500 m above model ground level (amgl) since
the GDAS model defines the terrain for the grid box contain-
ing MBO significantly below the actual altitude of Mount
Bachelor. Error in HYSPLIT trajectory calculations normal
to the direction of flow are 10–30 % of the distance trav-
eled after 24 h (Draxler and Hess, 1998). A trajectory is
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Figure 1:   a) Hourly average PAN mixing ratios at Mount Bachelor for three spring seasons.  b) 946 
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Fig. 1. (a)Hourly average PAN mixing ratios at Mount Bachelor for three spring seasons.(b) Box and whisker plots of the hourly average
PAN mixing ratios for the period with overlapping data (1 April–20 May). The small squares are the seasonal means. The whiskers represent
the 5th and 95th percentiles, and the x’s represent the 1st and 99th percentiles.

not representative of the path of an air parcel within the BL
because the parcel quickly loses its identity through mixing
processes (Stohl, 1998). The HYSPLIT model is adequate
to classify regional-scale air mass motions in the free tropo-
sphere.

3 Results

3.1 PAN interannual variability at MBO

Figure 1 presents the hourly averaged PAN data for the spring
2008, 2009 and 2010 campaigns. The year-to-year overlap-
ping period is from 1 April–20 May. All comparisons be-
tween years only use this period. General features of the
PAN distribution can be seen in the time series in Fig. 1a.
Fischer et al. (2010) show that synoptic scale weather sys-
tems drive the bulk of the variability in observed PAN mixing
ratios at MBO, which occurs at a 3 to 4 day time scale. Not
all episodes of elevated PAN are due to transport from Asia
to North America; plumes containing elevated PAN mixing
ratios also originate from the North American boundary layer
(Fischer et al., 2010b). Yet the highest hourly averaged PAN
mixing ratios observed during April 2008 and April 2009,
381 and 534 pptv respectively, were associated with plumes
that originated outside of North America.

The PAN time series for April 2009 and April 2010 both
had more structure than April 2008. The autocorrelation at
1 h was 0.53 for April 2008, 0.93 for April 2009, and 0.95
for April 2010. PAN mixing ratios below 75 pptv were also
much more frequent during April 2008 than in the following
years. Consequently the monthly mean for April 2008 was
shifted down to 108 pptv as compared to 174 and 150 pptv,
for April 2009 and April 2010 respectively. The mean PAN
mixing ratio for 1–20 May 2008 (91 pptv) was also lower
than 2009 (117 pptv) and 2010 (144 pptv). To explore these

differences, we divided the data based on time of day to
isolate FT/down slope influence air, (12:00 a.m.–10:00 a.m.
Local Time) from BL/up slope influenced air (12:00 p.m.–
06:00 p.m. Local Time). The differences in the monthly
mean PAN mixing ratios were also present in these subsets,
indicating that the variability in the PAN mixing ratios was
present throughout the lower troposphere.

The box plots to the right (Fig. 1b) show the distribution
of PAN for each spring. The standard deviation of the three
seasonal means was 28 pptv, or about 21 %. The mean PAN
mixing ratio for spring 2008 was significantly lower than in
2009 and 2010, though the difference between the seasonal
mean in 2009 and 2010 was not significant.

3.2 Comparison to other free tropospheric PAN
observations in the Northeastern Pacific

Aircraft and surface measurements of PAN and NOy have
been conducted over the northeast Pacific over the past
decade. These past measurements have primarily been
campaign-based and are thus limited in temporal coverage
(Kotchenruther et al., 2001b; Nowak et al., 2004; Roberts et
al., 2004; Wolfe et al., 2007; Zhang et al., 2008; Kotchen-
ruther et al., 2001a; Murphy et al., 2006). Figure 2 presents
the mean PAN mixing ratios at MBO in the context of other
recent observations over the Northeastern Pacific. Though
aircraft observations have large advantages in understanding
the dynamics of individual plumes, which are often inten-
tionally followed, they do not constitute random atmospheric
samples. The observations shown in Fig. 2 cover a long time
span, but the large latitudinal and vertical gradients in PAN
mixing ratios make previous data sets insufficient to deter-
mine the interannual variability in PAN. Direct comparison is
also difficult because time lags between campaigns straddle
the springtime maximum in this species (Penkett and Brice,
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Region (black boxes) (Roberts et al., 2004; Zhang et al., 2008; Kotchenruther et al., 2001a).   952 

Bottom:  Mean PAN mixing ratios during spring from MBO and previous airborne campaigns.  953 
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Fig. 2. Top: the location of MBO and previous airborne observa-
tions in the Eastern Pacific Region (black boxes) (Roberts et al.,
2004; Zhang et al., 2008; Kotchenruther et al., 2001a). Bottom:
mean PAN mixing ratios during spring from MBO and previous air-
borne campaigns. The latitude and longitude ranges shown in the
map for the INTEX-B observations are associated with samples col-
lected between 2 and 3 km. The mean PAN mixing ratio observed
at MBO during spring 2006 was 340 pptv (Wolfe et al., 2007).

1986). Spring is a transitional time for PAN in the North-
ern Hemisphere. PAN precursors build up in the winter and
are available for PAN production during spring when photo-
chemistry is more active (Roberts, 2007). Springtime tem-
peratures are still cold enough to keep PAN loss rates lower
than summertime.

Several general features can be seen from Fig. 2. (1) The
campaign mean PAN mixing ratios observed in the eastern
northeastern Pacific lower troposphere span 102–183 pptv.
(2) The observed variability is due to differences in loca-
tion, year, degree of plume chasing, and natural variability.
(3) A consistent sampling strategy is reflected in the smaller
variability at MBO compared to the overall variability in pre-
vious observations.

Detecting trends in trace species amidst large underlying
variability presents a challenge (Weatherhead et al., 2002).
Later in this paper, we use the 2008–2010 MBO data to cal-
culate the observational requirements for detecting a possible
increase in PAN mixing ratios over the northeast Pacific due

to changes in Asian precursor emissions. The variability pre-
sented in Fig. 2 is driven by both natural conditions and sam-
pling choices. The relative standard deviation (RSD) of all
the campaign mean PAN mixing ratios presented in Fig. 2 is
43 %, while the RSD of the overlapping MBO data (1 April–
20 May) is 21 %. This illustrates that PAN observations col-
lected at one site with one sampling method have a lower
RSD. Therefore they may be more useful for investigators
interested in detecting long-term changes to the photochem-
ical environment over the northeastern Pacific.

As shown in Fig. 2, the DC-8 and C-130 sampled different
regions, and this clearly contributes to differences between
these two datasets. However, an intercomparison between
the DC-8 and C-130 measurements showed excellent agree-
ment for O3, CO, and NO2, but the intercomparison for PAN
was relatively poor. C-130 PAN measurements were 23 %
higher than the DC-8. The reason for the discrepancy is
not known, and this is discussed in Chen et al. (2007) and
Singh et al. (2009). Regardless, substantially higher maxi-
mum PAN mixing ratios were observed during INTEX-B in
2006 than at MBO during spring 2008–2010. Instruments
onboard both the C-130 and DC-8 platforms observed PAN
mixing ratios over 1 ppbv between 2 and 3 km (not shown);
however, the peak PAN mixing ratio observed at MBO dur-
ing spring 2008–2010 was 657 pptv.

4 Drivers of PAN interannual variability

We expect that a variety of natural and anthropogenic factors
contribute to the observed PAN mixing ratios at a remote site
such as MBO. Sources of PAN, as well as transport patterns,
are not necessarily consistent from year-to-year. This section
explores factors that could have contributed to observed vari-
ability in PAN mixing ratios: biomass burning, transport effi-
ciency over the central and eastern Pacific, and transport tem-
perature. The discussion provides important contextual in-
formation for future users of the MBO PAN data. In Sect. 5,
we will use the variability observed in PAN at MBO to cal-
culate the timeline for detecting a range of plausible trends
in this species. This calculation assumes that the MBO PAN
data, collected over 3 spring seasons, does not underestimate
the true variability in this species. We show that there were
year-to-year differences in several factors that are expected
to drive variability in PAN mixing ratios at MBO.

4.1 Variations in a PAN source: biomass
burning emissions

Fires peak in southeastern Russia in spring. The annual
burned area exhibits strong variability in magnitude and ge-
ographical location (Vivchar, 2011). There was an early and
unusually strong fire source in this region in spring 2008 due
to early snow melt, and the smoke was a source of both car-
bonaceous aerosols and O3 precursors to the Arctic (Jacob et
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al., 2010; Warneke et al., 2009). PAN can form rapidly in
boreal smoke plumes, with approximately 40 % of the ini-
tial NOx emissions converted to PAN within a few hours
of emission (Alvarado et al., 2010). Plumes from the Lake
Baikal area, containing PAN mixing ratios up to∼500 pptv,
were also observed at MBO during spring 2008 (Fischer et
al., 2010b, see Fig. 5). Biomass burning sources in south-
ern Siberia have previously been shown to be an important
source of many trace species to the Pacific Northwest lower
troposphere (Jaffe et al., 2004). Although direct transport is
less frequent, fires in Southeast Asia can also have an impact
on the trace gases in the Northeastern Pacific, especially dur-
ing El Nino events which typically bring drought conditions
to Southeast Asia (Jaffe et al., 2001 and references within).

Though the impact of the Russian fires is evident in several
plumes of elevated PAN (Fischer et al., 2010), mean PAN
mixing ratios at MBO during spring 2008 were lower than
the following two years. Mean CO mixing ratios at MBO
for 1 April–20 May were 135, 133, and 159 ppbv for 2008,
2009, and 2010, respectively. Thus the extreme fire year in
southeastern Russia also did not produce anomalously high
mean springtime CO at MBO. This is in contrast to previous
work showing a strong link between seasonal mean CO at
MBO and anomalously strong biomass burning in Southeast
Asia (Reidmiller et al., 2009b).

Calculations presented later in the paper (Sect. 5) implic-
itly assume that the three years of PAN data from MBO
represent the true variability in this species. The observa-
tion period at MBO did coincide with an extreme fire season
in southeastern Russia. Unless relatively weak transpacific
transport during spring 2008 acted to reduce the impact of
these fires on western North America, the MBO PAN obser-
vations do not underestimate this driver of variability.

4.2 Transport direction/efficiency

The amount of PAN observed at MBO is dependent on the
transport pathway of the air mass. Average background
PAN mixing ratios tend to increase with altitude and latitude,
though the altitudinal dependence in the lower FT is small
compared to the overall range (Roberts, 2007; Roberts et al.,
2004). Air that has been transported through the warmer
lower troposphere, especially at low latitudes, will be de-
pleted in PAN. Similarly, air that has been transported at
higher altitudes and colder latitudes will retain more of the
PAN that has formed (Nowak et al., 2004).

A number of global chemical transport models indicate
that East Asian emissions make a substantial contribution to
observed PAN mixing ratios at MBO (Berntsen and Karls-
dottir, 1999; Fiore et al., 2010). April is the month of
strongest mid-latitude transpacific transport, and the interan-
nual variability in the transport is relatively low compared to
other months of the year (Liu et al., 2005). While the in-
terannual variability in transport is low, it is not zero (Liang
et al., 2005). LRT3 Long-Range Transport Index 3 (LRT3)

is an index based on monthly sea level pressure anomalies
over the Pacific. It was developed using a 10-year simula-
tion from the global chemical transport model GEOS-Chem
(Liang et al., 2005). Positive LRT3 values indicate strong
Pacific High and Aleutian Low pressure systems. LRT3 is
correlated with the Pacific/ North American teleconnection
pattern (PNA) (R = 0.69) (Liang et al., 2005). This index
was developed using a global simulation of CO, which is ex-
pected to be a good marker of transpacific transport due to its
long lifetime (∼2 months).

Based on the LRT3 index, April 2008 was characterized
by weaker than average transpacific transport (LRT3 =−1.2).
Transpacific transport was also relatively weak in April
(LRT3 =−0.98) and May 2009 (LRT3 =−1.0), when spring-
time mean PAN mixing ratios at MBO were highest. April
2010 was characterized by relatively strong transpacific
transport (LRT= 1.2). A linear regression of six years of
April and May CO at MBO versus LRT3 produces a posi-
tive relationship, but the correlation coefficient is not signif-
icantly different from zero. We focus the remainder of the
discussion on variability in transport over the eastern Pacific.
We summarize horizontal and vertical transport to MBO dur-
ing the 2008, 2009 and 2010 spring seasons using both back-
ward trajectories (Draxler and Rolph, 2003) and synoptic
scale motion at 700 hPa geopotential height. Reidmiller et
al. (2010) showed that the vast majority of air arriving at
MBO during spring has travelled north of∼35◦ N.

Figure 3 presents a summary of the hourly endpoints from
10-day backward HYSPLIT trajectories. A trajectory was
initialized from the summit of MBO each hour for the 50-
day period of 1 April to 20 May, thus each plot represents
1200 individual trajectory calculations. These trajectory den-
sity plots were created by counting the number of hourly
trajectory points within 200 km of each latitude and longi-
tude point. With the goal of highlighting the largest differ-
ences in horizontal transport between the spring seasons, the
counts were mapped using a log scale. All trajectories were
run for the same amount of time, so trajectories crossing
longer distances represent faster moving air masses. Figure 3
shows that the relatively high speed transport from the north,
that was common in spring 2008 and 2009, was reduced in
spring 2010. Unlike the previous years, the highest observed
PAN mixing ratio (543 pptv hourly average on 11 April) dur-
ing spring 2010 was associated with transport from the US
boundary layer.

The broad features illustrated by the trajectory analysis
in Fig. 3 are corroborated by NCEP/NCAR reanalysis fields
(not shown). We examined composites of the following fields
at 700 hPa: geopotential height, temperature, vector winds,
and vertical velocity. These fields are produced using mete-
orological observations from surface sites, ships, rawinson-
des, aircraft, and satellites. The data assimilation system is
described by Kalnay (1996), and the data can be accessed
at http://www.esrl.noaa.gov/psd/data/composites/day/. The
700 hPa geopotential heights confirm more southwesterly
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Fig. 4. Vertical distribution of air mass transport to MBO during
April and May 2008 to 2010. These maps are created from 10-day
HYSPLIT backward trajectories initialized from MBO each hour.
Top: mean trajectory temperature for April (line) with 95 % confi-
dence interval (shading). Middle: mean trajectory height for April
(line) with 95 % confidence interval (shading). Bottom: as above,
but for 1–20 May .

geostrophic flow during spring 2010 due to a persistent
trough located off the coast. The trough extended from the
northern tip of Vancouver Island to central California, and
was strongest in early April 2010. It is the most notable fea-
ture in the 700 hPa height field distinguishing spring 2010
from spring 2008 and 2009. Though the horizontal transport
fields in Fig. 3 appear to be fairly similar in spring 2008 and
2009, the mean PAN observed at MBO was different between
these two years. In the following section we show that dif-
ferences in temperature, rather than transport direction, are
consistent with observed difference in PAN mixing ratios be-
tween 2008 and 2009.

4.3 Vertical transport

As discussed earlier, the main loss process for PAN below
∼7 km is via thermal decomposition (Talukdar et al., 1995).
Therefore we expect that the amount of PAN observed at
MBO, and the ratio of PAN to other trace gas species such
as CO and NOx, will depend on the temperature during air
mass transport. As part of a detailed meteorological analysis
of a major Asian plume observed at MBO on 17–18 April
2008, we showed that a higher PAN to O3 ratio was observed
under colder temperatures and a lower PAN to O3 ratio un-
der warmer temperatures, consistent with the production of
O3 from PAN decomposition during subsidence (Fischer et
al., 2010b).

In Fig. 4, we have plotted the corresponding vertical distri-
bution of air mass transport to MBO during the three spring
seasons. This series of plots was created by averaging the
HYSPLIT output for each hour back from MBO. Conserva-
tive estimates of the 95 % confidence intervals for the means
are also shaded. These intervals were calculated taking into
account the autocorrelation of the trajectories by using the
autocorrelation as observed at the arrival location (MBO).
For example, the solid red line in the top plot in Fig. 4 is
the mean temperature for 720 trajectories initialized in April
2008 (30 days× 24 h day−1). The 720 points at hour 0 are
not all independent samples because there is a high degree of
autocorrelation from hour to hour, so we cannot useN = 720
to calculate a 95 % confidence interval around the mean tem-
perature. The trajectory temperature is most correlated at
MBO (hour 0) so we used the autocorrelation here to es-
timate a lower limit to the degrees of freedom. We used
Bretherton et al. (1999) to determine the degrees of freedom
which was typically 22 for each month containing 720 trajec-
tories initialized from MBO. Thus the confidence intervals
surrounding the mean along-trajectory temperature were all
calculated using 22 degrees of freedom, not 720. For exam-
ple, the middle plot in Fig. 4 shows that the average altitude
of air mass transport, as calculated by the HYSPLIT trajec-
tories, was higher in 2009 than 2008 and 2010. In contrast,
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the confidence intervals show that there is no significant dif-
ference in transport altitude between April 2008 and April
2010. Though the horizontal transport fields in Fig. 3 appear
to be fairly similar in 2008 and 2009, the mean temperature
at which air was transported to MBO was different during
April 2008 and 2009 (Fig. 4a), and this is consistent with the
observed difference in PAN mixing ratios. It is possible to
estimate PAN decomposition using the temperatures along
the HYSPLIT trajectories. The mean temperature along the
trajectories was an average of 3◦C colder during 2009 over
approximately 5 days. The lifetime of PAN is dependent on
temperature and the NO2/NO ratio because of cycling be-
tween PAN and the acetyl peroxy radical (CH3CO3). Reac-
tion of CH3CO3with NO2 does not lead to a net loss of PAN,
while reaction with NO or with other species (e.g. HO2 or
RO2) does. An adjustment accounting for the cycling be-
tween PAN and CH3CO3 acts to extend the lifetime of PAN
(Jacob et al., 1996; Roberts, 2007; Brasseur et al., 1999).

We used the mean temperature along the April 2008 tra-
jectories with the monthly average PAN (175 pptv) during
April 2009 to calculate the potential PAN difference due to
thermal decomposition. Following Brasseur et al. (1999), we
assumed a within plume NO2 to NO ratio of 1.5, based on av-
erage plume statistics during ITCT 2K2 (Nowak et al., 2004),
and calculated an effective average lifetime of PAN which
accounted for cycling between PAN and CH3CO3. If all else
was equal between April 2008 and 2009, this calculation sug-
gests that more than 50 % of the difference in PAN between
the two months (108 versus 175 pptv) could be explained by
differences in temperature during the last 5 days of transport
to MBO. This is a coarse calculation because it uses mean
temperature. For example, temperatures for a month could
be the same, but one month could experience greater temper-
ature extremes (high and low) and could experience a differ-
ent amount of PAN dissociation. However, temperature is the
only factor we were able to identify that is consistent with the
higher PAN mixing ratios observed at MBO in spring 2009.

In addition to rapid transport from more northern latitudes,
the HYSPLIT backward trajectories show that the air de-
scended from higher altitudes (lower pressures) during April
2009 as compared to the 2008 and 2010 (Fig. 4b). The
relatively stronger descent in April 2009 is corroborated by
700 mb omega fields from NCEP reanalysis. Consistent with
the persistent trough off the west coast mentioned earlier, the
reanalysis fields also show a large region of anomalous as-
cent during April 2010 over western Oregon and Northern
California.

With the exception of the last several hours of transport,
the average along-trajectory temperature profiles were not
significantly different between May 2008, 2009 and 2010
(not shown). Though the mean air mass temperatures were
comparable, the trajectories show that the air descended from
higher altitudes (lower pressures) during May 2008 as com-
pared to 2009 and 2010 (Fig. 4c). Similar to April, the tra-
jectories for May 2010 show that on average the air travelled

to MBO from lower altitudes than previous years. Consis-
tent with air mass transport from lower altitudes, a higher
median water vapor mixing ratio was observed at MBO dur-
ing spring 2010. The trajectories are also consistent with a
region of anomalously strong ascent over Oregon present in
the 700 mb omega field during May 2010, and the region of
anomalously strong descent in the same region in May 2008.
Although the air reaching MBO during May 2010 was trans-
ported at significantly lower altitudes than previous years, the
lower troposphere was colder than average in May 2010 over
the eastern Pacific and western North America. Because of
this, the differences in transport height do not correspond to
significant differences in transport temperature during May.

4.4 Other potential natural drivers of PAN variability

Isoprene photochemistry can be a strong source of PAN
(Roberts et al., 2006). Fiore et al. (2010) showed that interan-
nual variability in isoprene emissions, which can be as large
as 20–30 % in summer months (Palmer et al., 2006; Müller
et al., 2008), can influence seasonally averaged PAN mixing
ratios downwind. However this impact is most pronounced
in summer months when isoprene emissions are largest, and
it is not likely to have driven the differences we observed
during spring (Fiore et al., 2011, 2010).

Another factor determining the re-distribution of NOy is
the vertical transport out of the East Asian and European
planetary boundary layers. Aircraft campaigns have shown
that variability in the amount of vertical transport out of
East Asia impacts the amount of PAN that moves down-
wind (Roberts et al., 2004; Nowak et al., 2004; Russo et
al., 2003). However Liang et al. (2005) suggest that transpa-
cific transport is mainly dependent on the meteorology in the
eastern half of the Pacific. The passage of mid-latitude cy-
clones, which are thought to provide the dominant pathways
for pollutant export from Asia (Bey et al., 2001), constantly
replenish the “pool of Asian pollution in the western Pacific”
(Liang et al., 2005). It should be noted that certain scales of
vertical transport are difficult to simulate in global chemical
transport models.

5 Detecting changes in PAN and O3 over North
America from Increasing Asian Emissions

Jaffe et al. (2007) hypothesized that rising NOx emissions
should be detected more quickly in changes in PAN in the
Northeast Pacific FT than changes in O3. This hypothesis
followed from model simulations suggesting that the relative
trend in PAN caused by rising Asian NOx emissions would
be approximately 4 times larger than that of O3 (Zhang et al.,
2007). Detecting trends in atmospheric trace species, such
as O3 or PAN, depends on the size of the trend, the magni-
tude of the variability, and the autocorrelation of the observa-
tions (Weatherhead et al., 1998, 2002; Tiao et al., 1990). The

Atmos. Chem. Phys., 11, 5641–5654, 2011 www.atmos-chem-phys.net/11/5641/2011/



E. V. Fischer et al.: PAN and ozone at Mount Bachelor 5649

Table 1. Number of springtime campaigns to detect a range of real trends in PAN or O3 in the Eastern Pacific lower free troposphere with a
probability of 95 %. A real trend is indicated at the 95 % confidence level.

Change in PAN at MBO (% year−1) 1 2 3 4 5 6

Change in O3 at MBO (% year−1) 0.25 0.5 0.75 1 1.25 1.5

Years of springtime observations to detect trend 31 20 15 13 11 10

data presented in Fig. 1 is the best dataset available to de-
termine the variability and temporal autocorrelation in PAN
in the lower FT over the Northeastern Pacific, and we use
the MBO PAN observations to determine the observational
requirements for the assessment of a trend in PAN due to ris-
ing Asian precursor emissions. We present a parallel analysis
for O3, also using observations from MBO.

Zhang et al. (2008) assessed the impact of rising Asian
emissions on PAN mixing ratios at MBO through two GEOS-
Chem simulations for the INTEX-B period (April–May
2006). The first simulation used a year 2000 emissions in-
ventory for anthropogenic emissions for Asia (8◦ N–50◦ N,
80◦ E–150◦ E) (Streets et al., 2003), and the second simu-
lation used a 2006 emissions inventory for the same Asian
region which was 41 % higher for CO, 45 % higher for non-
methane volatile organic compounds (NMVOCs), and 200 %
higher for NOx emissions. The estimate for 2006 NOx emis-
sions was constrained using OMI NO2 data. Biomass burn-
ing emissions were not changed in the two different simula-
tions. The higher emission scenario increased the mean PAN
mixing ratio at MBO for the INTEX-B period from 138 pptv
to 167 pptv, or approximately 3.5 % per year. Mean O3 at
MBO increased from 49.6 to 52.5 ppbv, or 0.97 % per year.
The model estimate is consistent with the observed +1 % per
year O3 trend observed by Cooper et al. (2010) and Parrish
et al. (2009).

The trend estimates presented in Zhang et al. (2008) are
associated with substantial uncertainty, due in a large part to
uncertain emission estimates. Zhang et al. (2008) discuss
uncertainties in the emission inventories and the available
constraints on Asian anthropogenic NOx emissions. Though
emission rates of O3 and PAN precursors are expected to con-
tinue to increase through 2020 (Ohara et al., 2007) the exact
magnitude of the change is also highly uncertain. Past trends
are not a predictor for future trends because many factors
will influence future PAN and O3 trends including a chang-
ing climate, varying stratosphere-troposphere exchange and
changes to anthropogenic and natural emissions.

Given the large uncertainty in the model-derived trend es-
timate, we use a range of trends with the observed variability
to predict the timeline for trend detection. The following sen-
tences describe how we applied a simple bootstrapping pro-
cedure to 4-day average PAN mixing ratios to predict when a
trend in this species would be detectable at MBO. Using all
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Fig. 5. (a) Random distribution of 4-day average springtime PAN
mixing ratios at MBO for the period 2008–2010 propagated forward
with a +4 % per year trend. The R2 and p-values for this example
are 0.06 and 2.8× 10−3, respectively.(a) Random distribution of
4-day average springtime O3 mixing ratios at MBO for the period
2004–2009 propagated forward with a +1 % per year trends. The
R2 andp-values for this example are 0.07 and 6.6× 10−4, respec-
tively. The time series are examples of those used to determine the
probability of trend detection. Linear fits are shown for each time
series. See Table 1 for a range of PAN and O3 trends.

available springtime PAN data from MBO, we degraded the
hourly averaged PAN mixing ratios shown in Fig. 1 to a time
series of non-overlapping 4-day averages for each season.
This choice of averaging time reduces the autocorrelation in
the seasonal data sets of 4-day averages to 0.30, 0.08, and
0.43 in 2008, 2009, and 2010, respectively. This timescale
also reflects the physics of the system; synoptic scale changes
in transport drive 2–5 day perturbations in PAN mixing ra-
tios (Bernsten et al., 1999; Fischer et al., 2010b). The time
series in Fig. 5a was generated by randomly sampling the
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4-day average PAN mixing ratios repeatedly from all three
spring seasons. The randomly selected PAN averages were
then added to a hypothetical PAN trend. Thirteen 4-day aver-
age points were chosen for each spring season, to be consis-
tent with the length of the data from the previous springtime
campaigns. By sampling average PAN from the multi-year
MBO dataset, we are able to include both synoptic scale and
interannual variability in the calculation. We incorporate the
actual variability in PAN, regardless of whether we fully un-
derstand all the drivers, so we can develop a reasonable ex-
pectation of when possible trends could be detected (Weath-
erhead et al., 2002). We considered a range of hypothetical
future trends, and for each trend a time series like Fig. 5a
was generated 1000 times. Figure 5a is one example. For
each time series, we calculated the correlation coefficient for
PAN against time as well and the corresponding t-statistic.
We repeated the same bootstrapping procedure using spring-
time MBO O3 data (Fig. 5b).

Table 1 presents the calculation described above for a
range of possible PAN and O3 trends at MBO, ignoring au-
tocorrelation for this exercise. For example, thirteen years of
springtime PAN data at MBO would be required to detect a
real +4 % per year trend in PAN with a probability of 95 %,
where a real trend is indicated at the 95 % confidence level.
The calculations show that the timescale for PAN and O3
trend detection is equivalent when the PAN trend is 4 times
larger than the O3 trend. This reflects the greater variabil-
ity associated with PAN, compared to O3. Interestingly the
calculations of Zhang et al. (2008) suggest that the PAN and
O3 trends between 2000 and 2006 may have been close to
this ratio. If the trends were to continue at this same rate
(∼3.5 % and∼1 % per year, respectively), both trends could
be detected in the free troposphere at MBO with about 13
years of observations. However, some care should be used
in interpreting the results from the global model since there
are large uncertainties associated with the emissions of both
NOx and NMHCs (Zhang et al., 2008), non-linearities in the
chemistry, and changes in natural sources and other process
that are difficult to model (Reidmiller et al., 2009a; Wu et al.,
2007). Thus long term observations of both PAN and O3 are
needed to verify modeled trends. Several previous analyses
of O3 and PAN trends have used data from multiple sites with
complex data segregation schemes. This was done due to the
fact that no single site existed in this region with long term
data (Parrish et al., 2004, 2009; Cooper et al., 2010). Our
analysis suggests that if the true O3 trend over western North
America due to rising Asian precursor emissions is on the
order of 1 % per year, it could be corroborated at a site like
MBO in a relatively short timeframe with a direct analysis of
mean O3 concentrations. Further information on attribution
can be obtained with data segregation techniques and chem-
ical modeling studies.

6 Conclusions

We have presented the first consistent multi-year springtime
measurements of PAN in the free troposphere over the US
Pacific Northwest. These observations will be an important
benchmark for future campaigns targeting the influence of
imported O3 precursors on air quality in this region. Spring-
time average PAN mixing ratios at MBO vary by∼21 %
inter-annually. We explored the impact of temperature, trans-
pacific transport efficiency, and Siberian biomass burning on
the seasonally averaged PAN mixing ratios. We show that
the observations represent a range of atmospheric conditions
which help to understand the variability observed in the PAN
mixing ratios at MBO. Colder air mass transport from higher
altitudes in April 2009 is the only factor we found that is con-
sistent with the higher average PAN mixing ratios observed
at MBO during this season.

PAN observations can provide key information to attribute
changes in O3, NOx, and NMHCs. Based on estimated,
but highly uncertain, emissions changes in Asia, Zhang et
al. (2008) calculate a trend in PAN and O3 in the free tro-
posphere over the northeastern Pacific of 3.5 and 1.0 % per
year for 2000 to 2006. If these hypothesized trends were to
continue, we expect that trends in both PAN and O3 can be
detected with 95 % confidence with 13 years of consistent
observations at a FT site.

Detection of changes in the reactive nitrogen and O3 bud-
gets in the northeastern Pacific free troposphere will continue
to be challenging without a consistent set of observations in
this region. Routine free tropospheric O3 measurements are
sparse, and the longest records in western North America are
from weekly ozonesonde profiles from three locations, only
one of which is on the west coast. There are even fewer ob-
servations of PAN, though a trend in this species is expected
to be larger and would be significantly easier to attribute. Our
analysis shows that if O3 precursor emissions continue to rise
in East Asia at current rates, we are certain to detect a trend in
a relatively short amount of time with a consistent set of ob-
servations at higher altitudes. Understanding the precursors
to O3 and how they may be changing is critical to protecting
environmental and human health. Estimating and attributing
future tropospheric O3 concentrations will require continua-
tion of PAN and O3 measurements at strategic locations.
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