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� We examined 10-year trends in springtime O3 and CO at the Mt. Bachelor Observatory.
� Median O3 increased by 1.7% yr�1 while median CO decreased by �1.9 yr�1.
� HYSPLIT cluster analysis suggests the impact of ALRT on western U.S. springtime O3.
� Reductions in Northern Hemisphere emissions likely influenced springtime CO.
� Trends suggest that North Pacific OH may have increased over the study period.
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a b s t r a c t

We report trends in springtime ozone (O3) and carbon monoxide (CO) at the Mt. Bachelor Observatory
(MBO) in central Oregon, U.S.A. from 2004 to 2013. Over the 10-year period the median and 95th
percentile springtime O3 increased by 0.76 ± 0.61 ppbv yr�1 (1.7 ± 1.4% yr�1) and 0.87 ± 0.73 ppbv yr�1

(1.5 ± 1.2% yr�1), respectively. These trends are consistent with reported positive trends in springtime O3

in the western U.S. In contrast, median CO decreased by �3.1 ± 2.4 ppbv yr�1 (�1.9 ± 1.4% yr�1), which is
highly similar to springtime North Pacific surface flask measurements from 2004 to 2012. While a 10-
year record is relatively short to evaluate long-term variability, we incorporate transport model anal-
ysis and contextualize our measurements with reported northern mid-latitude trends over similar time
frames to investigate the causes of increasing O3 and decreasing CO at MBO. We performed cluster
analysis of 10-day HYSPLIT back-trajectories from MBO and examined O3 and CO trends within each
cluster. Significant positive O3 trends were associated with high-altitude, rapid transport from East Asia.
Significant negative CO trends were most associated with transport from the North Pacific and Siberia, as
well as from East Asia. The rise in springtime O3 is likely associated with increasing O3 precursor
emissions in Asia and long-range transport to the western U.S. The decline in springtime CO appears
linked to decreasing Northern Hemisphere background CO, largely due to anthropogenic emissions re-
ductions in Europe and North America, and also to a recently reported decline in total CO output from
China caused by more efficient combustion. These springtime O3 and CO trends suggest that hydroxyl
radical (OH) mixing ratios in the North Pacific may have increased over the study period.

© 2014 Elsevier Ltd. All rights reserved.
1. Introduction

Surface ozone (O3) is integral to tropospheric chemistry and has
adverse impacts on human health and the environment (Monks
et al., 2009; McDonald-Buller et al., 2011). It is a secondary
pollutant produced through photochemical reactions involving
naturally or anthropogenically emitted nitrogen oxides (NOx), car-
bon monoxide (CO), methane (CH4), and volatile organic com-
pounds (VOCs) (Monks et al., 2009; Cooper and Ziemke, 2013). It is
destroyed by reactions involving water vapor and photolysis and is
the major source of the hydroxyl radical (OH) (Monks et al., 2009;
Parrish et al., 2013). Ozone also originates in the stratosphere and
can be transported to the troposphere (Langford et al., 2009; Lin
et al., 2012a). The O3 lifetime is days in the boundary layer, but
weeks in the free troposphere; thus it can be transported on con-
tinental scales (Zhang et al., 2008).
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Tropospheric O3 in northern mid-latitudes has a well-known
seasonal cycle linked to photochemistry, with a summer
maximum in urban areas and late spring maximum in remote areas
(Parrish et al., 2013). In some locations, elevated springtime O3 has
also been attributed to stratosphere-to-troposphere transport
(Langford et al., 2009). Peak O3 concentrations have recently shifted
to earlier in the year, perhaps due to changes in atmospheric
transport, emissions, and/or climate change (Parrish et al., 2013).
Lin et al. (2014) reported that seasonal O3 trends in the sub-tropical
North Pacific are influenced by a combination of precursor emis-
sions and decadal-scale shifts in atmospheric circulation, demon-
strating how climate variability may impact surface O3.

Recent changes in O3 precursor emissions have had a demon-
strated impact on regional O3 production (Cooper and Ziemke,
2013; Hartmann et al., 2013). For example, surface O3 increased at
some northern mid-latitude European locations from 1950 until
the late 1990s, likely due to economic and industrial growth;
however, the rate of O3 production at those sites has since slowed
or declined, whereas surface O3 has increased in East Asia since
1990 while downwind of Asia O3 trends are variable (Parrish et al.,
2012; Cooper and Ziemke, 2013; Hartmann et al., 2013; Oltmans
et al., 2013). In the U.S., NOx emissions controls have led to signif-
icant reductions in summertime O3 and in the frequency and
magnitude of high-O3 events at several eastern U.S. sites (Cooper
et al., 2012; He et al., 2013; Rieder et al., 2013). In contrast,
springtime O3 has increased significantly in the western U.S. free
troposphere and at 50% of rural surface sites, likely due to trans-
Pacific transport of Asian air masses that can increase baseline
free tropospheric O3 (Cooper et al., 2012). High-O3 events at high-
elevation western U.S. sites have been linked to Asian long-range
transport (ALRT) and subsidence of O3-rich air from the upper
troposphere/lower stratosphere (UT/LS) (Ambrose et al., 2011; Lin
et al., 2012a, 2012b). The U.S. primary O3 National Ambient Air
Quality Standards (NAAQS) is 75 ppbv, but reduction to 60e70 ppbv
has been proposed (U.S. EPA, 2010). In the western U.S., where free
tropospheric air affected by inter-continental pollution transport or
episodic stratospheric intrusions can significantly influence surface
O3, NAAQS compliance may be a challenge (Parrish et al., 2010;
Jaffe, 2011; Lin et al., 2012a, 2012b; Wigder et al., 2013a).

Carbon monoxide (CO) is emitted to the atmosphere as a
product of incomplete combustion (e.g. fossil fuel and biomass
burning) and is a precursor for carbon dioxide (CO2) and O3, while
reactionwith OH is the dominant sink (Worden et al., 2013). The CO
lifetime is weeks to months; thus it has been used as a tracer of
long-range pollution transport to the western U.S. (Price et al.,
2004; Weiss-Penzias et al., 2006). Over the past decade or more,
anthropogenic CO emissions in Europe and North America have
declined, while emissions from China and India have increased;
however, anthropogenic emissions inventories show large dis-
crepancies, while biomass burning emissions estimates vary both
spatially and temporally (Granier et al., 2011; Tohjima et al., 2013).
Yet recent declines in Northern Hemisphere CO (Novelli et al., 2003;
Hartmann et al., 2013; Worden et al., 2013) may suggest the impact
of regional anthropogenic emissions reductions on atmospheric CO.

Here, we present springtime O3 and CO trends from 2004 to
2013 at the Mt. Bachelor Observatory (MBO) in central Oregon,
U.S.A. The location and elevation of MBO (43.979�N, 121.687�W,
2763 m asl) and the lack of large local anthropogenic emission
sources upwind are optimal for sampling free tropospheric air and
ALRT (Weiss-Penzias et al., 2006; Ambrose et al., 2011; Fischer et al.,
2011). The greatest influence of trans-Pacific transport on the
western U.S. is observed in spring due to ventilation of the East
Asian boundary layer by mid-latitude cyclones and convection, and
circulation of trans-Pacific pollution plumes around the Pacific High
(Liang et al., 2004; Stohl et al., 2002; Zhang et al., 2008). We
acknowledge that a 10-year record is relatively short for trend
analysis; however, free troposphere measurements, including
ozonesonde and aircraft measurements, have varying limitations
related to data frequency and sampling location, and yet these
datasets all provide important insights into global trends.While the
MBO observations do not allow for examining inter-decadal
variability in tropospheric concentrations and atmospheric
transport, we combine measurements with transport model
analysis and other reported long-term trends to identify possible
causes of springtime O3 and CO trends at this western U.S. free
tropospheric site over the 10-year study period.

2. Methods

2.1. Measurements at MBO

Measurements at MBO began in February 2004. Continuous
measurements include a suite of chemical (e.g. O3, CO, aerosol
scattering, mercury) andmeteorological (e.g. wind speed/direction,
temperature, relative humidity) parameters (Ambrose et al., 2011).
Non-continuous measurements (e.g. for specific seasons or studies)
include compounds such as nitrogen oxides (NOx and NOy) and
peroxy acetyl nitrate (PAN).

Ozone measurements are made using a Dasibi 1008 RS UV
Photometric Ozone Analyzer (Weiss-Penzias et al., 2006; Ambrose
et al., 2011). Monthly automated zeroes are performed using a
charcoal scrubber cartridge. The analyzer is calibrated every six
months with an O3 generator referenced to a Washington State
Department of Ecology transfer standard, which is calibrated
against the EPA Region 9 Standard Reference Photometer. The
method detection limit (MDL) is 1 ppbv and the estimated total
uncertainty is ±2% (Ambrose et al., 2011).

Carbon monoxide was measured during spring 2004 using a
Thermo Electron Corporation (TECO) 48C nondispersive infrared
analyzer, and thereafter using a TECO 48C Trace Level Enhanced
(TLE) analyzer (Ambrose et al., 2011) through April 2012. These
analyzers were calibrated every 24 h with a ±2% NIST-traceable
working standard of 400e500 ppb referenced to a NOAA-certified
breathing air primary standard. Zeroes were performed every two
hours. The MDL was 20 ppbv and the estimated total uncertainty in
hourly-averaged mixing ratios was ±6%. Since 1-May-2012, CO has
been measured using the Picarro G2302 Cavity Ring-Down Spec-
trometer (Chen et al., 2013). Calibrations are performed every eight
hours using NOAA calibration gas standards, which are referenced
to the World Meteorological Organization's (WMO) mole fraction
calibration scale. The estimated MDL is 1 ppbv with estimated total
uncertainty of ±3.4%.

Although COwasmeasured using different instruments over the
study period, they were consistently calibrated using certified
calibration gases. Additionally, the TECO 48C TLE and Picarro G2302
analyzers were operated concurrently with a NOAA Programmable
Flask Package during 2012. The Picarro measurements compared
extremely well against discrete flask measurements
(y ¼ 0.97x þ 2.4; r2 ¼ 0.97; n ¼ 145). A comparison of hourly-
averaged TECO 48C TLE versus Picarro G2302 CO measurements
demonstrated that the TECO was relatively noisier than the Picarro
(y ¼ 1.06x � 13.7; r2 ¼ 0.99; n ¼ 2959). At the average springtime
hourly CO mixing ratio from April 2004 to April 2012 (144 ppbv;
typical of free tropospheric values), we calculated a mean bias
of �5 ppbv for the TECO measurements. We applied the above
equation to the TECO CO measurements from April 2004 through
April 2012 to correct for this bias and used the corrected data in this
manuscript. Springtime CO trends were highly similar between
corrected and uncorrected data. Additional information on the CO
measurement inter-comparison and springtime trends calculated
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using the uncorrected data are provided in the Supplemental
Information.

Annually-averaged hourly data from 2004 through 2013 did not
demonstrate significant trends in O3 or CO; however, both species
undergo strong seasonal variability that should be considered
when determining long-term trends (Parrish et al., 2013; Strode
and Pawson, 2013; Worden et al., 2013). Spring (1-Aprile31-May)
was the only season with significant linear trends in O3 and CO.
When we included March the springtime trends were not statisti-
cally significant and March median mixing ratios did not display
significant linear trends. Our election to focus on AprileMay is
consistent with prior analyses of springtime long-range transport
in the North Pacific (Forster et al., 2004; Weiss-Penzias et al., 2006;
Zhang et al., 2008; Cooper et al., 2010; Fischer et al., 2011). Wewere
unable to detect significant trends in CO in other seasons in part
due to insufficient (<50%) data coverage in several months (Fig. SI-
6). Ozone, CO and other parameters at MBO also vary greatly during
summer and early fall due to wildland fire activity, a topic
considered in other studies (Wigder et al., 2013b).

For our analyses we used hourly-averaged measurements from
all hours of the day. We assume (following Parrish et al. 2012) that
springtime regressions which are not filtered for baseline or
boundary layer air provide accurate representations of long-term
baseline trends at the high-elevation MBO site. This assumption
is reasonable given the high percentage of hours/day that MBO is in
the free troposphere (Ambrose et al., 2011) and the lack of local
emission sources that influence springtime boundary layer air.
2.2. HYSPLIT back-trajectory cluster analysis

We computed 10-day air mass back-trajectories from MBO for
every hour in AprileMay 2004e2013 using the Hybrid Single-
Particle Lagrangian Integrated Trajectory (HYSPLIT) Model
Version 4 (Draxler and Hess, 1998) with gridded meteorological
data from the National Oceanographic and Atmospheric Adminis-
tration's Air Resources Laboratory (NOAA-ARL). For 2004, we used
National Center for Environmental Prediction (NCEP) 2.5� � 2.5�

gridded meteorological data with a starting height of 1800 m above
ground level (agl). For 2005e2013 we used Global Data Assimila-
tion System (GDAS) 1� � 1� gridded meteorological data with a
starting height of 1500 m agl. Starting heights were chosen based
on the terrain height for the grid box containing MBO in each
dataset (Ambrose et al., 2011; Fischer et al., 2011).

We applied the HYSPLIT Trajectory Cluster Analysis using tra-
jectories starting every fourth hour beginning with 0:00 UTC (6
trajectories per day). HYSPLIT computes latitude/longitude end-
points every hour along each trajectory, and we used every 12th
endpoint in the clustering procedure. HYSPLIT excluded four tra-
jectories due to insufficient (<240 h) endpoint data. In total, 3655
trajectories were included and eight distinct clusters were identi-
fied. To merge the hourly observations with the every-fourth-hour
trajectories, we averaged the hourly measurements within two
hours before and after each trajectory start time.
Fig. 1. 5th percentile (green circles), median (blue diamonds), and 95th percentile (red
triangles) springtime O3 mixing ratios at MBO from 2004 to 2013, with associated
linear regressions. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
2.3. Additional CO observations

We obtained monthly-averaged CO flask measurements for
AprileMay 2004e2012 from the NOAA Earth System Research
Laboratory (ESRL) Global Monitoring Division (GMD) carbon cycle
surface flask sampling network (Novelli and Masarie, 2013). We
selected three sites to represent the North Pacific region: Shemya,
AK (SHM; 55.21N, 162.72W, 21 m asl), Sand Island, Midway (MID;
28.21N, 177.38W, 11 m asl), and Mauna Loa, HI (MLO; 19.54N,
155.58W, 3397 m asl).
We also obtained ascending mode total column CO and CO
mixing ratios at 618 hPa from the Atmospheric Infrared Sounder
(AIRS) onboard the Aqua satellite (airs.jpl.nasa.gov). We used
monthly mean CO values for AprileMay 2004e2012 in the region
surrounding MBO (42e45�N, 124e121�W) to compute springtime
CO trends.
2.4. Statistical methods

We calculated trends by linear regression with a one-way
ANOVA. We calculated annual percent changes by dividing the
slope of the linear regression by the intercept. We report slopes
with 95% confidence intervals and refer to trends as statistically
significant for p < 0.05.
3. Results

3.1. Springtime O3 and CO trends

From 2004 to 2013, median springtime O3 increased signifi-
cantly by 0.76 ± 0.61 ppbv yr�1 (1.7 ± 1.4% yr�1; r2 ¼ 0.51, p ¼ 0.02;
Fig. 1). Mean O3 similarly increased by 0.73 ± 0.54 ppbv yr�1

(1.6 ± 1.2% yr�1, r2 ¼ 0.54, p ¼ 0.01). The 95th percentile increased
by 0.87 ± 0.73 ppbv yr�1 (1.5 ± 1.2% yr�1; r2 ¼ 0.49, p¼ 0.02), while
the 5th percentile did not have a significant linear trend (Fig. 1).

In contrast, median springtime CO significantly decreased from
2004 to 2013 by �3.1 ± 2.4 ppbv yr�1 (�1.9 ± 1.4% yr�1, r2 ¼ 0.54,
p ¼ 0.02; Fig. 2). Mean CO also decreased by �3.2 ± 2.9 ppbv yr�1

(�1.9 ± 1.8% yr�1, r2 ¼ 0.44, p ¼ 0.04). The 5th and 95th percentiles
showed decreasing tendencies but trends were not significant
(Fig. 2).
3.2. HYSPLIT cluster analysis

3.2.1. Cluster characterization
Fig. 3 displays the mean back-trajectory path and altitude for

each HYSPLIT cluster. These mean paths represent hundreds of
trajectories in most cases (Table SI-1). The increasing uncertainty in
each trajectory with distance from the starting location (Kahl and
Samson, 1986) and the overall representativeness of back-
trajectory clusters (Moody et al., 1998) have been established;
thus, the mean paths actually represent a broad swath indicating
the likely transport direction and altitude. These suggested path-
ways are, however, useful for categorizing the long-term transport
regimes at MBO.

http://airs.jpl.nasa.gov


Fig. 2. 5th percentile (green circles), median (blue diamonds), and 95th percentile (red
triangles) springtime CO mixing ratios at MBO from 2004 to 2013, with associated
linear regressions. (For interpretation of the references to color in this figure legend,
the reader is referred to the web version of this article.)
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Clusters 2, 3, and 5 represent high-altitude trans-Pacific trans-
port in the free troposphere from regions of East Asia, with Cluster 2
displaying the fastest long-range transport (Fig. 3). Clusters 1 and 6
represent transport from the North Pacific, with Cluster 6 depicting
slower flow at a lower altitude. Clusters 1, 2, and 3 have the highest
O3 and COmixing ratios (Table SI-1). The meanwater vapor content
in these three clusters is <3.28 g/kg (Table SI-1), which for MBO in
spring suggests predominantly free tropospheric air (Ambrose et al.,
2011). Clusters 4 and 7 represent relatively low-altitude flow over
the Pacific, with mean WV contents >4 g/kg demonstrating a
possible marine boundary layer influence (Table SI-1). Cluster 7 has
the lowest mean, 5th and 95th percentile O3 and CO (Table SI-1).
Cluster 8 contains the fewest number of trajectories (n ¼ 83) and is
the most unique in its transport direction.
Fig. 3. Locations of the Mt. Bachelor Observatory (MBO; magenta triangle) and NOAA carb
(MLO) (light blue triangles), with mean air mass back-trajectories (map) and mean trajec
references to color in this figure legend, the reader is referred to the web version of this a
3.2.2. O3 and CO trends within HYSPLIT clusters
Shifts in atmospheric circulation on inter-annual to decadal time

scales can influence surface concentrations (Lin et al., 2014);
however, when considering the number of trajectories assigned to
each cluster from 2004 to 2013 we did not observe significant
trends in the number of trajectories assigned to any cluster.
Therefore, springtime O3 and CO trends could not be attributed to
more or less frequent transport from any of the identified source
regions.

Tables 1 and 2 display the O3 and CO trends within Clusters 1e7.
Trends were not computed for Cluster 8 because no trajectories
were assigned to it in 2004, 2007, or 2010. Clusters 2, 3, and 5 have
significant positive trends in median O3 of 0.91 ± 0.79, 1.0 ± 0.76,
and 0.91 ± 0.69 ppbv yr�1, respectively (1.8% yr�1 to 2.2% yr�1).
Cluster 3 also has a positive trend in the 5th percentile
(1.0 ± 0.92 ppbv yr�1), while Clusters 3, 4, and 5 have positive
trends in the 95th percentile (0.93 ± 0.89, 1.9 ± 1.5, and
1.3 ± 1.2 ppbv yr�1, respectively).

Springtime CO shows negative trends within every cluster, but
not all are statistically significant (Table 2). Clusters 1, 3, 5, and 6
have significant declines in median CO
of �5.4 ± 3.1 ppbv yr�1, �3.9 ± 3.4 ppbv yr�1, �2.8 ± 2.7 ppbv yr�1,
and �2.4 ± 2.2 ppbv yr�1, respectively (�1.5% yr�1 to �2.9% yr�1).
Clusters 1 and 6 also have negative trends in the 5th percentile
(�3.3 ± 3.1 ppbv yr�1 and �3.0 ± 2.1 ppbv yr�1).

4. Discussion

A recent analysis estimated that 13 years of consistent obser-
vations would be needed to detect an O3 trend at MBO with 95%
confidence; however, that estimate assumed a 1% yr�1 O3 increase
(Fischer et al., 2011). Using 10 years of consistent springtime
on cycle surface flask sites Shemya (SHM), Sand Island Midway (MID), and Mauna Loa
tory heights (m agl; lower panel) for each HYSPLIT cluster. (For interpretation of the
rticle.)



Table 1
Linear regression statistics for springtime O3 within HYSPLIT Clusters 1e7. Trends for Cluster 8 were not computed because no trajectories were assigned to it in 2004, 2007, or
2010. Bold values indicate p < 0.05.

O3 Mean Median 5th percentile 95th percentile

Cluster # m (ppbv/yr) b (ppbv) r2 p m (ppbv/yr) b (ppbv) r2 p m (ppbv/yr) b (ppbv) r2 p m (ppbv/yr) b (ppbv) r2 p

1 0.36 48.8 0.10 0.37 0.39 47.5 0.15 0.28 �0.25 42.1 0.05 0.52 1.10 59.7 0.21 0.18
2 0.84 50.2 0.44 0.04 0.91 49.1 0.47 0.03 0.92 36.2 0.34 0.08 0.93 65.1 0.17 0.24
3 0.93 47.9 0.70 0.00 1.02 47.2 0.54 0.02 1.00 32.8 0.44 0.04 0.93 62.7 0.42 0.04
4 0.78 42.7 0.31 0.10 0.71 43.3 0.23 0.16 �0.01 32.0 0.00 0.99 1.93 52.3 0.54 0.02
5 0.86 43.5 0.49 0.02 0.91 43.4 0.54 0.02 0.02 32.1 0.00 0.98 1.33 54.8 0.46 0.03
6 0.59 45.2 0.27 0.13 0.52 45.4 0.19 0.20 0.68 32.5 0.23 0.16 0.90 56.6 0.32 0.09
7 0.53 41.2 0.14 0.29 0.79 40.2 0.24 0.15 �0.22 29.2 0.02 0.68 N/A N/A N/A N/A
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measurements, we observed a faster rate of increase in median
springtime O3 and a significant negative trend in median CO, both
with 95% confidence. We examine these trends with respect to
emissions estimates and other reported long-term trends to iden-
tify possible causes for increasing O3 and decreasing CO at MBO.
4.1. O3

The positive trend in median springtime O3 at MBO is consistent
with recent observations of increasing O3 in the western U.S. re-
ported by Cooper et al. (2010, 2012). They examined O3 mixing
ratios above western North America (3e8 km ASL) in AprileMay
1995e2008 and 1995e2011 and identified significant trends in
median O3 of 0.63 ± 0.34 ppbv yr�1 and 0.41 ± 0.27 ppbv yr�1,
respectively. The 95th percentile O3 also increased from 1995 to
2011 (0.63 ± 0.66 ppbv yr�1; p ¼ 0.06) but was not significant
(p < 0.05) (Cooper et al., 2010, 2012). The overall increase in
springtime free tropospheric O3 from 1995 to 2011 was 6.5 ppbv in
the western U.S. (Cooper et al., 2012), whereas springtime O3 at
MBO increased by 7.6 ppbv from 2004 to 2013.

Ozone trends have also been reported at rural U.S. surface sites.
From 1987 to 2004, deseasonalized monthly-mean O3 increased at
seven western U.S. sites by 0.19e0.51 ppbv yr�1 (Jaffe and Ray,
2007). From 1990 to 2010, 50% of western U.S. surface sites
showed significant increases in median springtime (defined as
MarcheAprileMay) O3 while no site had a significant decrease, and
25% of sites had significant increases in the 95th percentile (Cooper
et al., 2012). In contrast, 41% of eastern U.S. sites saw a decrease in
95th percentile springtime O3, while in summer 66%, 20%, and 83%,
of sites had significant decreases in the median, 5th percentile, and
95th percentile, respectively, suggesting the impact of U.S. emis-
sions controls (Cooper et al., 2012).

Springtime trans-Pacific O3 transport from Asia to North
America is well-documented (Jaffe et al., 2003; Liang et al., 2004;
Price et al., 2004; Zhang et al., 2008; Lin et al., 2012b), and
increasing emissions of O3 precursors in East Asia have been sug-
gested as a possible explanation for rising springtime O3 concen-
trations in the western U.S. (Cooper et al., 2010, 2012; Parrish et al.,
2012). In China, anthropogenic NOx emissions have approximately
doubled in the past two decades (Granier et al., 2010; Mijling et al.,
2013; Zhao et al., 2013). Although NOx emissions in Japan and Korea
have declined recently due to local environmental policies and
economic downturns (Mijling et al., 2013), NOx emissions from
China contribute to tropospheric columnNO2 in these locations and
have seemingly influenced an increase in springtime surface O3 in
South Korea (Lee et al., 2014). Similarly, while O3 production in the
eastern U.S. and in parts of Europe is generally decreasing (or the
rate of increase is slowing) due to local anthropogenic NOx emis-
sions reductions, increasing East Asian NOx emissions have likely
resulted in an increase in western U.S. baseline O3 (Cooper et al.,
2010, 2012; Parrish et al., 2012).
Ozone mixing ratios at MBO, like other parts of the western U.S.,
can also be affected by the UT/LS. Using the GEOS-Chem model,
Jaegl�e et al. (2003) calculated that the UT/LS provides 28% of O3 to
the 0e6 km column over the Pacific. Lin et al. (2012a) calculated
using the AMS3 model that 36% of surface O3 at high elevation sites
in the western US is from the UT/LS. Episodic transport events can
also significantly enhance O3 mixing ratios both at high-elevation
sites like MBO in the western U.S. (Ambrose et al., 2011; Lin et al.,
2012a) and at lower elevation sites (Lefohn et al., 2011). Changes
in the 95th percentile O3 (Fig. 1) may reflect variability in the fre-
quency of these UT/LS episodes. Ambrose et al. (2011) examined
free tropospheric high-O3 events (8-h average > 70 ppbv) at MBO.
Of 18 classifiable events identified between MarcheSeptember
2004e2009, 44% were associated with downward mixing from the
UT/LS, 22% with ALRT, and 33% with a combination of UT/LS and
ALRT (Ambrose et al., 2011). Therefore, while UT/LS episodes in-
fluence springtime O3 at MBO, they are likely too infrequent to
drive the 10-year positive trend in springtime O3. Cooper et al.
(2010) also did not identify a trend in stratospheric intrusion fre-
quency from 1995 to 2008 in the western U.S. free troposphere and
isolating these episodes from long-term datasets did not change
the overall trends, demonstrating that stratospheric O3 was not a
likely cause for observed increases in western U.S. O3.

In our HYSPLIT cluster analysis, we identified positive trends in
median O3 only within Clusters 2, 3, and 5, demonstrating that
increasing springtime O3 at MBO was most associated with rapid,
high-altitude, trans-Pacific transport. These transport patterns
together with reported trends in O3 precursor emissions in East
Asia support the hypothesis that increasing East Asian emissions
and trans-Pacific transport have likely influenced western U.S. free
tropospheric O3 over the past decade.
4.2. CO

To verify and better understand the negative CO trend at MBO,
we examined NOAA surface flask measurements at SHM, MID, and
MLO (Figs. 3 and 4). All three sites showed significant negative
trends in mean springtime CO from 2004 to 2012
(�2.8 ± 1.8 ppbv yr�1 (SHM); �2.6 ± 1.8 ppbv yr�1 (MID);
�2.9 ± 2.6 ppbv yr�1 (MLO)). These trends, ranging from �2.4
to �1.7% yr�1, are remarkably similar to the mean CO trend at MBO
from 2004 to 2013 (�3.2 ± 2.9 ppbv yr�1; �1.9% yr�1), suggesting
that the decline also applies broadly to the North Pacific region. A
negative trend in Northern Hemisphere CO was previously
observed in surface flasks from 1991 to 2001 (�0.92 ±
0.15 ppb yr�1), a trend which was larger (�1.5 ppb yr�1) when
excluding 1997e1998 measurements that were highly influenced
by wildfire emissions, and the overall decline was attributed to
anthropogenic emissions reductions (Novelli et al., 2003).

Observations from the Aqua-AIRS instrument showed that
springtime CO mixing ratios at 618 hPa near MBO decreased



Table 2
Linear regression statistics for springtime COwithin HYSPLIT Clusters 1e7. Trends for Cluster 8 were not computed because no trajectories were assigned to it in 2004, 2007, or
2010. Bold values indicate p < 0.05.

CO Mean Median 5th percentile 95th percentile

Cluster # m (ppbv/yr) b (ppbv) r2 p m (ppbv/yr) b (ppbv) r2 p m (ppbv/yr) b (ppbv) r2 p m (ppbv/yr) b (ppbv) r2 p

1 ¡4.4 176 0.61 0.01 ¡5.4 182 0.66 0.00 ¡3.3 145 0.44 0.04 �2.9 189 0.30 0.10
2 �3.4 172 0.31 0.09 �3.6 173 0.33 0.08 �2.3 136 0.20 0.20 �4.0 199 0.20 0.19
3 ¡3.6 172 0.43 0.04 ¡3.9 174 0.47 0.03 �2.4 135 0.16 0.25 �6.5 217 0.34 0.08
4 �3.7 163 0.39 0.05 �3.6 163 0.39 0.05 �4.5 139 0.34 0.08 �2.8 183 0.21 0.18
5 �2.9 162 0.36 0.07 ¡2.8 162 0.43 0.04 �3.4 130 0.32 0.09 �2.8 191 0.18 0.23
6 ¡2.9 163 0.49 0.02 ¡2.4 158 0.45 0.03 ¡3.0 141 0.57 0.01 �3.7 191 0.37 0.06
7 �2.6 148 0.25 0.14 �2.2 144 0.17 0.24 �2.9 126 0.19 0.21 N/A N/A N/A N/A
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by �2.1 ± 1.2 ppbv yr�1 from 2004 to 2012, while total column CO
decreased by �1.1 ± 0.7% yr�1. Worden et al. (2013) similarly re-
ported negative trends in Northern Hemisphere CO using daytime
satellite column measurements for all seasons from thermal-
infrared channels (sensitivity in middle to lower troposphere)
with seasonal variations removed by a 12-month running average.
For 8-year (12/2003e11/2011) and 11-year (12/2000e11/2011)
periods, MOPITT satellite observations suggested significant de-
clines in column CO of �1.23 ± 0.73% yr�1 and �0.92 ± 0.51% yr�1,
respectively (Worden et al., 2013). Springtime CO trends at MBO
and the surface flask sites appear slightly larger than the satellite
observations; however, they are comparable within reported un-
certainties. Worden et al. (2013) also reported negative trends over
eastern China of �1.0% yr�1 from 12/2003 to 11/2011 using AIRS
retrievals and �1.6% yr�1 from 12/2000 to 11/2011 using MOPITT
retrievals; however, given the low sensitivity of these retrievals to
surface concentrations, the reported trends may not reflect trends
in Asian CO emissions.

Global anthropogenic CO emissions decreased slightly from
1990 until 2000e2005, although there is large variability among
different inventories and across regions (Granier et al., 2011). From
2000 to 2010, U.S. and European CO emissions declined by
approximately �3% yr�1 while emissions in China and India
increased by approximately 1.5% yr�1 and 3% yr�1, respectively
(Worden et al., 2013). However, Tohjima et al. (2013) recently
suggested that these bottom-up CO emissions inventories under-
estimate total CO emissions from China by approximately 40% in
part because they consider only primary CO emissions, while top-
down estimates also reflect secondary CO production from non-
methane VOC oxidation (Tohjima et al., 2013). Tohjima et al.
(2013) estimated that total CO output (primary emissions and
secondary oxidation products) from China increased from 1998/
1999 to 2004/2005, then decreased after 2008/2009. The stabili-
zation and recent decline may be related to improved combustion
Fig. 4. Springtime mean CO mixing ratios at MBO for 2004e2013, and at NOAA surface
flask sites for 2004e2012, with associated linear regressions.
efficiency from pollution reduction measures implemented for the
2008 Olympic Games (Tohjima et al., 2013). Using annual emissions
estimates from 2003/2004 to 2009/2010 (Table 1 in Tohjima et al.
(2013)), a linear regression suggests Chinese CO emissions
declined by �2.3% yr�1 (r2 ¼ 0.56, p ¼ 0.05).

If we take the analysis of Tohjima et al. (2013) to be more
representative of Chinese CO emissions, these recent declines
combined with reductions in European and North American
emissions could partially explain the negative CO trend at MBO.
HYSPLIT cluster analysis showed that decreasing CO at MBO was
most associated with transport over the North Pacific and Siberia
(Clusters 1 and 6). However, negative trends in median CO within
Clusters 3 and 5 suggest that springtime CO associated with
transport from East Asia may also be decreasing. These results point
to a combination of decreasing emissions from North America and
Europe broadly influencing CO in the northern mid-latitudes, as
well as recent declines in total CO output from China affecting
springtime CO at MBO.

We note that the median, 5th and 95th percentile CO in 2010
and the 95th percentiles in 2005 and 2012 were elevated relative to
linear trends (Fig. 2). During spring 2010 exceptional Asian dust
events associated with stable trans-Pacific transport strongly
impacted western North America (Uno et al., 2011) and likely
influenced CO mixing ratios at MBO. Springtime CO at MBO is also
influenced by episodic boreal biomass burning. Increased biomass
burning in spring or during summer/fall of the previous year can
cause perturbations in CO relative to the long-term mean (Novelli
et al., 2003). Intense biomass burning in Southeast Asia from
winter 2004 through spring 2005 resulted in enhanced CO at MBO
during April 2005 (Reidmiller et al., 2009a). Daily dry matter con-
sumption (Tg/day) data from the Global Fire Assimilation System
(Andela et al., 2013) suggests that biomass burning in Northern Asia
was also moderately enhanced in spring 2012, which may have
similarly influenced the 95th percentile CO at MBO.

We also acknowledge the complex relationship between O3
precursor and CO emissions and the chemistry that occurs during
atmospheric transport. For example, OH is the primary sink for CO,
CH4, and VOCs, while it is also a secondary product of O3 photolysis
(Novelli et al., 2003; Parrish et al., 2012). It is plausible that with
increasing O3 precursor emissions in Asia, atmospheric O3 in the
western U.S. would increase, while higher O3 could lead tomore OH
production and consequently lower CO. Using the median spring-
time O3 and CO trends at MBO, we approximate the net effect on
North Pacific OH. We first assume that CO is the primary sink for
OH. We then consider that O3 photolysis produces O1d, which re-
acts with H2O to produce 2OH. We estimate the change in OH to be
a factor of twomultiplied by the change in O3 divided by the change
in CO. This amounts to a ~40% increase in North Pacific springtime
OH over the 10-year period. If we assume CH4 to be an equally
important sink for OH, then the result is a ~20% increase in
springtime OH. This simplified estimate does not consider other OH
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sinks (e.g. NO2, other hydrocarbons), but given the known reaction
rates for OH with CO and CH4, and considering our understanding
of the composition of the remote North Pacific atmosphere, this
may be a reasonable approximation.
5. Conclusions

We presented 10 years of springtime O3 and CO measurements
at MBO and identified the long-term trends. From 2004 to 2013,
springtime median O3 significantly increased while median CO
significantly decreased. Analysis of the transport patterns associ-
ated with these trends suggests a dominant influence of ALRT on
increasing springtime O3. Decreasing springtime CO appears most
associated with transport from the North Pacific where atmo-
spheric CO is likely influenced by reductions in North American and
European CO emissions. Additional declines were associated with
East Asian transport that may be related to recent reductions in
total CO output from China. The trends are consistent with others in
the literature and suggest that East Asian emissions likely impact
springtime western U.S. air quality. Future reductions in anthro-
pogenic emissions in East Asia may therefore influence springtime
surface O3 in thewestern U.S., while domestic emissions reductions
remain critical for reducing O3 across the U.S. (Reidmiller et al.,
2009b; Dentener et al., 2010). Continued long-term monitoring at
sites like MBO will allow for further investigating the impact of
domestic and intercontinental emissions and atmospheric trans-
port on seasonal variability in O3, CO, and other pollutants.
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