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� O3 concentrations would contribute to NAAQS exceedances at most sites.
� Mid-level O3 concentrations contributed to the high values of the W126 metric.
� There were significant year-to-year O3 differences.
� O3 was persistent at night, particularly at higher elevations.
� O3 levels at high elevation sites suggested evidence of stratospheric intrusion.
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Ozone (O3) data are sparse for remote, non-urban mountain areas of the western U.S. Ozone was
monitored 2007e2011 at high elevation sites in national forests in Colorado and northeastern Utah using
a portable battery-powered O3 monitor. The data suggest that many of these remote locations already
have O3 concentrations that would contribute to exceedance of the current National Ambient Air Quality
Standard (NAAQS) for O3 and most could exceed a proposed more stringent secondary standard. There
were significant year-to-year differences in O3 concentration. Ozone was primarily in the mid-
concentration range, rarely exceeding 100 ppb or dropping below 30 ppb. The small diel changes in
concentration indicate mixing ratios of NOx, VOCs, and O3 that favor stable O3 concentrations. The large
number of mid-level O3 concentrations contributed to high W126 O3 values, the metric proposed as a
possible new secondary standard. Higher O3 concentrations in springtime and at night suggest that
stratospheric intrusion may be contributing to ambient O3 at these sites. Highest nighttime O3 con-
centrations occurred at the highest elevations, while daytime O3 concentrations did not have a rela-
tionship with elevation. These factors favor O3 concentrations at many of our remote locations that may
exceed the O3 NAAQS, and suggest that exceedances are likely to occur at other western rural locations.

Published by Elsevier Ltd.
1 The proposed final rule was withdrawn by the President in 2011 to allow time
1. Introduction

Ozone is the most widespread phytotoxic air pollutant, causing
injury to vegetation foliage and yield loss to crops and native
vegetation in the US and Europe (US EPA, 2006, 2013). Vegetation is
particularly sensitive to higher concentration levels of O3
(Musselman et al., 2006; US EPA, 2013). Ozone is taken up into
leaves through stomata and causes necrosis to plant tissue. The
mechanisms of O3 impact on plant tissue have been recently
reviewed (US EPA, 2013). Cumulative O3 exposure and leaf tissue
injury can result in reduced growth. Reductions in growth can
damage plants by reducing yield (Musselman et al., 2006). In
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addition, plants stressed from O3 injury are more susceptible to
damage from insects, diseases, and drought (US EPA, 2006, 2013).

The US EPA proposed (Federal Register January 19, 2010)
strengthening the primary National Ambient Air Quality Standard
(NAAQS) for O3 and introduced a new form of the secondary
standard (U.S. EPA, 2011). While the new primary and secondary
standards for O3 were proposed by the EPA, the Agency withdrew
its proposal in 2011.1 The proposed new primary O3 NAAQS,
designed to protect public health, was to change from 75 ppb to
for the current review to be completed (http://www.whitehouse.gov/the-press-
office/2011/09/02/statement-president-ozone-national-ambient-air-quality-
standards). For information on the proposed final rule for ozone before withdrawal
see: (http://www.epa.gov/air/ozonepollution/pdfs/201107_OMBdraft-OzoneRIA.
pdf). The new review is now completed (EPA 600/R-10/076F, February 2013) and
the new final rule should be released in 2014.
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70 ppb for the 3-year average of the 4th highest 8 h average con-
centration (U.S. EPA, 2011).

Scientific assessments have concluded that the primary NAAQS
based on an hourly average concentration are inadequate to protect
sensitive ecosystems (NRC, 2004). The EPA has indicated that a
strengthened primary standard for ozone will not adequately
protect sensitive tree species in higher elevation Western ecosys-
tems where little O3 data are available.2

The proposed new form of the secondary standard, which the
Agency is still considering as a possible recommendation during its
current review of the science, utilizes the W126, a peak-weighted
cumulative parameter (Lefohn and Runeckles, 1987). The param-
eter focuses on the higher O3 concentrations accumulated over a
growing season which result in injury and damage to plant tissue.
The W126 metric is calculated by weighting each hourly average
with a peak-weighting parameter and then summing 12 weighted
hourly values from 8 am to 8 pm each day, accumulating those daily
sums for each month, accumulating three consecutive months av-
erages, then averaging the highest annual three month averages
over three years. The new secondary standard proposed was a
W126 value that should not exceed 13 ppm-h (U.S. EPA, 2011).

Although the proposed new secondary standard recommended
only the use of the W126 parameter, research has consistently
shown that peak O3 concentrations are necessary to negatively
affect vegetation (Musselman et al., 2006). The W126 has been
recommended to be used in conjunction with the N100 to more
accurately assess vegetation sensitivity to O3 (Lefohn and Foley,
1992; Davis and Orendovici, 2006; Musselman et al., 2006; Kohut
et al., 2012).

Ozone is monitored primarily in urban areas and O3 monitoring
data are particularly sparse at rural, remote or high elevation sites.
Typically, O3 precursors are emitted from urban automotive and
industrial sources. Nitrogen oxide is involved in O3 titration and is
often low at rural sites downwind of the emission sources (U.S EPA,
2006). Ozone concentrations are often greater at rural sites
compared to urban locations (Logan, 1989). Ozone can be higher in
rural than urban areas in the late evening and early morning hours;
and vegetation at these sites may be sensitive to O3 because native
plants in natural ecosystems often have stomata partially open at
night (Musselman and Minnick, 2000), particularly in plants
exposed to O3 (Dumont et al., 2013). Plant leaf defenses may be
lower at night than during the day (Musselman et al., 2006; Heath
et al., 2009). Ozone damage to vegetation is well documented for
the eastern US and in California (US EPA, 2006, 2013) but little is
known about O3 concentrations or effects on vegetation at high-
elevation sites in the Intermountain West.

Federal Land Managers are mandated by the Clean Air Act to
protect Air Quality Related Values in Class I areas and most of these
areas are located at high elevation in the western U.S. However
information about ambient O3 concentrations at these remote lo-
cations is scarce. Some investigators have reported O3 may be
increasing in remote western U.S. areas (Jaffe and Ray, 2007), while
others have indicated that O3 has not experienced an increasing
trend in recent years (Lefohn et al., 2010). While IPCC models have
predicted that O3 will increase in the future (Vingarzan, 2004)more
recent models estimate O3 may decrease (Coleman et al., 2013).
Doherty et al. (2013) have shown that there is large variability in
the amount and location of modeled surface O3 changes and in-
creases are related to surface temperatures and NOx source
emissions.
2 Draft final Rule. National Ambient Air Quality Standard for Ozone (http://www.
epa.gov/airquality/ozonepollution/pdfs/201107_OMBdraft-OzoneNAAQSpreamble.
pdf).
Energy development often occurs in rural areas near national
forests and national parks and at times near Class I wilderness areas
protected from air pollutants by the US Clean Air Act. Oil and gas
development has been intense in the Southern Rocky Mountains
and episodic O3 exposures have been observed at some of these
locations (Schnell et al., 2009; Martin et al., 2012). Relatively
remote areas with extensive energy development such as Pinedale,
WY, the Uintah Basin of northeastern Utah, and the Pawnee Na-
tional Grassland in Colorado, have been shown to be non-
attainment for O3. The O3 levels are particularly high in these
areas in winter when mixing ratios, snow cover, and local in-
versions favor O3 formation and persistence.

Logan (1989) reported that O3 concentrations above 80 ppb are
unusual in the west, but provides data for only one year from three
western rural sites. The highest elevation of the three sites was
1350 m (Evans, 1985). Other studies have shown that O3 concen-
trations are often greater at higher elevations and downwind of
urban areas, a result of transport from urban areas and/or lack of
availability of NO for O3 titration (Brace and Peterson, 1998; Barna
et al., 2000; Evans et al., 1982; Logan, 1989; Wunderli and Gehrig,
1990; Aneja et al., 1991; Kley et al., 1994; Davies and Schuepbach,
1994; Peterson, 2000).

High-elevation remote sites in the western US may be exposed
to high O3 concentrations associated with stratospheric intrusions
(Lefohn et al., 2011; U.S. EPA, 2013; Lin et al., 2012) associated with
passage of a cutoff low pressure center causing tropospheric folding
(Wooldridge et al., 1997; Schuepbach et al., 1999). Enhancements to
surface O3 affected by stratospheric transport to the surface are
characterized by springtime occurrence, consistent mid- to high O3
concentrations for many hours including nighttime hours, and
occur more frequently at higher elevations where they are more
likely to reach the surface (Wooldridge et al., 1997; Lefohn et al.,
2011, 2012).

Several additional factors favor persistent O3 occurrence at high
elevation. 1) Higher rural O3 concentrations can occur from trans-
port downwind of urban areas. 2) Snow cover in high elevation
ecosystems limits amount of soil and plant surface area available
for degradation of O3. There is often little diel variation in ozone
concentration during winter at remote sites (Fehsenfeld et al., 1983;
Wooldridge et al., 1997; Zeller and Hehn, 1996). Diel patterns
indicate that O3 concentrations seldom approach zero at night in
remote areas (Logan, 1989; Wooldridge et al., 1997; Brodin et al.,
2010; Zeller, 2000). 3) Air chemistry has lower NOx precursors
that results in less O3 formation at remote western sites (Logan,
1989), but there are fewer NOx compounds at remote sites for
degradation of O3 once it forms favoring persistence of O3 at remote
locations. 4) Wildfires in remote areas may contribute to higher
ozone (Preisler et al., 2010; Bytnerowicz et al., 2013).

This study characterized ambient O3 from 2007 to 2011 at
remote sites in the Southern Rocky Mountains, and examined
whether concentrations at these sites would contribute to viola-
tions of current andmore stringent NAAQS.We discuss our findings
in context of how processes such as stratospheric intrusions and
rural background air chemistry might contribute to the current and
future primary and secondary O3 parameters used as metrics for
the NAAQS.

2. Methods

The US Forest Service Rocky Mountain Research Station has
monitored O3 at remote high elevation sites in Colorado and
northeastern Utah to determine O3 levels in sensitive ecosystems
near wilderness in national forests (Fig. 1 and Table 1). Because of
limited access, monitoring is generally not possible at these loca-
tions before mid-June, and they seldom have access to electric
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Fig. 1. Map of ozone monitoring sites in Colorado, NE Utah and SE Wyoming.

Table 1
Rural monitoring sites collecting ozone data used in this study, and number of years
with data. Rocky Mountain NP, Gothic, and Centennial are CASTNet sites.

Site name State County Longitude Latitude Elevation
(m)

Years of
data

Briggsdale CO Weld 40.651 �104.335 1491 1
Bell Ranch CO Garfield 39.490 �107.660 1785 2
Dutch John UT Daggett 40.923 �109.396 1994 2
Norwood CO San Miguel 38.130 �108.287 2137 1
Manitou Exp. Forest CO Teller 39.100 �105.094 2354 2
Wilson CO Garfield 39.489 �107.168 2357 4
SilteCollbran Pass CO Garfield 39.328 �107.671 2448 3
Little Mountain UT Uintah 40.538 �109.700 2621 2
Rocky Mountain NP CO Larimer 40.278 �105.545 2743 5
Flat Tops CO Garfield 39.774 �107.647 2869 3
Gothic CO Gunnison 38.956 �106.986 2926 5
Ripple Creek Pass CO Rio Blanco 40.085 �107.312 2929 3
McClure Pass CO Gunnison 39.110 �107.287 2933 2
Trout Creek Pass CO Chaffee 38.908 �105.991 3000 3
Grand Mesa CO Mesa 39.030 �108.225 3037 3
Kenosha Pass CO Park 39.411 �105.749 3110 5
Centennial WY Albany 41.364 �106.240 3178 5
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power or have facilities to house instrumentation. However, a few
of the monitoring sites were established at ski areas and mountain
passes that remain open year-round. Sites were located at least two
tree heights distant from the nearest tree to allow a good exposure
to the surrounding ambient air mass. Ogawa passive samplers
(Koutrakis et al., 1993) provided initial regional data on biweekly
average O3 concentrations to identify sites with high O3 loading
where the continuous monitors were subsequently deployed to
characterize hourly distributions.

A portable battery powered continuous O3 monitor (2B Tech-
nologies, Boulder, CO3) was utilized at remote monitoring sites. At
one site (Sunlight Mountain) where an electric powered temper-
ature controlled building was available, O3 was monitored with a
TECO Model 49. The portable monitors were easily transported to
remote areas and operated from a standard 12-V battery charged
by a 40-W solar panel. Analyzers were programmed to sample at
1-min intervals. All data were stored as 15-min averages on a data
logger (Campbell Scientific, Logan, UT) that also recorded air and
instrument temperature and battery power. The monitor, battery
and data logger were enclosed in a rainproof instrument shelter
mounted along with the solar panel between two fence posts
pounded into the ground about 80 cm apart. Sample inlets were
located 2 m above the ground surface. An O3 calibration source (2B
Technologies Model 306) was included in the housing at some
locations, programmed to conduct a calibration check at 0/200/
100/50 ppb once every 7 days. Those locations without the O3
source for automatic calibration were visited approximately
monthly for a manual on-site calibration check. Sample inlets at all
installations were protected by 0.5-mm PTFE particulate filters,
which were changed monthly. A few installations were insulated
to operate during winter, but most data were collected during the
summer months when sites were accessible. Installation details,
data reduction, calibration adjustment, and QA procedures are
further described in Korfmacher and Musselman (unpublished
manuscript).
3 The use of trade or firm names in this publication is for reader information and
does not imply endorsement by the U.S. Department of Agriculture of any product
or service.
When this study began the 2B portable O3 monitor was not an
EPA equivalency instrument, but it has now been listed by as a
Certified Equivalent Method at 10e40 �C (Federal Register April 27,
2010). The remote monitoring locations do not always adhere to
EPA Part 58 siting protocols, and temperatures at the remote
monitoring sites are at times below 10 �C; thus the data cannot be
used to certify compliance with the NAAQS. Nevertheless, the data
provide an indication of locations where existing or more stringent
standards might be exceeded.

Datawere adjusted via linear regression and interpolationwhen
calibration drift occurred. Most of the Colorado monitoring sites
were field audited on site by the Colorado Department of Public
Health and Environment e Air Resources Division. Data presented
are primarily from O3 monitoring only during the growing season,
sincemany of ourmonitoring sites could not be accessed during the
Sunlight Mountain CO Garfield 39.426 �107.380 3224 5
Eldora Ski Area CO Boulder 39.941 �106.612 3272 4
Ajax Mountain CO Pitkin 39.154 �106.821 3414 4
Geneva Basin CO Clear Creek 39.575 �105.730 3474 2
Goliath Peak CO Clear Creek 39.638 �105.596 3518 5
Mount Evans CO Clear Creek 39.587 �105.641 4308 2



Table 2
Significance of elevation and year on ozone parameters using mixed-effects repeated measures linear model analysis. Elevation and year shown in bold are significant at
a ¼ 0.05%.

Response Period Covariate Significance Response Month Covariate Significance Response Month Covariate Significance

Day W126 MayeJul Elevation 0.407 Day Mean O3 April Elevation 0.211 Day Max O3 April Elevation 0.308
Year 0.017 Year 0.028 Year <0.001

JuneAug Elevation 0.579 May Elevation 0.198 May Elevation 0.895
Year 0.011 Year 0.001 Year <0.001

JuleSep Elevation 0.811 June Elevation 0.742 June Elevation 0.089
Year 0.046 Year 0.001 Year 0.002

Night W126 MayeJul Elevation 0.002 July Elevation 0.124 July Elevation 0.140
Year 0.026 Year <0.001 Year 0.001

JuneAug Elevation <0.001 August Elevation 0.159 August Elevation 0.143
Year 0.010 Year 0.002 Year 0.015

JuleSep Elevation <0.001 September Elevation 0.009 September Elevation 0.693
Year 0.492 Year 0.098 Year 0.001

Total W126 MayeJul Elevation 0.093 Night Mean O3 April Elevation 0.020 Night Max O3 April Elevation 0.013
Year 0.019 Year 0.066 Year <0.001

JuneAug Elevation 0.005 May Elevation 0.005 May Elevation 0.143
Year 0.009 Year 0.003 Year 0.004

JuleSep Elevation 0.021 June Elevation 0.001 June Elevation 0.001
Year 0.254 Year <0.001 Year 0.002

% Night W126 MayeJul Elevation <0.001 July Elevation <0.001 July Elevation <0.001
Year 0.097 Year 0.002 Year 0.020

JuneAug Elevation <0.001 August Elevation <0.001 August Elevation <0.001
Year 0.366 Year 0.001 Year 0.256

JuleSep Elevation <0.001 September Elevation <0.001 September Elevation <0.001
Year 0.079 Year 0.009 Year 0.030
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winter. Data are also presented here from a few of the sites that are
accessible in winter and electric power and shelter are available.
We also include in our analysis TECO O3 monitor data from the
CASTNet Centennial (CNT169), Gothic (CTH161) and Rocky Moun-
tain National Park (ROM406) sites.

The 8-h average O3 values were calculated for the monitoring
sites and the data are presented for comparison to the current
75 ppb primary standard in effect since 2008 and the 70 ppb
proposed new primary standard. The W126 values were calcu-
lated according to the EPA proposed method (US EPA, 2012) and
are shown for each site using both the proposed standard 12-h
daytime and the 24-h total daily exposure window. Additional
data presented are the N60, N70, N80, N90, and N100 metrics,
where the Nxx is the number of hours of O3 � xx ppb. A mixed-
effects repeated measures linear model (SAS PROC GLIMMIX) was
run to determine the importance of year and elevation (fixed ef-
fects) and their interaction on O3 concentration parameters.
Analysis used restricted maximum likelihood as the estimation
method, the KenwardeRoger method for degrees of freedom
calculation, a compound-symmetry covariance matrix structure,
and TukeyeKramer adjustments for multiple LS means compari-
sons. Differences were considered significant at the 0.05 confi-
dence level.
Fig. 2. Ozone at two sites only 21 km apart, Front Range, Colorado. Dotted line indicates
elevation site.
3. Results and discussion

The data available show that more than 60% (14 of 23) of the
remote sites had O3 concentrations from 2007 to 2011 where the
4th highest 8-h average was �75 ppb and would contribute to
exceedance of the current primary NAAQS for O3; and more than
78% (18 of 23) had values that would contribute to exceedance of
the proposed more stringent primary O3 NAAQS of �70 ppb
(Supplementary Tables S1 and S2). Nine of the 11 sites with com-
plete datasets (90% completeness for 3 consecutive months for
three or more years) had a year with the 4th highest 8-h average
values above 75 ppb. The 8-h average concentrations were as high
as 101.5 ppb and eight sites had values above 80 ppb. Concentra-
tions of the 4th highest and the highest 8-h values were similar in
value, indicating consistency in O3 concentrations at these sites.

All seven sites with complete datasets and 69% of all sites (16 of
23) had at least one year with a three-month 12-h W126 value
greater than 13 ppm-h (Supplementary Tables S3 and S4),
contributing to exceedance of the proposed new secondary stan-
dard. The threemonth 12-hW126 values were as high as 25 ppm-h,
and the 24-h W126 values were as high as 52 ppm-h. Five of the
seven sites with complete datasets had three month 12-h W126
value of >21 ppm-h. The 24-h W126 values were twice as high as
current NAAQS ozone standard. Concentrations are consistently higher at the higher



Fig. 3. Rural sites with summer data showing seasonal 8-h average ozone concentration for 2009. Hatched lines indicate 70 and 75 ppb 8 h average.

Fig. 4. Rural sites with year-round data showing 8-h average ozone concentration for 2009. Hatched lines indicate 70 and 75 ppb 8 h average.
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Fig. 5. Rural sites with summer data showing seasonal 8-h average ozone concentration for 2011. Hatched lines indicate 70 and 75 ppb 8 h average.
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the 12-h values at some sites, particularly at the higher elevations, a
result of increased nighttime persistence of O3 at these sites
compared to lower elevation sites. Themixedmodel analyses found
that the nighttime W126 values were more related to elevation
than were the daytime values (Table 2 and Supplementary Fig. S1).

There were year-to-year differences in O3 concentration at each
site; O3 was generally lower in 2009 compared to 2011. Results of
the mixed-effects model analysis determined that year-to-year
differences were generally significant for nearly every O3 expo-
sure index (Table 2). Yearly differences were more evident in the
early and mid-season data and they were not significantly different
by September. The percent of O3 accumulated at night also showed
no significant year-to-year differences. Elevationwas significant for
most nighttime O3 parameters including night W126, % of W126
occurring at night, mean night O3, and max night O3. Elevation was
not significant for most daytime O3 parameters.

Stratospheric intrusion may have contributed to high O3 con-
centrations at some of the remote sites. Evidence at specific sites
supporting the importance of stratospheric inputs of O3 include: 1)
higher O3 concentrations at the higher elevation sites, 2) highest 8-
h averages at night, and 3) highest O3 values occurring during
springtime (AprileMay). Several recent studies have noted the
importance of stratospheric O3 affecting surface O3 (Lefohn et al.,
2012; Lin et al., 2012). Additional trajectory and meteorological
analyses beyond the scope of this study could provide evidence of a
stratospheric source of the ground level O3.

Only four sites (Kenosha Pass, Ajax, Goliath Peak, and Mount
Evans) had hourly O3 concentrations above N100 (Supplementary
Table S5). These sites were located at high elevation, and the
hourly peaks at Ajax were during April when the enhancements
may have been associated with stratospheric O3. Monitoring at
Goliath and Evans was limited to mid-summer and additional high
concentrations may have occurred earlier in the season. The lack of
a large number of high O3 concentrations and the high 24-h W126
values indicate that mid-level values were the primary contributor
to the W126 metric.

Most sites had higher O3 concentrations in 2011, a year with
higher summer temperatures and more wildfires. Ozone is often
higher when temperatures are higher, and investigators have re-
ported a relationship of O3 towildfires (Altshuller and Lefohn,1996;
Bytnerowicz et al., 2013). Kenosha Pass, Goliath Peak, and Mt Evans
(all above 3100 m elevation) had consistently high values for most
years and had 8-h average concentrations above 90 ppb
(Supplementary Tables S1 and S2). These sites are east of the con-
tinental divide and closer to the Front Range Denver urban area
(Fig. 1). Ajax, located on the slopes above the City of Aspen, CO, also
had high O3 values (Supplementary Table S1). The more remote
Grand Mesa and Ripple Creek Pass sites had consistently lower
values, but data were unavailable for both of these sites during
AprileMay when O3 values were relatively high at the other sites.
Ozone was often greater at higher elevation sites (Fig. 2), a result of
increasing nighttime accumulation with elevation.

Year-round and seasonal observations of O3 patterns indicate
consistencies demonstrated by data shown in Figs. 3e6 for 2009
and 2011. Most sites had an 8-h average value that exceeded 75 or
70 ppb (when springtime data were available), even in years where
O3 values were lower (2009 compared to 2011). Diel variation was
somewhat higher during the summer, but O3 concentrations
seldom dropped below 30 ppb indicating the lack of titration and
mixing ratios of NOx, VOCs, and O3 that favor persistence of O3.
Ozone peaks occurred throughout the spring and summer; and the
elevated spring-time values suggest a stratospheric source of O3.

Several of the monitoring sites (Bell Ranch, Wilson, Sunlight,
SilteColbran, Flat Tops, Ripple Creek Pass, and Briggsdale) are close
to or downwind from oil and gas development. All of these sites had
8-h O3 concentrations greater than 70 ppb (Supplementary
Tables S1 and S2). SilteCollbran had 12-h W126 values exceeding
22 ppb-h, and Briggsdale and Sunlight had 12-h W126 value above



Fig. 6. Rural sites with year-round data showing 8-h average ozone concentration for 2011. Hatched lines indicate 70 and 75 ppb 8 h average.

R.C. Musselman, J.L. Korfmacher / Atmospheric Environment 82 (2014) 383e390 389
13 ppb-h. Only one of these sites, Ripple Creek Pass where access
limited collection to summer-only data, had W126 values that did
not exceed 13 ppm-h.

Only one site with three years of data, Grand Mesa, did not have
O3 levels that would contribute to exceedance of the proposed
secondary NAAQS for O3 and data were limited for that site (Figs. 3
and 5 and Supplementary Table S4). The large number of mid-level
O3 concentrations contributed substantially to the higher W126
values, and few sites had high O3 values as indicated by the small
number of N100s (Supplementary Table S5).

O3 is a regional pollutant influenced by air patterns and is
generally consistent over large geographic areas with uniform
terrain. However the complex terrain and airflow patterns, the
large changes in elevation, and the point sources of precursors from
energy development might limit extrapolation beyond our moni-
toring sites in the Southern Rocky Mountains. Nevertheless, our
data suggest that exceedance of the NAAQS for O3 may occur in
many remote high elevation areas of the Southern Rocky Moun-
tains, and compliance with the current primary and proposed
secondary O3 standard may be difficult to achieve. The proposed
new rule called for additional O3 monitoring in rural areas. While
the exceedance of the NAAQS had been considered an urban
problem, our results indicate that exceedance of the current pri-
mary proposed more stringent primary and new secondary stan-
dard NAAQS may also be a problem in non-urban rural, high-
elevation, and remote areas.

Even though the number of areas with potential for exceeding
NAAQS is a concern, much of the O3 that contributed to the ex-
ceedance was not peak, but mid-level concentrations. The lack of
nighttime scavenging of O3 at remote high elevation sites allow for
the large number of mid-level concentration values that can be
accumulated into the summation of the W126 value, as evidenced
by the high 24-h and nighttime W126 values. Few sites had a large
number of high O3 values, as indicated by the small number of
N100s, suggesting that exceedance of the current primary and
proposed secondary O3 NAAQS would seem to be less likely to have
an impact on vegetation, particularly if they occur at nighttime. Yet
the persistence exposure of plants to mid-level O3 at night should
not be discounted, since stomata of many native plants are partially
open at night when detoxification potential is lower, and O3 can
delay stomatal closing allowing additional uptake. Plant energy is
expended to detoxify O3 or to produce additional antioxidants.
Even though this response may difficult to quantify there is
increased potential for tissue injury or plant damage and nighttime
O3 uptake should not be ignored for plants already growing under
stress at high elevation. Daytime O3 could be preferentially
weighted but nighttime O3 should also be included in a NAAQS
metric for O3.
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