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Abstract As part of the Uinta Basin Winter Ozone Study, January–February 2013, we conducted 937
tethered balloon-borne ozone vertical and temperature profiles from three sites in the Uinta Basin, Utah
(UB). Emissions from oil and gas operations combined with snow cover were favorable for producing high
ozone-mixing ratios in the surface layer during stagnant and cold-pool episodes. The highly resolved profiles
documented the development of approximately week-long ozone production episodes building from
regional backgrounds of ~40 ppbv to>165 ppbv within a shallow cold pool up to 200m in depth. Beginning
in midmorning, ozone-mixing ratios increased uniformly through the cold pool layer at rates of 5–12 ppbv/h.
During ozone events, there was a strong diurnal cycle with each succeeding day accumulating 4–8 ppbv
greater than the previous day. The top of the elevated ozone production layer was nearly uniform in altitude
across the UB independent of topography. Above the ozone production layer, mixing ratios decreased with
height to ~ 400mabove ground level where they approached regional background levels. Rapid clean-out of
ozone-rich air occurred within a day when frontal systems brought in fresh air. Solar heating and basin
topography led to a diurnal flow pattern in which daytime upslope winds distributed ozone precursors and
ozone in the Basin. NOx-rich plumes from a coal-fired power plant in the eastern sector of the Basin did not
appear to mix down into the cold pool during this field study.

1. Introduction

Recent observations have shown that high levels of photochemically produced surface ozone can occur in
remote midlatitude locations during the winter in oil and gas production regions [Schnell et al., 2009;
Oltmans et al., 2014; Edwards et al., 2014; Lyman and Tran, 2015]. The circumstances under which this winter-
time ozone phenomenon has been observed include topographically constrained basins, snow-covered
ground, strong and shallow temperature inversions, shallow boundary layers, and ozone precursor emissions
from oil and gas extraction activities. The Upper Green River Basin in SEWyoming and the Uintah Basin (UB) in
NE Utah have exceeded the U.S. 2008 National Ambient Air Quality Standard (NAAQS) for ozone in multiple
recentwinters [Oltmans et al., 2014]. A number ofwinter research studies havebeen carriedout in bothof these
locations [Utah DEQ, 2016;Wyoming DEQ, 2016]. Measurements presented here are from the 2013 Uinta Basin
Winter Ozone Study [Stoeckenius and McNally, 2014], a multiagency, multi-institution study that took place
under meteorological conditions that fostered significant surface ozone formation [Oltmans et al., 2014].

A previous study from 2012, in the Uinta Basin (UB) [Lyman and Shorthill, 2013] under snow-free winter con-
ditions, found that while significant hydrocarbon emissions associated with oil and natural gas production
were measured [Karion et al., 2013], including ozone precursor volatile organic compounds (VOCs) [Helmig
et al., 2014; Warneke et al., 2014], this alone was not sufficient to produce elevated levels of ozone
[Edwards et al., 2013] in the absence of snow cover and strong near-surface temperature inversions. Unlike
2012, the winter of 2013 was marked by significant snow cover throughout the UB [Oltmans et al., 2014].

In 2013, with a stable vertical air temperature structure [Neemann et al., 2015], surface emissions were
trapped in a shallow boundary layer leading to high ambient levels of VOCs and nitrogen oxides (NOx)
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[Helmig et al., 2014]. The high surface albedo from the snow greatly enhances reflected upwelling solar
radiation which accelerates photolytic ozone production.

A chemical boxmodeling study [Edwards et al., 2014] suggested that substantial ozone production in the UB is
facilitated under low reactive nitrogen oxide concentrations and high VOC concentrationswhere photolysis of
carbonyl species produced by VOC oxidation played a dominant role in radical production.

Accurate modeling of cold-pool-like stagnant weather conditions and photochemistry in the UB poses sev-
eral challenges [Baker et al., 2011]. First, it is hard for meteorological models to simulate extremely stagnant
weather conditions with very shallow daytime boundary layers and low wind speeds that last for several
days. Second, traditional air quality models have been developed to simulate summertime ozone
[Ahmadov et al., 2015]. Third, the emissions of ozone precursors for the oil and natural gas sector in the
inventory for the UB may not well represent actual emissions based on top-down estimates [Karion et al.,
2013; Ahmadov et al., 2015].

These challenges were partly addressed by Ahmadov et al. [2015] using the state-of-the-art meteorology-
chemistry Weather Research and Forecasting model coupled to Chemistry (WRF-Chem) to investigate photo-
chemistry in the basin. They also estimated the emissions of ozone precursors from the oil and natural gas
sector in the UB using NOAA's in situ measurements at the Horse Pool field site and total top-down methane
emission estimate by Karion et al. [2013]. The modeling results suggested that the major factors driving high
wintertime O3 in the UB are the accumulation of O3 precursors in shallow boundary layers with light winds,
the NOx to VOC emission ratios from oil and natural gas operations, and the enhancement of photolysis fluxes
and reduction of O3 loss from deposition due to snow cover.

During the field work periods of January–March 2012 and 2013 natural gas production in the UB was nearly
identical at ~2.5 trillion m3. Oil production from 1 January to 31 March 2013 was ~18% greater (~5.8 million
barrels) than in 2012 [Utah Oil and Gas Program, 2015].

Themain goals of the tethersonde research in the 2013 study were to (1) document the vertical and temporal
distribution of the wintertime ozone production process, including the daily ozone growth rate, with high-
resolution time/height measurements; (2) investigate the influence of surface wind patterns on ozone distri-
bution in the UB; and (3) determine whether NOx emissions from the Bonanza power plant, located in the
southeastern quadrant of the UB, are contributing precursors to the cold-pool surface layer during elevated
ozone events.

2. Methods
2.1. Setting the Stage: Topography of the Uinta Basin Affecting Winter Ozone Formation

Figure 1a presents the locations of active oil (red dots) and natural gas (blue dots) wells in the UB along with
sites mentioned in the paper. The UB (Figure1b) is ringed by mountains, some in excess of 2100meter above
sea level (m asl). The lowest elevation in the basin is 1555masl in the Green River valley in the SSW of the
basin. The boundary between the purple and turquoise contours in Figure 1b is at 1650masl which, as will
be shown below, was the approximate altitude at the top of the cold-pool ozone production layer in winter
2013. As such, some of the oil wells in the western portion of the basin are in this transition zone between the
ozone production layer and lower ozone air above. Figure 1 shows that ~50% (~5000 km2) of the area of the
UB is below the 1650m contour, which essentially encompasses the core wintertime ozone production zone
observed during the 2013 campaign.

2.2. Ozone Measurements

During the winter of 2013, ozone data were collected using four complementary ozone measurement sys-
tems: (1) free-flying ozonesondes, (2) tethered balloon-borne combinations of radiosondes and ozone-
sondes profiling from the surface to above the boundary layer (up to 500meter above ground level
(m agl)) and back to the surface at three locations, (3) surface-based stationary ozone monitoring sites
reporting data to the U.S. Environmental Protection Agency (EPA), and (4) ozonesondes mounted on vehicles
driven in the UB. The data collected and processed in this project are freely available (Uinta Basin Ozone
Project, see ftp://aftp.cmdl.noaa.gov/data/ozwv/Ozonesonde/Field%20Projects/Uintah/UINTAH%202013/)
on a NOAA website/ftp server and at (http://www2.epa.gov/aqs).
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2.2.1. Ozonesondes
Supporting information Table S1 lists the specifications for the ozonesonde and surface ozone instruments
used in 2012 and 2013. The ozonesonde measurement precision was ± (3–5)% with accuracy of ± (5–10%)
up to 30 km altitude, based on environmental chamber simulation tests [Smit et al., 2007] and a field
ozonesonde campaign [Johnson et al., 2008]. The ozonesondes were interfaced with iMet radiosondes,
which measure and transmit ambient pressure, temperature, relative humidity, and GPS altitude, latitude,
and longitude along with the ozone data.
2.2.2. Tethered Ozonesondes (Tethersondes)
The NOAA ozonesonde tether system used at Ouray and Fantasy Canyon is a custom-made device based on a
motorized deep-sea fishing rod and reel with a 50 pound line (Figure S1 in the supporting information). The
design includes communication software, and data loggers operated form a laptop computer to continu-
ously monitor the radiosonde pressure, allowing control of the ascent and descent rates. Ozone, temperature,

Figure 1. Uinta Basin oil and gas wells and topography maps. (a) Uinta Basin tethersonde locations (Ouray, Horse Pool, and
Fantasy Canyon) along with surface ozone monitoring locations. Gas well locations are shown as blue dots and oil well
locations as red dots. (b) Topography in the Uinta Basin. The boundary between the purple and turquoise color corre-
sponds to the 1650m asl elevation contour, which was the average top of the cold-pool layer ozone production zone
during the 30 January to 8 February ozone production event.
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and humidity are radioed to the surface in real time along with GPS altitude, latitude, and longitude of the
instrument package. Wind direction (but not speed) was derived from the balloon heading provided by
the GPS. A normal ascent and descent profile pair was completed once per hour to heights of up to 325magl
(above ground level). At Horse Pool, the group from the Institute of Arctic and Alpine Research (INSTAAR),
University of Colorado, operated an analogous tethersonde system with a larger winch system capable of
operating ozonesondes to 500magl.

The ozonesondes were conditioned and prepared according to NOAA Global Monitoring Division standard
operating procedures, and at Ouray compared for 3min prior to and following each profile to a NIST-
standardized Thermo Environmental (TEI Model 49C) UV surface ozone monitor operated continuously at
the site. For Fantasy Canyon, each sonde was compared prior to and subsequent to the day's operation with
the same Ouray-based ozone monitor. Comparison of ozone-mixing ratios measured by the tethered ozone-
sondes and the Ouray TEI showed an R2 of 0.9959 (Figure S2).

Ozone-mixing ratio and temperature profiles were measured between 24 January and 7 February 2013 at the
Ouray Wildlife Refuge (hereafter Ouray) and at Fantasy Canyon by NOAA, and at Horse Pool by INSTAAR from
25 January to 19 February 2013. During the campaign altogether 937 vertical profiles of ozone, temperature,
relative humidity, and wind direction were obtained.
2.2.3. Surface Ozone and NO Measurements at Fixed Locations
Continuous measurements of surface ozone-mixing ratios were obtained by NOAA at the Ouray tethersonde
site with a TEI UV absorption ozonemonitor. At Horse Pool, surface ozone data were obtained by the INSTAAR
group using a TEI 49i ozone monitor. This report also uses hourly average surface ozone data from the EPA,
National Park Service, and other ozone monitoring stations equipped with either Teledyne API 400E or TEI
Model 49 ozone monitors. These data are available from the EPA Air Quality System (AQS) site. The NOAA
and INSTAAR monitors were calibrated against a NIST traceable standard prior and subsequent to deploy-
ment and have an accuracy of ± 1 ppbv, and a precision of better than ± 3% (Table S1). The EPA/AQS sites
follow their own quality assurance protocols specified by the EPA. NO data were also obtained from the
EPA AQS site. These data were primarily used to show differences between locations distributed across
the basin.
2.2.4. Vehicle Mounted Mobile Ozonesonde Measurements
Each day of the study period ozone was measured with sondes mounted in the window openings of vehicles
driving through the basin at highway speeds passing within 2 km of the Red Wash and Blue Feather ozone
monitors. In 16 drive-by comparisons, the 10 s average mobile ozone measurements were on average
0.75 ppbv (standard deviation of 2.8 ppbv) lower than the hourly averaged Red Wash and Blue Feather
measurements. On 6 February 2013, ozone was measured on a drive up the south rim of the basin passing
through the top of the cold-pool temperature inversion and then back down into the ozone production layer.

2.3. Surface Wind Measurements

To further investigate the atmospheric conditions impacting the spatial and temporal distribution of surface
ozoneduring the campaign,weused hourly averagedmeteorological data collected fromeight EPAAQSmon-
itoring sites in the basin. At the sites, horizontalwind speed anddirectionweremeasured at the sameheight as
ozone. The wind data are displayed as wind roses in 22.5° sectors and divided into “day” (1000–1500MST) and
“night” (1600–0900 MST) time windows. The winds were composited for two episodes of high surface ozone-
mixing ratios, 20–26 January and 1–6 February 2013.

3. Results
3.1. Meteorology of the 2012 and 2013 Ozone Production Events in the Uinta Basin

During the 2012 winter study, there was relatively warm weather and an absence of snow cover. No cold-air
pooling events developedunder these conditions, as therewere no strongmultiday, near-surface temperature
inversions. During daytime in 2012, a 10 to 15 ppbv increase in surface ozone was observed, with daytime
maxima, typically in the 45 to 55 ppbv range [Lyman and Shorthill, 2013]. Nighttime ozone levels were 30 to
40 ppbv. The presence of persistent snow cover (Figure S3), as well as synoptic conditions that produced stag-
nation in the basin denotes the crucial difference in the meteorology controlling ozone formation in 2013.
The averaged morning and afternoon profiles measured at Ouray clearly depict the contrast between 2012
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and 2013 ozone production (Figure 2). In 2012, ozone increased by only a few ppbv from morning to after-
noon, and the increase in ozone was essentially constant with altitude up to 300magl. In 2013 at Ouray,
we measured ozone levels up to 160 ppbv near the surface in the afternoon on a number of occasions.

3.2. Surface Ozone

Hourly average surface ozone in various portions of the basin measured between 15 January and 15 February
2013 at eight sites (Table 1) is presented in Figure 3. The dots on the ozone concentration traces are the EPA
regulatory 8 h average ozone mixing ratios and the red horizontal line the level above which the sites were in
regulatory exceedance above the 2008 NAAQS for 8 h average ozone. A diurnal ozone cycle and ozone
buildup over time is in clear evidence with successive daytime values generally greater than those during
the previous day. Ozone-mixing ratios built up evenly over ~5000 km2 in the UB within the cold pool until
episodes concluded with sudden (as on 27 January) or more gradual (as on 7–10 February) drops in ozone.

Figure 2. Summary plot of 2012 and 2013 tethersonde-mixing ratios at Ouray. The average ozone-mixing ratios and
minimum and maximum measured at Ouray during morning (between sunrise and local noon, in blue) and afternoon
(noon to sunset, in red) for the 2012 (54 profiles) and 2013 (167 profiles).

Table 1. Uinta Basin Tethered Ozonesonde and Surface Site Locations, Number of Profiles Measured and Maximum Ozone-Mixing Ratios Measured in 2012
and 2013

Location Longitude (°W) Latitude (°N) Elevation (m) # of Tether Profiles/Dates [O3] 1 h Max Average (ppbv)a

2012 Tethersonde sites
Ouray (NOAA) 109.644 40.134 1430 42/6–27 Feb 54
Horse Pool 109.467 40.143 1569 68/ 7–26 Feb 59
Jensen 109.351 40.368 1454 33/6–28 Feb 47
Roosevelt 110.008 40.294 1587 8/16 Feb 51
2013 Tethersonde sites Total: 145
Ouray 109.644 40.134 1430 387/24 Jan to 7 Feb 167
Horse Pool 109.467 40.143 1569 203/24 Jan to 17 Feb 162
Fantasy Canyon 109.394 40.058 1470 132/31 Jan to 7 Feb 152
2013 Surface sites Total: 732
Ouray (NOAA) 109.644 40.134 1430 24 Jan to 15 Feb 141a

Ouray (EPA) 109.688 40.057 1464 15 Jan to 15 Feb 155
Blue Feather (NOAA) 109.484 40.025 1489 2 Feb to 15 Feb 133
Red Wash (EPA) 109.352 40.197 1689 15 Jan to 15 Feb 134
Vernal (UDAQ) 109.510 40.452 1606 15 Jan to 15 Feb 121
Dinosaur NM (NPS) 109.305 40.437 1463 15 Jan to 15 Feb 130
Horse Pool (INSTAAR) 109.467 40.143 1569 26 Jan to 15 Feb 146
White Rocks (EPA) 109.907 40.484 1893 22 Jan to 15 Feb 121
Myton (EPA) 110.183 40.217 1606 22 Jan to 15 Feb 126
Rangley (NPS) 108.762 40.087 1648 15 Jan to 15 Feb 120
Dragon Road 109.097 39.869 1879 15 Jan to 15 Feb 128

aTethersonde maximum ozone is a ten second average, surface sites maximum ozone is an hourly average
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Clean-out events occurred during frontal passages when fresh air from outside the basin flushed out the
ozone and ozone precursor-rich surface air (see Figure S4 and Neemann et al. [2015]).

The day-to-day buildup of the daytime maxima implies that the nightly ozone loss via chemical loss, surface
deposition, and mixing out of the boundary layer does not compensate for the daytime ozone production,
except at Vernal (1606meter above sea level (m asl), 60 km from the gas field) on the north side of the basin.
At Vernal (Figure 3b, green trace) nighttime surface ozone levels regularly dipped to lower levels (occasionally
to < 5 ppbv), much lower than observed at the other sites, even as overall daily maximum ozone-mixing
ratios continued to increase. The probable cause of this nighttime ozone titration with the high nocturnal

Figure 3. Surface hourly averaged ozone-mixing ratios across the Uinta Basin for (a) Horsepool, Ouray, Whiterocks, and
Rangely and (b) Enefit-Dragon Road, Vernal, Dinosaur, and Myton showing the diurnal variation, buildup, and subse-
quent clean-out during the period of tethersonde measurements. Dinosaur and Rangely in upriver locations are well
removed from the gas fields. Note the nighttime titration of ozone in the urban center of Vernal (green trace). The red
horizontal line indicates the 75 ppbv 2008 8 h average NAAQS for ozone and the circled dots the 8 h average for each day.
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NO concentrations observed in Vernal (purple trace) compared to the other sites around the basin (Figure 4).
This suggests NO titration of ozone was stronger at this site, possibly from vehicle traffic that continues
through the night in the Vernal industrial hub.

A basin-wide production/distribution of ozone is further supported by the elevated ozone observed (Figure 3)
at the edges of the basin, such as at Rangely, Colorado (elevation 1648masl), at the eastern extent of the basin
and in the north at Dinosaur National Monument (1463masl). Both locations are >50 km away from the gas
field. The ENEFIT/Dragon Road monitor on the southeastern flank of the basin recorded high ozone-mixing
ratios only on the last 2 days of the late January episode and 1 day near the end of the early February episode.
This ozonemonitor (1879masl) is onmost occasions at an elevation higher than the ~1650–1750magl top of
the ozone producing cold pool within the basin during this study period.

3.3. Mobile Surface Ozone Measurements

Ten second averaged data from a van drive through the basin on 6 February 2013 are presented in Figure 5
for surface ozone-mixing ratio and temperature (left axis) and surface elevation above sea level (right axis)
against time. Gaps in the data occur when the van was stopped, thus preventing adequate ventilation of
the ozone and temperature sensors. Ozone-mixing ratios were ~75 ppbv when leaving Vernal (location 1)
at ~1300 MST, rising to 115 ppbv in the Green River valley (location 2, ~1450masl), decreasing to 90 ppbv
near the Red Wash EPA ozone station (location 3), where the elevation of the road was high enough
(1720masl) such that the van was in the transition zone near the top of the inversion layer. When the eleva-
tion of the road decreased again, the ozone-mixing ratio increased to 143 ppbv just prior to 1500 MST in a
valley (elevation 1495masl) between locations 4 and 5 in Figure 5.

Ozone peaked again at 143 ppbv (just past location 7) at 1600masl as the van began an ascent up the south
wall of the basin at which point ozone began to steadily decrease as temperature (~�4.8°C at that location)
steadily increased with elevation. At ~1985masl, at location 8 (just before 1700 MST), ozone-mixing ratios
were in the 50 ppbv range indicating the van was above the temperature inversion. The temperature at loca-
tion 8 was ~ +2°C, an increase of ~7°C over an elevation gain of 385m, whereas ozone decreased by ~93 ppbv
over the same elevation change.

The temperature and ozone patterns essentially repeated in reverse on the descent. It is interesting to note
that the ozone-mixing ratio of ~ 100–105 ppbv (location 3), in the northern portion of the basin at 1700masl,
was about the same as at 1700masl on the southern slope of the basin (between locations 7 and 8) separated

Figure 4. NO concentrations measured at six sites around the Uintah Basin during three ozone production episodes. Note
the high nighttime NO concentrations measured at Vernal, and elevated but relatively lower concentrations at Ouray.
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by 50 km and ~3 h. This supports other observations presented in this paper that the top of the elevated
ozone production layer is near the same altitude across the basin, independent of surface topography.
These data reinforce the observation that the cold pool is a local phenomenon, which isolates the basin from
the outside and traps local emissions leading to the production and accumulation of surface ozone as
presented earlier. Plots from other drives are available at Uinta Basin Mobile Measurements [2016].

3.4. Ozone Vertical Structure from Tethersonde Data

Tethersonde profiles of ozone and potential temperature (10 s averages) for the 26 January to 6 February
event measured at Ouray, Fantasy Canyon, and Horse Pool for near coincident times are presented in
Figure 6. The profiles are afternoon soundings when ozone had built up to near peak mixing ratios for the
day. On 26 January (Figure 6a) elevated ozone-mixing ratios extended to an altitude of ~1650masl, which
coincides with the top of the cold pool. On 30 January (Figure 6c) there was a cold, near isothermal
temperature layer (~ �11.5°C) between the surface and 1600masl, above which temperatures were 5°C

Figure 5. Ozone and temperature on a transect up the south slope of the Uinta Basin. Surface ozone and temperature
plotted against altitude over time on a drive beginning in Vernal through the eastern portion of the Uinta Basin and up
the south rim of the Uinta Basin through the top of a temperature inversion at ~1700m asl on 6 February 2013. Note how
ozone decreases with height between points 7 and 8 while temperature increases within the inversion transition zone.
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warmer. Two days later, on 1 February, (Figure 6e) the top of the cold pool remained at ~ 1600masl. All
three tethersonde sites had ozone-mixing ratios of 85–100 ppbv on 1 February within the cold pool,
gradually decreasing to 50–70 ppbv, and 100–150m above the top of the cold pool.

Daily ozone-mixing ratios continued to increase (Figures 6f and 6g) over the next 5 days with peak ozone
attaining 147 ppbv on 6 February (Figure 6h) at Ouray. On 6 February, an ozone transition layer extended
to ~1700masl. A striking feature in all the profiles is the uniform altitude of the top of the cold layer at each
of the three sites indicating that the top of the layer was relatively uniform (as opposed to terrain following)
over the portion of the basin encompassed by the tethersonde sites. Data in Figure 6 (green profiles) show

Figure 6. Coincident ozone and temperature profiles from three dispersed locations. (a–h) Profiles measured at Fantasy Canyon (FC, blue), Ouray (OU, red), and
Horse Pool (HP, green) on selected days between 26 January and 6 February. Times are mountain standard time (MST).
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that at Horse Pool (1569masl) the elevated ozone layer varied from 50m to 100m deep, while at Ouray
(1430masl) the elevated ozone layer was ~200m deep. The height of a typical oil or gas drilling rig used
in the UB is 50m. As such, a rig drilling near Horse Pool would, on occasion, poke through the top of the
ozone-rich, cold-pool layer. As was shown in Figure 5, it was possible to drive up a highway on the south
rim of the basin to well above the cold-pool ozone layer.

At Horse Pool, the tethersonde profiles began near sunrise which was ~0730 MST. These early-morning pro-
files can be compared with the earliest profiles at the other two tethersonde sites that normally began mea-
surements about 1 to 2 h later. Based on the comparison with early-morning Horse Pool soundings, the ozone
buildup at Ouray and Fantasy Canyon did not begin until about the time of the initial soundings at these sites,
which was 0830–0930 MST with the peak generally occurring at all three sites between 1400 and 1500 MST.
3.4.1. Ouray Ozone Profile Cross Sections
At the Ouray and Fantasy Canyon sites, on average, four tethersonde ozone profiles per hour were obtained
over an 8 h period (~32 per day). This allowed for high time/height resolution of the ozone production pro-
cess as presented in Figure 7 for Ouray on selected days between 26 January and 6 February 2013. In
Figure 7a it may be observed that in the early morning of 26 January ozone-mixing ratios were ~100 ppbv
in a shallow layer near the surface and built up continually into the midafternoon through the lowest
150magl, reaching 160 ppbv between 1500 and 1600 MST. This elevated ozone episode was followed by
a basin clean-out that lasted to 30 January.

Following the clean-out, late in the afternoon on 30 January (Figure 7c), a buildup of ozonewas beginning in a
layer up to ~1650masl with ozone-mixing ratios attaining 75–80 ppbv between 1600 and 1700 MST. On sub-
sequent days (Figures 7d and 7e) ozone-mixing ratios continued to increase reaching>160 ppbvbetween 300
and1500,MST 6 February. Oneach succeedingday during theozonebuildup, early-morningozone concentra-
tions were generally higher than on the previous morning and showed a fairly uniform development of the
ozone-rich layer within the cold pool beneath the temperature inversion. In the early evening of 6 February
air with lower ozone-mixing ratios (70–80 ppbv) began moving into the basin from the west.

Figure S5 illustrates details of the ozone development from selected individual ozone profiles through the
day on 6 February 2013 above Ouray. From the ~100 ppbv ozone-mixing ratio at 1009 MST (red profiles)
ozone built up through the day to >165 ppbv by 1350 MST in the afternoon. Mixing ratios subsequently
decreased rapidly (blue profiles), starting at higher altitudes as the ozone-rich air was replaced by low ozone
air as a frontal system began to enter the basin (Figure S4).
3.4.2. Horse Pool Ozone Profile Cross Sections
At Horse Pool, tethersonde profiles were obtained from 25 January to 18 February 2013 with late night and
early-morning soundings that allowed for the production of a continuous cross section with limited interpo-
lation over periods of no data encompassing three high ozone episodes (Figure 8). While the basic features of
each episode exhibit strong buildup of ozone followed by a rapid flushing, each episode had unique charac-
teristics. The first episode beginning on ~18 January (from surface data) and ending on 28 January had the
longest period of sustained high ozone-mixing ratios of the three episodes shown in Figure 8.

The second ozone event in the first week of February occurred in a shallower boundary layer than the prior
event in late January. The clean-out of this event occurred over several days. In these two episodes the upper
boundary of the highest ozone-mixing ratios was generally at ~1700–1750masl. However, the layer above
~1750masl was quite variable in both depth and steepness of the gradient from the enhanced ozone layer
up to regional background levels in the free troposphere.

The Horse Pool tethersonde data occasionally indicate segments of low ozone at heights of 1750–2000masl
as outlined with black boxes in Figure 8. We attribute these observations to occasions when the tethersonde
intersected the Bonanza power plant plume. Within the plume, elevated SO2 interferes with the chemistry of
the ozone sensors, causing them to register artificially low ozone levels [Schenkel and Broder, 1982], and NO
titration within the plume also produces low ozone-mixing ratios [Luria et al., 1999, 2003]. The lack of night
soundings at Ouray and Fantasy Canyon did not allow plotting a similar cross section for either of these sites.

3.5. Free-Flying Ozonesonde Profiles

Two standard balloon release ozonesondes were launched from Ouray during ozone events on 25 January at
1708 MST and on 7 February at 1440 MST (Figure 9). These profiles provide additional evidence of a boundary
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layer origin for the high ozone-mixing ratios as the near-surface, elevated mixing ratios are confined to the
lowest 200masl. Throughout the troposphere, the mixing ratios were in the range 50–60 ppbv (free-tropo-
sphere regional background). Only when the balloons entered the stratosphere did ozone-mixing ratios
exceed those measured near the surface.

3.6. Surface Winds Distributing Ozone Precursors and Ozone Across the Basin

The wind pattern at Whiterocks on the northern slope of the Basin and at Rangely on the east slope is pre-
sented in Figure 10. Data for stations on the other slopes of the Basin during the high ozone production
events of 22–26 January and 1–7 February 2013 are provided in Figure S6. The locations of the stations were
presented in Figure 1, and Table 1 gives their coordinates and elevations. The wind patterns observed in the
basin conform to those expected from daytime upslope movement of air from daytime heating and night-
time cool air drainage toward lower elevations [Whiteman et al., 1989; Lehner et al., 2011]. This first-order
study of UB winter winds shows that there is a diurnal process for moving ozone precursors and ozone from
the interior of the basin toward the edges during the day as presented earlier in Figure 3. This is further
supported by observations that upslope winds helped raise the hourly average ozone concentrations at
Dinosaur National Monument, located in a pristine valley 70 km from the center of the gas field, to 128 ppbv
on 26 January 2013 by 1400, and to 120 ppbv in Vernal, 60 km from the gas field at about the same time
(Figure 3b).

Figure 7. Ozone-mixing ratio cross sections through an ozone production event. A sequence of ozone-mixing ratio (ppbv)
time-height cross sections for the period 26 January to 6 February 2013 from the tethersonde profile measurements at
Ouray. (a–f) Data from 350 separate profiles are represented. The clean-out on 29 January and the intense ozone produc-
tion on 6 February are standout features.
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3.7. Ozone Production and Destruction Rates at Ouray and Fantasy Canyon

The daily buildup of ozone in theUB, as a function of altitude, was quantified using the sequence of ozone pro-
files throughout the day at Ouray and Fantasy Canyon. Ozonemeasuredwithin a 5mband in profiles centered
on 50, 100, 150, 200, and 250mwas averaged to obtain a value for that level and plotted against the time the
sondepassed through the center of the respective levels as presented forOuray in Figure 11. Theozone-mixing
ratios from the colocated continuous ozone monitor are plotted in green at the 2m level, the height of the
sample inlet.

The average growth rates for all days at Ouray and Fantasy Canyon are presented in Table 2. As in
Figure 11 for Ouray, the continuous surface ozone measured at the surface and the corresponding ozone-
sonde mixing ratios measured at the same 2magl level at Ouray and Fantasy Canyon on all days were in
excellent agreement. On 6 February at Ouray, the ozone growth exceeded 11.2 ppbv/h at all heights up to

Figure 9. Free-flying ozonesonde profiles at Ouray on 25 January and 7 February. In these profiles, high photochemical
ozone-mixing ratios are confined to the lowest 200m agl capped by a sharp temperature inversion. Throughout the tro-
posphere the mixing ratios were in the range 50–60 ppb that is normal for this latitude and time of year. Only when the
balloons entered the stratosphere did ozone-mixing ratios exceed those measured in the lower 200m agl.

Figure 8. Horse Pool tethersonde ozone contour plot for 25 January to 18 February 2013. Time-height cross section of
ozone-mixing ratios at Horse Pool showing three ozone production events and two intervening clean-outs. Occasions
with depleted ozone boxed in purple are caused by SO2 interference and NO titration of ozone when the tethersonde is in
the Bonanza power plant plume.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025130

SCHNELL ET AL. WINTERTIME GAS FIELD OZONE PRODUCTION 11,049



200magl and attained a peak of 13.0 ppbv/h in the 50 and 100m layers. At Fantasy Canyon on 6 February,
the growth rate was 11.1 ppbv/h or greater at all heights and reached 13.2 ppbv/h at the 100m height
(Table 2).

To calculate the overnight ozone loss rate, the ozone-mixing ratio at the beginning of the subsequent day
was subtracted from the peak of the prior day and divided by the intervening hours. For consistency in cal-
culating the ozone decrease rates, data for the 250 and 200m levels were excluded as those levels were often
influenced by lower ozone air from above as the depth of the cold pool decreased in the evening. The hourly
averaged ozone loss rates are presented in Table 3. Ozone-mixing ratios decreased relatively uniformly
through the cold-pool layer ranging between �2.5 and �0.8 ppbv/h at Ouray and �2.7 ppbv and
�1.0 ppbv/h at Fantasy Canyon. The diurnal cycle observed at the surface monitoring sites (Figure 3) was
essentially present throughout the cold-pool layer.

Figure 10. Wind roses for ozone measurement sites around the edge of the Uinta Basin. Wind roses for day (1000–1500
MST) and night (1600–0900 MST) showing persistent daytime upslope and nighttime downslope winds during the
22–26 January and 1–6 February ozone production events in all four cardinal-direction slopes in the Uinta Basin.
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3.8. NOx in the Bonanza Power Plant Plume Related to the Cold Pool

The coal-fired Bonanza power plant located in the eastern portion of the basin released close to 700 short
tons of NOx in January and 1200 tons in February 2013 [Bonanza NOx Releases, 2013]. This NOx would be
an ozone precursor if it was entering the cold pool. The top of the exhaust stack of the power plant is at
1716masl (~150magl), and the exhaust plume generally rose an additional two to three stack heights
(Figure S7) before usually leveling off at 1900–2200masl, except on 14–15 February when the base of
the plume appeared to be at 1750masl near midnight as seen in Figure 8, where the plumes are identi-
fied by the purple colored plumes outlined in the dark bordered boxes.

Representative ozone profiles from Horse Pool tethersondes downwind of the power plant that passed
through the plume on 2 and 14 February (Figure 12) show plume heights to be centered at ~1900 and
~1850masl, respectively. On 2 February within the cold pool (1620m and below), ozone-mixing ratios were
up to ~110 ppbv and 60 ppbv in the free troposphere above the plume. On 14 February, ozone peaked at just
less than 120 ppbv at 1600masl in the cold pool and was 60 ppbv above the plume.

Figure 11. Ozone growth rates at Ouray determined from the slope of the best fit to the measurements between
1000 and 1400 MST. Ozone-mixing ratios at Ouray plotted at 50m height intervals from 2m above the surface to
250m for each profile for each day. Ozone-mixing ratios from the surface monitor at Ouray are plotted in green at the
2m level.
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4. Discussion and Conclusions

The contrastingUBwintertime ozone production between 2012 (none) and 2013 (large)was controlledmainly
by snowcover and theassociateddevelopmentof apersistent coldpool toppedbya strong temperature inver-
sion. The 2013 snow cover and meteorological conditions in the UB mirror conditions that produced winter-
time ozone production were first observed in the Upper Green River Basin, Wyoming [Schnell et al., 2009].
Other studies [Karion et al., 2013; Helmig et al., 2014; Warneke et al., 2014] show that the main source of the
ozone precursors in the Uintah Basin is related to natural gas operations.

The day-to-day buildup of the nighttime minimum ozone values and daytime maxima during an ozone pro-
duction event implies that the nightly ozone loss does not compensate for the daytime production. Ozone
production on a given day is built on the previous day's ozone concentration until an episode concluded with
the sudden (as on 27 January) or more gradual (as on 7–10 February) scouring of the basin by transport of
cleaner air into the basin.

The net rate of daytime ozone production during the events was somewhat variable but generally in the range
of 5–11 ppbv/h throughout the cold pool (Table 2). Peak hourly ozone production of 13.2 ppbv/h was mea-
sured at Fantasy Canyon on 6 February. Ozone loses during the night were generally in the 1–2 ppbv/h range
at heights between 2 and 150m (Table 3). In the City of Vernal (Figures 3 and 4), the nighttime ozone decrease
wasmuchgreater thanat anyother surfaceozonesite. Thisnighttimedecreasewasprobablydue toozone titra-
tion by NO emissions from vehicle exhaust owing to 24 h per day heavy vehicle traffic serving the oil and gas
industry. The tethersonde ozone and temperature measurements (Figures 4, 6, and 8) and a vehicle transect

Table 3. Hourly Average Ozone Loss Rates at the Surface (2m) and in 50m Vertical Segments at Ouray and Fantasy
Canyon, 1 January to 6 February 2013a

Level (m) 1/31 to 2/1 2/1-2/2 2/2-2/3 2/3-2/4 2/4-2/5 2/5-2/6

Ouray Loss Rates (ppbv/h)
2 m �2.5 �1.7 �2.4 �2.1 �0.9 �1.6
50m �2.5 �1.8 �2.2 �2.1 �0.8 �1.6
100m �2.3 �2.0 �1.6 �1.8 �0.9 �1.4
150m �2.0 �1.8 �1.3 �1.4 �0.8 �1.2

Fantasy Canyon Loss Rates (ppbv/h)
2 m �2.4 �2.6 �2.1 �2.3 �1.8 �1.8
50m �2.3 �2.1 �1.5 �2.7 �1.6 �1.8
100m �2.4 �2.0 �1.0 �1.9 �1.7 �1.2
150m �1.7 �2.3 �1.2 �2.8 �2.0 �1.8

aBetween 40 and 70 data points were averaged for each growth rate value presented in the table.

Table 2. Tethersonde Hourly Average Ozone Growth Rates at the Surface (2m) and in 50m Vertical Segments at Ouray
and Fantasy Canyon, 31 January to 6 February 2013a

Level (m) 1/31/2013 2/1/2013 2/2/2013 2/3/2013 2/4/2013 2/5/2013 2/6/2013

Ouray Growth Rates (ppbv/h)
2 6.0 8.3 4.4 6.1 7.0 9.2 11.2
50 4.0 7.7 4.5 5.9 6.5 9.2 13.0
100 3.8 7.3 4.3 4.9 6.1 8.9 13.0
150 3.6 7.3 5.7 1.9 4.1 8.7 12.6
200 2.9 2.6 5.8 -0.9 3.0 6.8 11.9
250 1.8 5.2 4.5 0.5 3.8 2.1 N/A

Fantasy Canyon Growth Rates (ppbv/h)
2 9.0 9.0 6.9 7.4 7.6 9.3 11.6
50 8.6 8.2 6.6 7.2 6.8 8.7 11.6
100 10.3 7.1 6.5 1.7 6.2 10.7 13.2
150 3.3 6.2 6.8 0.8 4.0 7.6 11.3
200 3.8 6.9 7.7 2.4 2.2 12.0 11.1
250 2.0 3.7 8.8 3.1 4.1 7.7 N/A

aBetween 40 and 70 data points were averaged for each growth rate value presented in the table.
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up the south side of the basin (Figure 5) confirm that the cold pool did not extend high enough to spill over the
basin rims, but did spread up the White River valley to Rangely, CO (elevation 1648masl) and north into the
Dinosaur National Monument. The elevated ozone was periodically flushed out of the basin with the passage
of frontal systems bringing low ozone air into the basin as shown in Figures 3 and 6–8 (see also Figure S4).

The sequence of ozone profiles from three locations in the basin (Figure 6), the ozone time/height cross
sections (Figures 7 and 8), and ozone-mixing ratios at fixed altitudes (Figure 11) all show that ozone pro-
duction during daytime occurs generally uniformly throughout the vertical extent of the cold-pool layer.
This occurs both near the beginning of an episode when the early-morning mixing ratios are relatively
low, for instance, on 30 January (~40 ppbv) and at the peak of an episode such as on 6 February when
early-morning mixing ratios were ~100 ppbv. Within the cold pool, most daytime temperature profiles were
near isothermal, with temperatures below 0°C and generally no more than 1–2°C warmer at the surface,
but up to 8–10°C warmer above the top of the cold pool, as seen for the 30 January to 6 February event
(Figure 6).

The top of the cold pools in the 1650–1750masl range was at heights well below the rim of the UB (Figure 1)
such that the oil and gas operation effluents and the resulting photochemically produced ozone were gen-
erally constrained in a relatively shallow layer within the approximate central 50% of the basin (Figure 1b).
Based upon the hundreds of tethersonde profiles and mobile van observations, the top of the cold-pool
ozone production layer was observed to be essentially level in altitude across the basin. The upper boundary
height of the cold pool was independent of the underlying surface elevations and river valleys.

Horizontal surface wind speed and direction measurements throughout the basin show that air moves
toward the basin edges as a result of daytime heating on the basin slopes (Figures 10 and S6). When heat-
ing is absent (nighttime), cooling temperatures produce downslope drainage directed toward the lower
portions of the basin. These diurnal winds occasionally mix ozone precursors and ozone to the outer
reaches of the basin in a pattern documented for similar topographically confined settings [Whiteman
et al., 1989; Lehner et al., 2011]. This accounts for the occasional elevated ozone concentrations on the
outskirts of the basin.

The tethersonde penetrations of the Bonanza power plant plume (Figures 8 and 12) show that the efflu-
ents from the smoke stack are released above the top of the cold pool during the period of the ozone
production events described above; therefore, NOx in the warmer air of the power plant plumes does
not mix down through the temperature inversion into the much colder cold-pool ozone production layer
below. These observations support the preponderance of data showing that the ozone precursors are
coming primarily from the oil and gas production operations within the basin and not from the
power plant.

Figure 12. Ozone profiles through the Bonanza power plant plume. Tethersonde ozone and temperature profiles on 2 and
14 February at Horse Pool. When the sondes intercepted the Bonanza power plant exhaust plume at 1900–1950m asl
and 1850–1900m asl on 2 and 14 February, respectively, they “indicated” low ozone values due to interference with SO2
and NO titration of ozone. Note the decrease in the near-surface ozone concentrations that occur late in the day when
ozone destruction processes are greater than ozone production.
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