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12ABSTRACT: Oil and natural gas production in the Western United States has 
grown rapidly in recent years, and with this industrial expansion, growing 
environmental concerns have arisen regarding impacts on water supplies and air 
quality. Recent studies have revealed highly enhanced atmospheric levels of volatile 
organic compounds (VOCs) from primary emissions in regions of heavy oil and gas 
development and associated rapid photochemical production of ozone during 
winter. Here, we present surface and vertical profile observations of VOC from the 
Uintah Basin Winter Ozone Studies conducted in January—February of 2012 and 
2013. These measurements identify highly elevated levels of atmospheric alkane 
hydrocarbons with enhanced rates of C2—C5 nonmethane hydrocarbon (NMHC) 
mean mole fractions during temperature inversion events in 2013 at 200—300 times 
above the regional and seasonal background. Elevated atmospheric NMHC mole 
fractions coincided with build-up of ambient 1-h ozone to levels exceeding 150 
ppbv (parts per billion by volume). The total annual mass flux of C2—C7 VOC was estimated at 194 ± 56 X 106 kg yr—1, 
equivalent to the annual VOC emissions of a fleet of ~100 million automobiles. Total annual fugitive emission of the aromatic 
compounds benzene and toluene, considered air toxics, were estimated at 1.6 ± 0.4 X 106 and 2.0 ± 0.5 X 106 kg yr—1, 
respectively. These observations reveal a strong causal link between oil and gas emissions, accumulation of air toxics, and 
significant production of ozone in the atmospheric surface layer.
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■ INTRODUCTION network of ozone monitoring stations have since shown a 
preponderance of high ozone conditions, with ozone levels 
exceeding the 8-h NAAQS at all stations located inside the 
Basin, and with the number of exceedences reaching up to 39 
days at individual monitoring stations (Ouray, winter of 2013), 
and 1- and 8-h ozone maxima in the Uintah Basin exceeding 
those reported for recent years for summertime values from the 
Los Angeles Basin.7 Here, we report findings from the 2012 and 
2013 Uintah Basin Winter Ozone Studies (UBWOS), which 
aimed at elucidating the causes for the wintertime ozone 
production events seen in this region.

Tropospheric ozone is a secondary air pollutant produced 
photochemically through complex reactions involving volatile 
organic compounds (VOCs) and nitrogen oxides (NOx).1 The 
current EPA National Ambient Air Quality Standard (NAAQS) 
for 8-h average ozone levels is 75 ppbv (parts per billion by 
volume, i.e., nmol mol-1). Levels above this threshold are 
considered to be harmful to human health, and high levels of 
ozone are known to cause respiratory distress and be 
responsible for an estimated 5000 premature deaths in the 
U.S. per year.2 Because of the photochemical nature of ozone 
production, tropospheric ozone pollution has traditionally been 
considered an urban, summertime phenomenon; thus, the 
discovery of rapid, photochemical ozone production during the 
winter months in 2008 in the Green River Basin of Wyoming 
was unexpected.3,4 Since that time, high wintertime ozone has 
also been discovered in the Uintah Basin in northeastern 
Utah.5,6 These two regions are similar in that they are both 
topographic basins, they are predominantly rural (Uintah 
County is home to ~30,000 people), and they are home to two 
of the highest producing oil and gas fields in the United States. 
Currently, the Uintah Basin has approximately 4300 oil and 
6900 gas producing wells in operation, with proposals in place 
for nearly 25,000 more.

Elevated ambient air ozone levels were first reported in the 
Uintah Basin in the winter of 2009/2010 at Ouray in the center 
of the Basin. Follow-up measurements from an expanding

■ METHOD DESCRIPTION

Experiments reported here were conducted at the Horse Pool 
site, at 40.14°N, 109.47°W, 1530 m asl. This site is on the 
northern edge of the most extensive gas field in the Basin, with 
~160 well pads surrounding the site within a 5 km radius 
(Figure 1). Continuous measurements of ozone, methane, and 
a suite of nonmethane hydrocarbons (NMHCs) were 
conducted from January 30 through February 26, 2012, and 
from January 25 through February 19, 2013, from sampling 
inlets located on a 2-m tower and on a tethered balloon. The
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Figure 1. Location of the Horse Pool study site in the Uintah Basin, in northeast Utah, USA, with reported oil (red) and gas (blue) producing wells 
and yellow markers showing wells under development (end of 2012). The Horse Pool site, shown by the yellow triangle in the inset, is located at the 
northern edge of the gas production area in the eastern part of the Basin. The five closest active wells were at approximate distances of 291, 311, 498, 
516, 567, and 621 m.

vertical profiling used a stationary 20-foot diameter Sky-Doc 
balloon for raising three long sampling lines that delivered air to 
monitors in a mobile laboratory near the balloon winch 
(Supporting Information, Figure 1). Each sampling line was 
made of thin-wall, black Teflon of 0.78 cm o.d., 0.64 cm i.d., 
and ~190 m length. Lines were thoroughly cleaned, 
conditioned with elevated ozone (24 h at 300 ppbv), and 
repeatedly tested for compound recoveries prior to and during 
the field campaign, with recoveries for all reported species of 
>95%. Sampling inlets were made of AcroDisc, 50 mm 
diameter glass fiber inlet filters (Pall Corporation, Port 
Washington, NY) and air was drawn through these lines 
continuously at ~4 L min-1 with individual monitors then 
pulling a fraction from this flow for the respective gas 
measurements inside the trailer. Inlets were attached to a 
secondary balloon tether line and raised with the SkyDoc to 
heights above ground of ~51, 102, and 153 m. Surface-level 
measurements were made by sampling from a fourth inlet at 2 
m above the ground from a tower ~12 m south of the trailer. 
All sampling line measurements were intercompared and 
corrected for small line and instrument biases (<5%) by once 
daily running all inlets side by side on the tower. Ozone 
measurements were conducted continuously from each line at 1 
min time resolution using a total of five UV absorption ozone 
monitors (one Thermo Environmental (TEI) Corp. Model 49i, 
one TEI Model 49, one Advanced Pollution Instrumentation 
Inc. (API) Model 400, and two MonitorLabs Model 8810). 
These monitors were calibrated against a reference transfer 
standard that was calibrated against a reference standard at the 
NOAA-Global Monitoring Division, Earth System Research 
Laboratory in Boulder, CO. Accuracy and precision of the 
ozone measurements are estimated at 1 ppbv (respectively 1% 
> 100 ppbv) and 0.5 ppbv for 1-min data, respectively. Other

gases were analyzed with one dedicated monitor by sequentially 
connecting the sampling flow path to one of the four inlet lines 
using valves and a manifold. Methane was measured at 3 min 
time resolution with a gas chromatograph (GC)—flame 
ionization detector (FID) Methane Analyzer (Baseline, 
Lyons, CO), which was calibrated using a 1.03 ppmv (parts 
per million by volume, i.e., y«mol mol-1) gravimetric standard 
(Scott-Marrin Inc., Riverside, CA). The uncertainty of the 
methane measurement was estimated at 0.8%, derived from the 
uncertainty in the standard (0.01%), and the measured mean 
precision of standard measurements (0.8%). NMHCs were 
analyzed in the sample stream by gas chromatography after 
directing the sample stream through a sodium thiosulfate- 
coated glass fiber filter for removal of ozone. A GC with a 
Peltier-cooled microadsorbent trap for sample prefocusing, 
followed by thermal desorption and temperature-programmed 
separation with FID, was operated at the site. This instrument 
is similar to the one described in Tanner et al. in 2006.8 It was 
configured for analysis of C2—C10 VOC with a sample collected 
every ~30 min over a 6-min sampling time. Quantified 
compounds were those listed in Table 1, which together 
made for >85% of the observed VOC peak area. Whole air 
samples were also collected over a ~ 2-min sampling time in 
programmable flask packages (PFP, Atmospheric Observing 
Systems, Boulder, CO) for later analysis on two different 
laboratory GCs with similar sample preconcentration techni­
ques, with one of the instruments equipped with an FID and 
the other one operating with a mass spectrometer and FID 
detector after splitting the column flow. The GC-FID 
instrument is of the same configuration as the one used in 
the Global VOC Monitoring Program.9 A series of five 
gravimetric and ambient air calibration standards were used 
for the GC response factor determination (see the Supporting

dx.doi.org/10.1021/es405046r I Environ. Sci. Technol. 2014, 48, 4707—47154708
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Figure 2. Time series data (top) and composite diurnal cycle of average hourly data (bottom) of methane and ozone measured at 2 m above the 
ground during the 2012 and 2013 experiments, with error bars indicating the 25-75 percentile range of the data in each hour bin.
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the NMHC quantification beyond the nominal calibration gas 
scale. Uncertainty in the VOC measurements is estimated at 
~5%, resulting from an on average 2-5% measurement 
precision error and ~2% uncertainty in the standard accuracy.

Regional NMHC background mole fractions were deter­
mined by extracting data for 40°N latitude from the 
representation of the global NMHC distribution (see the 
example for ethane in the Supporting Information, Figure 2) 
from data collected in the Global VOC Monitoring Program. 
From the 40°N seasonal cycle the data for the period of the 
experiment from 2006 to 2010 were averaged for comparison 
with the UBWOS results. Correlations between NMHCs and 
methane were determined by combining the 2012 and 2013 
surface data and determining the regression line slope using a 
bisquare-weighted least-squares analysis.

Table 1. Molar and Mass Ratios of NMHC/Methane from 
All Combined 2012 and 2013 Surface Measurements and 
Estimated Annual NMHC Flux

compound molar NMHC/CH4 mass NMHC/CH
ratio

annual 
fluxb 

106 kg yr

4
ratio

-1

ethane 
propane 
iso-butane 
n-butane 
iso-pentane 
n-pentane 
n-hexane 
benzene 
toluene
£ minor

NMHC
total

The ratios in column 2 reflect the correlation results as shown in the 
examples in Figure 4. bFlux estimate was derived by scaling the 
NMHQ/methane ratio to the 55 X 103 kg h-1 flux for Feb 3, 2012, 
reported by Karion et al. 21 and extrapolating to a full year assuming a 
constant flux. cNot individually quantified NMHCs were estimated to 
be ~15% of the sum of the listed species. See the Supporting 
Information, note 1.

0.063
0.031
0.0061
0.0089
0.0042
0.0032
0.0018
0.00058
0.00064

650.14
0.097
0.025
0.037
0.022
0.017
0.011
0.0032
0.0042
0.053

47 12
12
18
10

8.0
5.4
1.6
2.0

25
■ RESULTS AND DISCUSSION

0.40 194
The conditions in 2012 and 2013 were markedly different. The
2012 winter was unseasonably warm with no snow-cover. 
Under these conditions, daytime surface heating caused mixed 
boundary layer conditions breaking up nighttime surface 
inversions and diluting accumulated surface emissions. The
2013 winter had lower temperatures and persistent snow-cover, 
causing prolonged temperature inversion “cold-pool” events 
and accumulation of surface emissions over multiple days. More 
in depth discussion of boundary layer mixing will be presented 
in forthcoming publications.

Time series data and composite diurnal cycles for surface (2 
m) ozone and methane measurements from the 2012 and 2013 
studies are presented in Figure 2 (see the Supporting 
Information, Figure 3, for the composite diurnal ethane

a

Information for details of the standards). Our laboratory GC 
calibration scale has been cross-referenced against other 
national and international laboratories, including two audits 
by the World Calibration Centre for VOC,11 with VOC results 
meeting all quality objectives of the WMO-GAW.10 Increasing 
volume sample collections were conducted to affirm linearity of
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Figure 4. NMHC (ethane, propane, benzene, toluene) to methane relationship in all of the 2012 and 2013 surface data (for toluene 2013 only). The 
included regression line is the best fit through the combined 2012 and 2013 data, with regression slope results shown in the legend.

14,15results). In 2012, the mole fractions of both gases were highly 
variable, with methane showing highest values during night­
time, frequently building up to ~10 ppmv at night, and 
dropping to values in the 1.9-2.0 ppmv range during the 
middle of the day, These nighttime methane levels are 
exceptionally high, largely exceeding the ~1.9 ppmv methane 
background mole fraction.13 Similar enhancements in methane 
mole fractions have previously been reported from other oil and

gas producing areas.
~20 ppbv at night and showed rapid growth to ~40-50 ppbv 
after sunrise, reaching maximum values in the early afternoon. 
In 2013, both methane and ozone ambient air mole fractions 
were significantly higher than in 2012. Two distinct periods are 
evident during which ambient ozone exhibited strong build-up 
over 5-9 days (Jan 30-Feb 7, Feb 13-17) and reaching up to 
nearly 150 ppbv, coinciding with persistent surface temperature

Ozone dropped to minimum levels of

4710 dx.doi.org/10.1021/es405046r I Environ. Sci. Technol. 2014, 48, 4707-4715
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Figure 6. Box-whisker plots showing the vertical distribution of ethane and propane during both experiments (left) from all available tethered 
balloon data, with the 2-m data filtered for times when the balloon was up. Boxes outline the 25-75 percentile of the data, the vertical line inside the 
box the median, the dots the mean, and the whiskers the minimum and maximum values. The right panel shows the buildup of ethane with height 
and time during the Jan 31-Feb 9, 2013, ozone pollution event, with the circle size being proportional to the measured ethane mole fraction, and 
ozone measured from the 2-m tower inlet.

inversion events. Methane, likewise, showed accumulation in 
the surface layer during the inversion events; methane 
remained elevated during day and night and regularly exceeded 
10 ppmv. In 2013, 1-h ozone levels peaked above 140 ppbv on 
3 days during the campaign. The 8-h 75 ppbv NAAQS was 
exceeded during 340 h, representing 56% of the time during the 
2013 experiment. The intermittent drop in both methane and 
ozone during Feb 9-12, 2013, was caused by passage of a low- 
pressure system that broke up the capping inversion and 
brought in air from the west of the Uintah Basin over the 
Wasatch Range. A noteworthy feature in the 2013 data is the 
similarity in the multiday timing of the buildup of methane and 
ozone. Concentration changes of VOC mirrored those of 
methane (see discussions below); this relationship suggests a 
tight coupling between emissions and accumulation of VOC

with ozone production. The 2013 data, much in contrast to 
2012, show correlation between ozone and methane (Figure 3) 
with the slope of the regression increasing with time of day; 
afternoon, i.e., 12-4 pm data only, yield an R2 = 0.5. Ozone 
continued to increase for another 3-5 days after methane 
reached constant levels (Figure 2b). This feature suggests 
continuing ozone buildup after its precursors leveled out at 
steady state concentrations.

Figure 4 shows the results for four NMHC/methane 
correlations in the 2012 and 2013 surface measurements. 
Similar to methane, NMHC levels were higher during 2013 in 
comparison to the prior snow-free year, but both years show 
similar correlation behavior. The data in Table 1 summarize the 
slope results for these analyses. Included are results for the two 
aromatic compounds benzene and toluene, which have been

4711 dx.doi.org/10.1021/es405046r I Environ. Sci. Technol. 2014, 48, 4707-4715
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Figure 5. Examples of diurnal evolution of ethane vertical profiles on Feb 12, 2012 (left) and Feb 2, 2013 (right). Sampling intervals indicate the 
period during which individual profiles were collected, with individual height samples collected over 6 min (in situ GC) sampling time consecutively 
during that period with 30 min intervals in between. (Note the ~4-fold difference in the x-axis scale between both graphs; error bars indicate the 1c- 
uncertainty in the measurement.)
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Figure 7. Statistical box-whisker plot comparison of the 2012 and 2013 surface (2 m) observations of ethane, propane, isobutane, ft-butane, benzene, 
and toluene during the UBWOS with other selected published data. Boxes outline the 25-75 percentile of the data, the horizontal line inside the box 
the median, dots the mean, and the whiskers the minimum and maximum values. The dot inside the box shows the mean value. Values above the 
whisker bars give the mean value for the study. Explanation of the letter code for the listed studies:
"Statistics of 330 individual NMHC measurements. ^Statistics of 136 individual NMHC measurements. cMean value of 554 individual 
measurements, February 18-March 7, 2011.20 ^Statistics of 28 mean values for 28 major U.S. cities from canister samples collected during 
August—September between 1999 and 2005.30 eMean value of 19 individual canister samples, August—September 2004.30fMean value of a subset of 
230 canister samples collected during morning hours at four urban sites in Mexico City, Feb. 2002 and April—May 2003.31

regulated by the EPA for over 30 years, as these, besides 
contributing to ozone production, are known to cause direct 
health impacts from short and long-term exposure, with 
benzene being a human carcinogen. 
fractions regularly exceeded the 1.4 ppbv chronic effects 
screening level health threshold18 for benzene (22 out of 136 
measurements in 2012; 254 out of 329 measurements in 2013).

Analogous to methane, during the 2013 campaign, NMHCs 
built up to higher levels than in 2012 and remained elevated 
throughout the day and night during the majority of the 
campaign. NMHC atmospheric mole fractions during most 
times were highest near the surface and decreased with height. 
Diurnal NMHC vertical profiles are shown in Figure 5, and the 
statistical analysis of all available ethane and propane tethered 
balloon data is shown in Figure 6. These graphs illustrate that

in 2012 NMHCs were elevated throughout the lowest 160 m of 
the atmosphere, with highest levels at the surface. Concen­
trations built up throughout the night but dropped to lower 
levels during daytime hours due to the breakup of the surface 
inversion and mixing of cleaner air from aloft. In 2013, NMHC 
were even more elevated throughout the lowest 160 m of the 
atmosphere (note the different x-axis scales of the Figure 5 
graphs), with again the overall highest mole fractions observed 
nearest to the surface. In contrast to the preceding year, in 
2013, elevated surface concentrations were sustained through­
out the day due to the lower degree of vertical mixing. NMHC 
vertical gradients with enhanced NMHC concentrations near 
the surface were also seen in the vertical tower gradient data set 
in a recent study conducted in Erie, on the western edge of the 
Denver—Julesburg Basin oil and gas area in Weld County,

dx.doi.org/10.1021/es405046r I Environ. Sci. Technol. 2014, 48, 4707—4715
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19 however, absolute levels of light NMHC alkanes in theCO;
2013 Uintah data are on the order of one magnitude higher. 
The right panel of Figure 6 shows that ethane built up over 
time and with height and that ozone buildup at the surface 
coincided with the increase in the ethane mole fraction. These

Table 2. Comparison of UBWOS 2012 and 2013 NMHC 
Surface Data Results with the Estimated NMHC Regional 
Atmospheric Background Mole Fractions

Uintah 2012 
(n = 233) 

min — max 
avg (std dev)

(ppbv)
2.04—367 
74 (79)
1.07—158 
33 (35)
0.19—36 
6.8 (7.6)
0.37— 57 
12 (13)
0.11—29 
5.5 (6.3)
0.098—29
5.0 (5.8)
0.047—14
2.1 (2.3)

compound Uintah 2013 regional enhancement 
(n = 327) min background factor: Uintah 

— max 
average (std 
dev) (ppbv)

36—1125 
323 (196)
19—478 
158 (93)
4.2— 102 
33 (20)
6.3 - 151 
51 (30)
0.98—69 
22 (14)
2.4—60 
20 (11)
1.2— 2.5 
11 (6.5)

vertical profile data are a clear indicator of the nearby surface 
source of NMHC emissions and strongly suggest a role of 
NMHC in the development of ozone pollution events.

In Figure 7, we compare the statistical distribution of the 
UBWOS NMHC surface measurements in 2012 and 2013 with 
selected recently published data from Erie; data from Salt Lake 
City, the one major city ~220 km upwind of the Uintah Basin; 
a comprehensive set of measurements from 28 US urban sites; 
as well as available data from Mexico City, considered one of 
the most polluted urban atmospheres. Note that due to the 
seasonal cycle of atmospheric NMHCs and long-term trends 
seen in urban areas, these data sets from different years and 
seasons can only facilitate a relatively rough comparison, which 
however, is useful to gauge the order of magnitude of the 
observed ambient NMHC mole fractions. The 2013 NMHC 
UBWOS light alkane data are the highest of all reported values, 
followed by the 2012 data set. For both years, the Uintah Basin 
measurements are on the order of 10—100 times higher than 
average ambient air mole fractions reported from the largest US 
cities. Uintah Basin light NMHC values are on the same order, 
or exceed (i.e., ethane), those for Mexico City. Interestingly, the 
Erie, CO, data20 included in these graphs show a similar 
tendency of highly elevated ambient air NMHCs and are 
comparable to the 2012 Uintah County data. Additional 
measurements from the Colorado Front Range14 provide 
further support for these highly elevated NMHC ambient air 
concentrations. Values measured in Salt Lake City were much 
lower than at the study site, by ~2 orders of magnitude for the 
light alkanes. This difference is much higher than what could be 
explained by seasonal cycles or NMHC trends (given that the 
reference data were collected during early fall and 8—9 years 
earlier). Consequently, this comparison provides a convincing 
argument that outflow from the state capital (which during the 
2013 study period had westerly winds, and thus was upwind of 
the Uintah Basin ~30% of the time (see the Supporting 
Information, Figure S4)) is not a predominant source to the 
elevated Uintah Basin NMHC values.

Measurements from the NOAA/INSTAAR Global VOC 
Monitoring Network9 allow the approximate seasonal and 
regional background levels of these NMHCs at the location of 
the study site to be defined if there were no immediate 
emission sources (see the Supporting Information for method 
description). Mean UBWOS values for ethane were 41 times 
(2012) and 179 times (2013) greater than background levels. 
The corresponding values for propane, iso-butane, n-butane, 
iso-pentane, and n-pentane were 42/205 (2012/2013), 49/236, 
50/213, 54/220, and 83/5333, respectively (Table 2). These 
enhancement ratios increase with increasing molecular size, due 
to decreasing NMHC lifetime, resulting in lower background 
air concentrations and higher UBWOS/background molar 
ratios. This feature is a clear indication of the relatively low 
degree of atmospheric processing, i.e., “freshness”, of the 
emissions.

During UBWOS 2012, Karion et al.21 used data from light 
aircraft measurements and a mass balance approach to estimate 
the methane flux for the Uintah Basin oil and gas fields. Their 
estimated flux of 55 ± 15 X 103 kg h—1 for February 3, 2012, 
can be used to scale up our NMHC observations for a first-

40°N, Jan 
20—Feb 20 

(ppbv)

2012/2013 vs 
background

ethane
41/1791.8

propane
42/2050.77

iso-butane
49/2360.14

n-butane
50/2130.24

iso-pentane
54/2200.10

n-pentane
83/3330.06

n-hexane
n.a. n.a.

order estimate of the magnitude of the NMHC flux. Note that 
this estimate relies on a number of simplifying assumptions, 
such as basin-wide constant NMHCi/methane ratios and 
constant emissions throughout the year. For this calculation, 
we use the individual and total NMHC/methane ratios listed in 
Table 1 and scale these fluxes to a year. These calculations 
show that fugitive annual emissions for the compounds 
quantified here range from 1.6—65 X 106 kg yr—1. The 
summation of these individual species, plus an estimated 15% 
for not individually quantified NMHCs (see the Supporting 
Information, note 1), yields a total NMHC flux estimate of 
(194 ± 56) X 106 kg yr—1 (Supporting Information, note 2, for 
the uncertainty estimation), with the uncertainty estimate not 
considering the uncertainty in the assumptions noted above. 
The mass equivalent of the annual flux is approximately 
equivalent to 1.4 million barrels of crude oil, a ~US$140 
million value (Supporting Information, note 3). This flux can 
also be scaled to automobile emissions; however, it needs to be 
noted that this is a mass flux comparison only, which does not 
consider the different reactivity and toxicity of the oil and gas 
versus automobile emissions. VOC emissions of the current 
automobile fleet are on the order of 100 
Consequently, the fugitive NMHC mass flux from the Uintah 
Basin is equivalent to the VOC emissions resulting from driving 
a distance of 1.9 X 1012 km; or, at an annual per vehicle average 
driving distance of 20,000 km, equivalent to the annual VOC 
emissions from ~100 million automobiles (Supporting 
Information, note 4).

Interestingly, our flux estimates for Uintah County are of 
similar magnitude as recent reports for the Weld County oil 
and gas development region. There, propane was estimated to 
have an annual flux of (28.5—46.3) X 106 kg yr—1, and 40 X 106 
kg yr—1 as calculated by Petron et al.14 and Swarthout et al., 
respectively, compared to our Uintah Basin result of 41 X 10 
kg yr—1. For benzene, our result of 1.6 X 106 kg yr—1 is 
somewhat higher compared to the (0.6—1.1) X 106 kg yr 
and 0.57 X 106 kg yr

Karion et al. estimated the fugitive methane flux to be 6.2— 
11.7% of the hourly natural gas production in Uintah County. 
Scaling our NMHC/methane mass ratio of 0.36 to this result

dx.doi.org/10.1021/es405046r I Environ. Sci. Technol. 2014, 48, 4707—4715
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yields a fugitive total NMHC flux of 2.2—4.2% of the natural 
gas production during the encountered conditions. Combining 
methane and NMHC yields a total hydrocarbon/natural gas 
production loss rate of 8.4—15.9%. It should be noted that 
because NMHCs have significantly shorter atmospheric 
lifetimes than methane, atmospheric NMHC/methane ratios 
will be lower than emission ratios, with the ratio increasing with 
the aging of the air and the rate of the increase increasing with 
molecule size. This effect will cause a negative bias in these flux 
estimates, causing our NMHC results to likely be lower range 
estimates, and actual fluxes to possibly be higher than our 
reported findings.

The 2013 observations from the Uintah Basin oil and gas 
development area are, to the best of our knowledge, among the 
highest ever reported mole fractions of alkane NMHCs in 
ambient air; mole fractions for the aromatic compounds reach 
or exceed those reported from the most heavily polluted inner 
cities. This is a remarkable finding, as the study region is a 
remote, rural Bureau of Land Management (BLM) area far 
distant from any major urban and industrial regions, which 
hitherto have been considered the primary emission regions for 
photochemical pollutants. Atmospheric NMHC levels meas­
ured in the Uintah Basin exceed results from a series of other 
recently published studies that demonstrated highly elevated 
ambient air VOC levels in oil and gas operation 

The cold-pool events in 2013 allowed for 
the accumulation of ozone precursor compounds for several 
days within the shallow inversion layer, leading to much 
enhanced pollutant levels compared with 2012. The higher 
albedo of the snow-covered ground in 2013 additionally led to 
enhanced photochemical reaction rates and higher production 
rates of ozone. The tight relationships between NMHCs and 
methane, and between ozone and methane, are a clear 
indication for the high ozone production resulting from 
emissions associated with the oil and gas extraction. These 
findings also support recent modeling work that investigated 
and postulated ozone production from oil and gas emis- 

including the recent publication by Edwards et al., 
which utilized the UBWOS 2012 data for assessing ozone 
production under the conditions encountered at the Horse 
Pool site. These simulations, incorporating effects of snow 
cover and a 2-fold enhancement of VOC and radical precursors 
during cool pool event inversion conditions, modeled an 
approximate doubling of ozone production rates (i.e., from 16 
to 34.6 ppbv day—1) compared to snow-free conditions. Our 
2012 versus 2013 NMHC data comparison (Table 2) points 
toward a 4-fold increase in ambient NMHC mole fractions 
under snow cover conditions. Given that the photochemistry in 
the Uintah Basin appears to be highly sensitive to VOC,25 these 
findings suggest higher ozone production rates than those that 
were modeled.25 These elevated VOC levels exert health 
impacts through two different routes, i.e., by exceeding chronic 
health thresholds for long-term exposure (benzene) and by 
their role in contributing to ozone production resulting in 
exceedances of the ozone NAAQS. Oil and gas operations are 
increasingly moving into residential areas. Current setbacks in 
Colorado are ~150 m, which is less than the distance between 
the closest operating wells and the Horse Pool experiment site, 
which raises concern regarding the long-term exposure of 
citizens residing nearby oil and gas wells and emphasizes the 
importance for monitoring and assessing air quality and health 
impacts from oil and natural gas operations.
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