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The United States is now experiencing the most rapid expansion in
oil and gas production in four decades, owing in large part to imple-
mentation of new extraction technologies such as horizontal dril-
ling combined with hydraulic fracturing. The environmental impacts
of this development, from its effect on water quality1 to the influence
of increased methane leakage on climate2, have been a matter of intense
debate. Air quality impacts are associated with emissions of nitro-
gen oxides3,4 (NOx 5 NO 1 NO2) and volatile organic compounds5–7

(VOCs), whose photochemistry leads to production of ozone, a sec-
ondary pollutant with negative health effects8. Recent observations
in oil- and gas-producing basins in the western United States have
identified ozone mixing ratios well in excess of present air quality
standards, but only during winter9–13. Understanding winter ozone
production in these regions is scientifically challenging. It occurs
during cold periods of snow cover when meteorological inversions
concentrate air pollutants from oil and gas activities, but when solar
irradiance and absolute humidity, which are both required to initi-
ate conventional photochemistry essential for ozone production, are
at a minimum. Here, using data from a remote location in the oil
and gas basin of northeastern Utah and a box model, we provide a
quantitative assessment of the photochemistry that leads to these
extreme winter ozone pollution events, and identify key factors that
control ozone production in this unique environment. We find that
ozone production occurs at lower NOx and much larger VOC con-
centrations than does its summertime urban counterpart, leading
to carbonyl (oxygenated VOCs with a C5O moiety) photolysis as a
dominant oxidant source. Extreme VOC concentrations optimize
the ozone production efficiency of NOx. There is considerable poten-
tial for global growth in oil and gas extraction from shale. This anal-
ysis could help inform strategies to monitor and mitigate air quality
impacts and provide broader insight into the response of winter ozone
to primary pollutants.

One of the key scientific challenges in understanding winter ozone
(O3) is determining the source of the radicals (gas-phase molecules with
an unpaired electron that react rapidly with VOCs) required to initiate
and sustain oxidation cycles. Quantifying these sources is essential for
understanding the individual roles of NOx and VOCs during these O3

pollution episodes and for the design of mitigation strategies9,14. By far
the largest radical source in the lower atmosphere is the photolysis of
O3 itself, which produces a small yield of electronically excited oxygen
atoms, O(1D), some of which react with water vapour to produce hydrox-
yl (OH) radicals15. During mid-latitude winter, both ultraviolet light and,
especially, water vapour are far less abundant than in summer, leading
to a 15- to 60-fold decrease in primary OH production through this

mechanism16,17. The seasonal cycle in mid-latitude OH production is
responsible for the summertime maxima in urban O3 but presents a
conundrum for understanding winter O3 events (Fig. 1).

The Uintah Basin Winter Ozone Studies (UBWOS) were a set of field
intensives (large sets of air and radiation measurements occurring for
a limited duration, typically weeks to months) at a remote location
(40.1437uN, 109.4680uW) within the oil and gas basin of northeastern
Utah (Fig. 1) during January and February of 2012, 2013 and 2014, moti-
vated by observations of high O3 in two preceding years. Winter O3 is
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Figure 1 | Seasonal cycle of O3 in the Uintah Basin, Utah and the Los
Angeles Basin, California in 2013. a, Digital elevation map (elevation
indicated by colour scale) of the Uintah Basin showing oil and gas wells
(grey dots), O3 monitors (red circles) urban centres (yellow squares) and the
site of the field intensives (Horsepool, blue diamond). b, Graphs at left show
daily maximum 8-h average O3 for 2013 at Ouray, Utah, a remote site in the
Uintah Basin (population 50,000), and Riverside, California, an urban receptor
site in the eastern Los Angeles Basin, a region with 18 million residents. Graphs
at right show data sorted by increasing O3 mixing ratio, together with the
number of days in excess of the US national ambient air quality standard
(75 p.p.b.v., 8 h average; black dashed line). In 2013, O3 exceedances were more
frequent and greater in severity at Ouray than at Riverside, despite the large
difference in population.
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clearly related to oil and gas emissions; although inventories remain
uncertain, the US Environmental Protection Agency estimates that oil
and gas activities are responsible for 62% of NOx emissions and 97% of
VOC emissions in the two counties that comprise the Utah side of the
basin. The winter of 2011–2012 was warm, with no snow cover and only
moderate (16 p.p.b. d21 average) O3 production and no O3 in excess of
51 p.p.b. by volume16 (p.p.b.v.). Multiple strong O3 events occurred
during the colder and consistently snow covered winter of 2012–13, with
threefold-greater daily average O3 production than during the previous
year. Meteorologically stagnant conditions that concentrate emissions
in a shallow boundary layer have been a prerequisite of winter O3 events
observed thus far. These conditions are amenable to treatment with a
box model, in which the relevant chemical reactions are simulated in a
zero-dimensional ‘box’; emissions of primary pollutants into the box
are included, and transport and dry deposition processes are repre-
sented through a first-order loss term. Further details of the model,
containing an updated Master Chemical Mechanism v3.2 chemistry
scheme18 containing more than 10,000 reactions, is in Methods. The
near-explicit model of radical sources, propagation and amplification
allows a powerful analysis of the factors that govern winter O3 produc-
tion and that differentiate it from its summer, urban counterpart.

Figure 2 shows a single, stagnant, 6 d period (31st January to 5th
February 2013) during which daily-mean O3 mixing ratios increased
from 54 to 95 p.p.b.v and the daily maximum 8 h-average O3 increased
from 67 to 107 p.p.b.v. This event was the longest sustained build-up
of O3, although even higher mixing ratios were observed during the
2013 study (Fig. 1). Throughout this period, the model reproduces the
observed build-up and diurnal cycle of O3, with a mean 10 min-average
model-to-measurement discrepancy of 14%. The model also accurately
reproduces observed concentrations of the key oxidized reactive nitro-
gen (for example peroxyacetyl nitrate, with an average model deviation
of 11%) and oxygenated VOCs (for example acetaldehyde, 22%) over
the 6 d simulation, providing additional confidence in the simulation
of VOC–NOx photochemistry and O3 production. Further details on
model performance are in Methods.

The detailed chemical mechanism enables the identification of the
radical sources that drive O3 production. The pie charts on the right

side of Fig. 2 and Extended Data Table 3 show the integrated radical
sources on the final day of the simulation. Primary OH production
through O(1D) 1 H2O was small (0.74 p.p.b.v. d21, or 4% of the total),
as is expected for this winter environment. By comparison, this source
is approximately 10 p.p.b.v. d21 in the Los Angeles basin in summer19,
but was only 0.17 p.p.b.v. d21 during UBWOS 2012, when O3 levels were
much lower16. The reaction of O3 with unsaturated hydrocarbons (al-
kenes) is an OH source that can be large during periods of high urban
O3 (ref. 20), but contributes only 0.34 p.p.b.v. d21 (1.8% of the total) here
owing to the low emissions of alkenes relative to alkanes and aromatics5.
Photolysis of nitryl chloride, ClNO2, which arises from the night-time
heterogeneous reactions of nitrogen oxides21 was also small, probably
as a result of a lack of aerosol-phase chloride. Nitrous acid (HNO2) also
forms from heterogeneous reactions of nitrogen oxides, and photolyses
readily to produce OH radicals. The sources and atmospheric chemistry
of HNO2 have been the subject of intense recent interest (see, for example,
ref. 22), including during the winter of 2011 in Wyoming12. The photo-
lysis of HNO2 was the least certain free-radical source because of the
difficulty in measuring it reliably. The HNO2 contribution to UBWOS
2013 in Fig. 2 is an estimate based on measurements in 2012 (Methods).
The shaded region in the plot of O3 in Fig. 2 illustrates the effect of HNO2

on the calculated O3, with the lower bound being a simulation with zero
HNO2 and the upper bound a simulation with a twofold increase in
HNO2. This radical source is not required to simulate O3 build-up events
accurately, although it may have a significant role during the initiation
stages, when other radical sources are smaller.

By far the dominant radical source (85%) in the simulation on day six
is the photolysis of carbonyl compounds. The model under-predicted
formaldehyde, the simplest carbonyl, by 30%, and an additional constant
formaldehyde source was added to achieve agreement with observations.
This source could arise from a direct emission or incomplete model chem-
istry. Removal of this source results in 6%-lower peak O3 on day six.
Even with additional formaldehyde added to the model, the majority
of the radical production on day six (9.3 p.p.b.v. d21 and 50.5%) is due to
the photolysis of larger carbonyl compounds (keto-aldehydes, glyoxal1
methyl glyoxal and mono-aldehydes, comprising 13.5, 11.2 and 9.3%, res-
pectively). Although carbonyl compounds are products of VOC oxidation,
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Figure 2 | Observed and modelled photochemistry at Horsepool, Utah.
a, Observed ozone (red) during a multi-day meteorological stagnation event.
Overlaid on the observations is a chemical box model simulation (blue)
employing the Master Chemical Mechanism scheme. The solid line is the base
simulation (see main text and Methods), and the shaded region is the range
of simulation without photolysis of nitrous acid (HNO2) or with twice the
base-case HNO2 photolysis as a radical source. b, Comparison between model
(blue) and measurement (red) for peroxyacetyl nitrate (PAN; left) and
acetaldehyde (CH3CHO; right), which are the photochemical oxidation
products of reactive nitrogen and VOCs, respectively. c, Contributions of
different free radical sources on day six of the simulation for total sources (top)

and primary sources only (bottom), sized according to their relative
magnitudes. The lower pie chart illustrates only the primary radical production
(O3 photolysis, O3 alkene reactions and photolysis of radical precursors
produced in heterogeneous nitrogen oxide reactions). If the additional 30%
H2CO added to the model arises from an emission source, it would represent a
primary radical source and would be included in the lower pie chart. These
sources are presumably responsible for initiation of the early stages of O3

production. O3 photolysis and reaction with alkenes, which are shown for day
six of the simulation, scale with O3 itself and are therefore smaller contributors
at the onset of O3 build-up events.
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they are net radical sources that function as radical amplifiers because
they are chemically stable products formed during radical propagation
chains (that is, reactions that consume and produce one radical). Further
details on this process are in Methods.

As noted above, no high-O3 events occurred during the 2012 study,
raising the question of the role of snow cover in driving O3 production.
The principal effects of snow cover are to increase surface albedo and,
thus, actinic flux for photolysis reactions, and to reduce the mixed-
layer height, concentrating primary emissions. Simulations with reduced
albedo (from the observed 0.85 to 0.1) but the same emissions and
physical loss of NOx and VOC result in a 33% decrease in peak O3 on
day six. A simulation with VOC mixing ratios equivalent to those of
the 2012 study year (that is, assuming the same high VOC emissions
between the two years, but with greater dilution in 2012), but with an
albedo of 0.85, results in a 45% reduction in peak O3 on day six16. Thus,
both high VOC emissions into a shallow, stable boundary layer, and
increased photolysis rates due to the snow albedo, are required for
rapid winter O3 production.

A key question in the design of O3 mitigation strategies is the relative
effectiveness of emissions reductions in VOC precursors versus NOx

precursors14. Analysis of the lower-O3 year during UBWOS 2012 showed
it to be radical limited16, because the rate of radical production was small
compared with the rate of emission of NOx (ref. 23), which determines
the rate of radical removal. Radical limitation normally leads to NOx

saturation (that is, increased NOx leads to decreased O3), which is typical
of most urban areas in winter, where O3 is generally well below air qua-
lity standards. Figure 3 shows the contours of an O3 isopleth diagram
for the build-up event in Fig. 2, that is, peak O3 on day six of the sim-
ulation as a function of NOx and VOC emissions, normalized to unity
for the base-case simulation of Fig. 2. The total net radical production
of 18.5 p.p.b.v. d21 is sufficient to prevent NOx saturation. As the right-
most graphs in Fig. 3 show, NOx is near its peak efficiency for O3 pro-
duction, and the response of O3 to VOC emissions is just beyond the
transition from VOC sensitive to VOC saturated. These results contrast
with an earlier model study of the Upper Green River Basin, Wyoming,
in which simulations of three of four events were NOx saturated and
VOC sensitive according to analysis of single-day events using a lumped
VOC degradation scheme9.

The isopleth diagram in Fig. 3 appears similar to that for summer
urban O3 (ref. 14). However, the graphs on the left-hand side of the
figure, which compare NOx, VOC mixing ratios and OH reactivity

(see below) in the Uintah Basin in winter to the Los Angeles Basin in
early summer (May–June), illustrate significant differences. The Los
Angeles measurements are from the CalNex field intensive (May–June
2010, Pasadena, California), during which the maximum 8 h-average
O3 reached 84 p.p.b.v. The distributions of NOx and VOCs in these
environments are quite different, with much (nearly fourfold) lower
NOx but much (,15 times) greater VOC in the Uintah Basin. The com-
position of VOCs from urban emissions differs considerably from that
of VOCs from oil- and gas-producing regions5, with the latter domi-
nated by compounds (that is, light alkanes) that are less reactive to
OH radicals and, thus, less effective at producing O3 (ref. 24). Even
accounting for this difference, the median calculated OH reactivity
(that is, the sum of all VOC 1 OH rate coefficients multiplied by the
VOC concentration) is 4.6 times greater in the Uintah Basin than in
Los Angeles. (We note that methane, although abundant in the Uintah
Basin25, accounts for less than 1.5% of the calculated OH reactivity.)
Thus, although similar in appearance to that of an urban area, the O3

isopleth in Fig. 3 occupies a very different NOx–VOC space. Were NOx

in the wintertime Uintah Basin more comparable to that of urban
settings historically, the O3 photochemistry would be fully NOx satu-
rated and O3 production would thus be significantly less efficient.
Conversely, if the VOC mixing ratios and OH reactivity in the winter-
time Uintah Basin were more typical of an urban area, the photochem-
istry would not give rise to strong O3 events. It is the exceedingly high
VOC concentrations, and the radicals produced during their oxidation,
in the oil and gas region that leads to highly efficient O3 production.

Although observed extreme winter O3 events in the United States have
been limited to meteorologically stagnant conditions in mountain basins,
similar phenomena may occur in regions with oil and gas development
without routine air quality monitoring13. Present emissions trends in the
United States are towards lower NOx from urban and power generation
sources26,27, and increasing methane and VOCs from fossil fuel develop-
ment7. Urban areas in close proximity to oil- and gas-producing regions
may tend towards more efficient O3 production during the winter sea-
son, with as yet unrecognized consequences. Shale gas development in
other mid- or high-latitude regions that may experience stable winter
meteorology, such as continental Europe28, the United Kingdom29 and
China30 lags that of the United States but holds the same potential for
rapid exploitation31. The measurement and model framework outlined
here will serve to better define emerging air quality issues associated
with global development of new fossil fuel resources.
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Figure 3 | Isopleth diagram for winter O3 production. a, Isopleth with
contours showing peak O3 on day six of the simulation in Fig. 2 as a function of
the emissions of NOx and VOC in the model relative to the base case (red
symbol). The dashed line indicates the 75 p.p.b.v. US national ambient air
quality standard (NAAQS). b, Response of peak O3 to NOx (top) and VOC
(bottom), expressed in mixing ratio units. These plots are slices through the

surface at the red horizontal and vertical lines in the isopleth diagram, with the
base case shown as the red symbol. c, Comparison of distributions of NOx (top),
VOC (middle, expressed as parts per million carbon) and calculated OH
reactivity with respect to VOC (bottom; see text) for the Uintah Basin, Utah in
January–February 2013 (blue bars) and for measurements in May–June 2010 in
Pasadena, California in the Los Angeles Basin (red bars).
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METHODS
Model chemistry scheme and constraints. The meteorologically stagnant con-
ditions associated with winter O3 events are amenable to treatment with a box model,
in which the relevant chemical reactions are simulated in a zero-dimensional ‘box’,
which includes emissions of primary pollutants into the box and the representa-
tion of both the transport of species out of the box and dry deposition processes
through a first-order physical loss term. This approach has the advantage of allow-
ing detailed treatment of the VOC oxidation chemistry, at the expense of a com-
prehensive representation of dynamical processes. The approach has been applied
previously9 to simulate winter O3 events in the Upper Green River Basin (UGRB)
of Wyoming. Our model builds upon this prior analysis in a number of respects.
First, our simulation uses an explicit, rather than lumped, VOC degradation scheme.
The explicit chemistry accurately simulates radical sources derived from carbonyl
photolysis, key to understanding the VOC and NOx sensitivities of O3 produc-
tion. Second, we simulate a multi-day build-up event rather than single-day ozone
events. Third, our simulations use continuous emissions of VOC and NOx, tuned
to match observed levels, while the UGRB simulations used an initial VOC and NOx

concentration for each day, which was subsequently allowed to oxidize away. Fourth,
our simulations use an explicit scheme for the diurnal variation in boundary-layer
height (expressed as a dilution term in the box model) matched to LIDAR obser-
vations and to the diurnal variation in long-lived species, such as methane. The
UGRB simulations used either a fixed boundary layer, or a linear growth in bound-
ary layer. Fifth, our simulations are constrained to realistic diurnal variations of
nitrous acid, HNO2, based on observations, rather than expressing HNO2 as a fixed
ratio to NO2. Sixth, our simulations appear to use a more realistic range of NOx

(,10 p.p.b.v. range for the diurnal average, rather than an initial concentration exceed-
ing 100 p.p.b.v.). Seventh, our simulation is tested against observations of photo-
chemical products other than ozone, such as peroxyacetyl nitrates and oxygenated
VOCs, to lend confidence to the result. Lastly, our simulations explicitly calculate
radical sources and their magnitude, and use this information to define the VOC
and NOx sensitivity.

Model simulations were performed using the Dynamically Simple Model of
Atmospheric Chemical Complexity32–34 (DSMACC). The model chemistry scheme
is generated by the Master Chemical Mechanism (MCM) v3.218,35 and contains
detailed inorganic chemistry and a near-explicit degradation scheme for 32 of the
observed VOCs and OVOCs (Extended Data Table 1), resulting in 2,754 species
and 10,675 reactions. The MCM v3.2 chemistry scheme has been updated to include
temperature-dependent yields for organic nitrates based on ref. 36. This change
to the mechanism was important because temperatures during winter ozone events
are significantly lower than during more typical, summertime urban ozone forma-
tion (for example, 28.5 uC was the average during the 2013 measurements in the
Uintah Basin, Utah).

The UBWOS field intensives made an extensive set of meteorological and chem-
ical observations with which to constrain the model, including more than 60 spe-
ciated VOCs, speciated reactive nitrogen (NOx and its major oxidation products)
and photochemical radical precursors (Extended Data Table 1). Modelling of
UBWOS 2012, during which there was no snow on the ground and ozone did not
exceed the US national ambient air quality standards, has already been reported16.
During UBWOS 2012, the deployed instrumentation provided a more extensive
suite of observed VOCs than was available during 2013 (see Methods section on
chemical and radiation measurements). Thus, to maximize the model constraints
for UBWOS 2013, several of the UBWOS 2012 observations have been used to
inform the 2013 model study. Aromatic VOCs in 2013 were measured by PTR–MS,
providing a sum of all aromatic species at individual carbon numbers (that is, SC9

aromatics, SC10 aromatics and so on). The use of a GC–MS co-located with the
PTR–MS in 2012 allowed the speciation of these aromatic classes. Although no
GC–MS was present during UBWOS 2013, the PTR–MS aromatic classes have
been allocated to specific compounds on the basis of the 2012 speciation ratios.
This approach rests on the assumption that relative emissions from the oil and
gas production source did not change between the two years. A similar approach
was also used for the substituted cyclo-alkane species that were measured during
UBWOS 2012 but not 2013. During UBWOS 2012, all the cyclo-alkanes had a
similar daily profile, indicating a common source. Although many of these com-
pounds were not measured during UBWOS 2013, their concentrations have been
estimated on the basis of their observed ratio to cyclohexane in 2012. As the MCM
does not contain explicit oxidation schemes for the seven substituted cyclo-alkanes
whose concentrations have been estimated, these compounds have been lumped
as cyclohexane for the simulations described here. The MCM chemistry scheme has
also been modified to include the photolysis of ClNO2 to yield a chlorine radical16.

All primary VOC species in the model are introduced via a constant emission
over the entire six-day period, tuned to best match the observed concentrations. As
the production mechanisms of HNO2 and ClNO2 involve uncertain heterogeneous
processes, and are therefore difficult to represent in this purely gas-phase mechanism,

the concentrations of these radical precursor species have been constrained to an
average diurnal concentration profile (Extended Data Fig. 1). ClNO2 concentra-
tions were constrained to the observed 2013 average diurnal, while HNO2 con-
centrations were constrained to the observed 2012 average diurnal to provide an
upper limit for its importance as a primary radical source (see Methods section
on wintertime photochemistry).

NOx within the model was constrained via a constant emission of NO. The model
chemistry scheme calculates the partitioning between all reactive nitrogen com-
pounds, and the emission of NO was adjusted to minimize the deviation between
the model and observed NOx concentration (Extended Data Fig. 1).

Data from the 2013 Uintah Basin Winter Ozone Studies are available at http://
esrl.noaa.gov/csd/groups/csd7/measurements/2013ubwos/. National O3 data, such
as those in Fig. 1, are available from the US Environmental Protection Agency on
request (http://www.airnowtech.org).
Photolysis rates in the model. Direct observations of j(O1D) and j(NO2) were
available for UBWOS 2012, but not for UBWOS 2013. Instead, a total downwelling
radiation measurement was used to calculate these photolysis frequencies by com-
parison with data from 2012, when the total downwelling radiation measurement
was run alongside calibrated filter radiometers for j(O1D) and j(NO2). Polynomial
fits to the data on total radiation versus filter radiometer were used to extract a
calibration for the total radiation measurement for both j(O1D) and j(NO2). Ex-
tended Data Fig. 2a, b shows the 2012 average diurnal j(NO2) and j(O1D) filter
radiometer observations and the calculated photolysis frequencies using the 2012
total radiation measurement. Photolysis frequencies for UBWOS 2013 were then
calculated using the 2012 calibration for the 2013 total radiation observations (Ex-
tended Data Fig. 2a, b). The model uses the TUV radiation model37 to calculate
photolysis frequencies. TUV photolysis frequencies were calculated using the aver-
age observed surface albedo of 0.85 and an average observed O3 column density of
323 Dobson units (average OMI data during observation period). The TUV cal-
culated photolysis frequencies were then scaled to the average j(O1D) and j(NO2)
determined as described above, with the ratio between the measured and calcu-
lated j(NO2) being applied to all calculated photolysis rates other than j(O1D).
Physical loss within the model. Observed concentrations of long-lived species,
such as methane, did not continue to rise during the entirety of the six-day stag-
nation event, but instead accumulated during the first days of the event (approxi-
mately four days for methane; Extended Data Fig. 3a) and then levelled off. As the
lifetime of methane with respect to chemical loss is of the order of years, this estab-
lishment of a steady-state concentration indicates losses due to physical mixing
out of the shallow inversion layer. In addition to the multi-day trend in methane,
the observed concentrations also show a diurnal pattern, with increasing concen-
trations until late morning and then a decrease until late afternoon. This diurnal
pattern indicates increased mixing and dilution of species in the afternoon. This
is consistent with LIDAR and tether sonde observations10 of boundary-layer height,
which showed a growth in mixing height from 5–25 m during the night to 130–
160 m between 12:00 and 16:00 local time, owing to turbulent convective mixing,
before reducing again as the sun set.

A first-order loss parameter was used to represent all non-chemical loss of species
through mixing, and to a lesser extent deposition, in order to prevent the accu-
mulation of unconstrained species within the model. To represent turbulent con-
vective mixing in this zero-dimensional model framework, a bi-modal, first-order
physical loss parameter was used, with one physical loss rate used for the night
and morning and a second, greater, loss rate used during the afternoon (Extended
Data Fig. 3b). This parameter was adjusted to best reproduce the methane obser-
vations, and then applied to all other species within the model, after correcting for
methane mixing into a non-zero (1.8 p.p.m.v.) background. The same dilution term
was applied to ozone after accounting for mixing into a background of 50 p.p.b.v.
(estimated using ozone LIDAR observations).

LIDAR and tether sonde observations do show some day-to-day variability in
the timing and magnitude of the change in boundary-layer depth, and, thus, in
dilution of the surface layer. The simple approach to representing mixing is invari-
ant from one day to the next, and thus will not capture day-to-day changes in ozone
that are due to physical losses. The simulation is intended to accurately simulate
the average daily ozone response and, thus, the sensitivity to average emissions of
VOCs and NOx. Simulations where the physical loss parameter was increased or
decreased by a factor of two showed changes in maximum day-six O3 mixing ratios
of 243% and 136%, respectively. These changes are due to a combination of changes
in O3 precursor concentrations within the model as well as the change in the rate
of physical removal of O3 itself. In an attempt to isolate these effects, simulations
where the physical loss rate of O3 was kept constant and that for all other species
was increased or decreased by a factor of two gave changes of 220% and 18%
respectively. As the relative emissions of NOx and VOCs do not change across these
simulations, it is interesting to note that the calculated daily O3 increase on day six
does not see as large a change as the absolute mixing ratio does between the base
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model simulation (D[O3] 5 39 p.p.b.v.) and the simulations with the physical loss
rate for all species (including for O3) doubled (D[O3] 5 37 p.p.b.v.) and halved
(D[O3] 5 36 p.p.b.v.).

Ozone surface uptake rates were measured during UBWOS 2013 by eddy cov-
ariance. The determined 24 h median observed ozone deposition rate of 0.02 cm s21

was included in all model simulations. This value is within the range from literature
studies of 0–0.2 cm s21 over snow38. Although included for completeness, this
loss for ozone is insignificant compared with dilution and chemical losses.

LIDAR and balloon soundings from Horsepool show that the high O3 is con-
centrated in the lowest few hundred metres above the surface and is not trans-
ported to the site from the free troposphere or lower stratosphere.

The model was initialized using the observed VOC, NOx and O3 concentrations
at 00:00, 31 January 2013, and calculated oxidation product concentrations after a
24 h spin-up period from this time. The model was integrated forwards, with an
output time step of 600 s, for a period of six days.
Model performance. In addition to reproducing the observed build-up of ozone
over the six-day period, the model also reproduced the build-up of other photo-
chemical oxidation products. Extended Data Fig. 4 shows the model to measurement
comparisons for (a) acetaldehyde, (b) acetone, (c) 2-butanone (MEK), (d) acetyl
peroxynitrate (PAN) and (e) propionyl peroxynitrate (PPN). Considering the
simple dynamical representation and the calculated photolysis frequencies, the
agreement between the calculated and observed oxidation products over the six-day
model is excellent (with average model deviations of 22% acetaldehyde, 144% MEK,
11% PAN and 216% PPN). This agreement, calculated as the peak of a Gaussian
fit to the probability distribution of the 10 min-averaged model-to-measurement
deviation (Extended Data Fig. 4), gives confidence in the model’s ability to repro-
duce the observed ozone production photochemistry.
Chemical and radiation measurements during UBWOS 2013. Data used as
model inputs have been described in the preceding sections. Extended Data Table 2
summarizes the chemical and physical measurements at the Horsepool site dur-
ing January and February 2013 that were used for the model analysis. For a dis-
cussion of the UBWOS 2012 measurements, we refer the reader to ref. 16.

Briefly, nitrogen oxides (NOx 5 NO 1 NO2), ozone (O3) and total reactive nitro-
gen (NOy) were measured by cavity ring-down spectroscopy (CRDS) at 405 nm,
which detects NO2 directly and other species simultaneously via conversion to NO2

(refs 39, 40). Similarly, night-time nitrogen oxides were measured by CRDS at
662 nm, detecting NO3 directly and N2O5 via thermal conversion to NO3 (ref. 41).
Nitryl chloride (ClNO2) was measured, together with speciated PANs, using chem-
ical ionization mass spectrometry (CIMS) with iodide (I2) as a reagent ion42.
Potential interference due to peroxyacids was checked and found to contribute
,2% to measured concentrations43. Inorganic acids, including HCl, HNO2 and
HNO3, were measured using negative-ion proton transfer reaction (PTR) CIMS
with acetate (CH3CO2

2) reagent ion44. Oxygenated and aromatic VOCs were
measured by PTR–MS45 and PTR–Tof–MS46 (Tof, time of flight) using H3O1

primary ions. Speciated VOCs, including alkanes, alkenes, cycloalkanes, aromatics
and oxygenates were measured by GC–MS in 2012, and by GC–FID (FID, flame
ionization detection) in 201347. Formaldehyde was measured by differential optical
absorption spectroscopy48 (DOAS) in 2012 and with PTR–MS in 2012 and 2013
using the method in ref. 49. Methane was measured using a commercial cavity
ring-down instrument25. Downwelling radiation was measured using a spectral
pyranometer50 as described above.
Construction of the ozone isopleth (Fig. 3). For this work to have the maximum
possible relevance for policy makers, the O3 isopleth diagram was constructed in
emissions space. For this purpose, 107 model simulations were carried out across a
landscape from VOC and NOx emissions at 10% of those required to reproduce
the observations in the base model to a doubling of emissions. VOC emissions were
treated as a whole, with the changes applied to the emissions of all VOC species
for each simulation. A contour plot was then constructed to map out the impact
of these changes in NOx and VOC emissions on the maximum calculated O3 mixing
ratio on day six of the simulation. Owing to the nonlinear nature of the chemistry,
and, hence, the impact of changing emissions on absolute concentration, Fig. 3b
was included to illustrate these sensitivities in VOC and NOx concentration space.
Description of the Uintah Basin. Figure 1 shows O3 at Ouray, Utah during 2013,
and Fig. 2 shows O3 during a six-day period in January–February at the Horsepool
intensive field site. Figure 1 shows a digital elevation map of the Uintah Basin indi-
cating the location of the Ouray and Horsepool sites and the distribution of the
,11,000 oil and gas wells. Also shown are O3 monitors (not for regulatory pur-
poses) deployed during the 2010–2011 winter. All fourteen monitors within the
basin itself (excluding two at the far west and southwest edges of the map domain)
recorded at least one, and as many as 25, days above the 75 p.p.b.v. 8 h-average US
national ambient air quality standard for O3 during this winter. Thus, these events
are widespread, impacting the largest population centres (Vernal, Utah and Rangely,
Colorado) in the basin51.

Sources of radicals for wintertime photochemistry. Figure 2 shows the relative
contributions of different radical sources to the model simulation on day six. Ex-
tended Data Table 3 shows the absolute and relative contributions of these differ-
ent radical sources.
Primary radicals versus radical amplification reactions. Understanding the
source of radicals that drive tropospheric oxidation is central to understanding tro-
pospheric O3 photochemistry23. Throughout the troposphere, the major primary
radical source is the photolysis of O3 and the subsequent reaction of O(1D) with
water vapour to yield 2 3 OH (ref. 15), a process that generates radicals from stable
precursors without radical loss. In polluted environments, numerous other radical
sources, often derived from heterogeneous reactions of NOx or from intermediates
in the VOC degradation process may also contribute19,52. During UBWOS 2013,
the net primary radical source was small (2.8 p.p.b.v. d21; Fig. 2); however, the num-
ber of radicals produced by these primary sources was greatly amplified through
the production of photolabile oxygenated VOCs (OVOCs), particularly carbonyl
compounds, which photolyse to produce additional radicals. The simplest example
of this process is the high-NOx oxidation of methane (reactions SR1–SR5, shown
in equations (1)–(5)), in which an OH attacks methane in SR1 to produce a peroxy
radical. This radical is propagated through SR2, in the formation of an alkoxy
radical, and SR3, in the formation of a hydro-peroxy radical, to reform OH in SR5.
In addition to a hydro-peroxy radical, SR3 also produces formaldehyde, a chem-
ically stable product of the radical propagation chain that photolyses readily (for
example, during UBWOS 2013 the HCHO lifetime with respect to photolysis was
approximately 4 h between the hours of 10:00 and 15:00 local time). Its photolysis
produces two hydro-peroxy radicals in its dominant photolysis channel, whose
yield is approximately 70% (ref. 53). Formation of two radicals in addition to the
radical that is propagated through this mechanism amplifies the primary radical
source

OH 1 CH4 1 O2 R CH3O2
N
1 H2O (1)

CH3O2
N
1 NO R CH3ON

1 NO2 (2)

CH3ON
1 O2 R HCHO 1 HO2 (3)

0.7 3 (HCHO 1 hn 1 2O2 R HO2 1 HO2 1 CO) (4)

2 3 (HO2 1 NO R OH 1 NO2) (5)

Extended Data Fig. 5a is a detailed version of the radical source pie chart shown in
Fig. 2, providing a greater breakdown of the moiety of the species that constitute
the carbonyl radical source. The high yield of photolabile oxygenated products (the
two most significant being formaldehyde and methyl-glyoxal) in the UBWOS 2013
calculations has the effect of rapidly amplifying the primary radical production, by
as much as a factor of 3–4 between the hours of 10:00 and 18:00. Formaldehyde is
the single largest contributor to this source. It arises from the oxidation of all the
VOCs, but, in particular, from light alkanes, such as C2H6, i-C5H12, i-C4H10 and
3-methylpentane, which were highly abundant in the Uintah Basin. Oxidation of
aromatics, in particular toluene and the xylenes, also produces numerous photo-
labile carbonyl compounds, many with both a ketone and an aldehyde functional
group, including methyl-glyoxal, which is the second largest single contributor to
radical production after formaldehyde in the model. A sensitivity test, in which all
aromatic emissions were replaced with a cyclohexane emission sufficient to pro-
duce constant OH reactivity, leads to a 7.5% reduction in peak O3 on day six of the
simulation, demonstrating the importance of radicals derived from aromatic VOCs.
The mono-aldehyde contribution to the radical source is dominated by the photo-
lysis of acetaldehyde, propanal and isobutanal.

The high rate of VOC oxidation by OH during UBWOS 2013 was due to the
large peroxy radical source, from these radical amplification processes, combined
with optimal NOx concentrations. During sunlight hours, an average of 89% of the
model HO2 reacts with NO to yield OH (after correcting for the instantaneous cycling
of HO2 with HO2NO2, which is a radical reservoir, not a net sink). This fraction
reaches .98% during the peak O3 production period. As every NO-to-NO2 con-
version (by reactions other than with O3) produces an O3, this efficient cycling of
radicals by the available NOx results in highly efficient O3 production. Thus, total
VOC oxidation is rapid despite moderate peak OH concentrations (,1.2 3 106

molecules cm23 on day six of the simulation) due to the short OH lifetime (20–
30 ms). The extremely high primary VOC concentrations in the Uintah Basin also
result in OH reactions being dominated by these species rather than reaction with
secondary oxidation products. This limits the reactive loss of the photolabile oxida-
tion products, such as methyl-glyoxal, thus increasing the loss of these compounds
via photolysis and increasing their dominance as the major radical source. Three-
dimensional model analyses, required to better understand the physical processes
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that lead to stagnation events and describe the distribution of O3, will need to re-
produce these radical sources if they are to accurately simulate photochemical O3.

The rapid reaction of OH with VOCs and HO2 with NO results in the dominant
radical sinks being via organic peroxy radicals (Extended Data Fig. 5b). The small
contribution of OH reactions to the total radical sink is indicative of the efficient
VOC oxidation, and, thus, O3 production, by OH within the model.
Nitrous acid (HNO2). Numerous recent studies have found photolysis of HNO2

to be a significant primary source of OH radicals, particularly in polluted (high-
NOx) environments22,48,52,54–60. It is also a potentially important radical source
during periods of cold or snow cover. The emission of HNO2 from the ground
or snow pack has been known for some time and has been measured as part of
snow chemistry studies in Arctic, Antarctic and mid-latitude environments12,61–63.
One of these studies reports HNO2 emissions from the snow pack in Wyoming
during high-O3 episodes in 201112. HNO2 observations during UBWOS 2013 were
made with a relatively new technique (acetate ion CIMS44) that was suspected to
suffer from chemical interference from peroxynitric acid (HO2NO2), a species
modelled to have been present at part-per-billion levels during the cold and photo-
chemically active winter of 2013. Data from the CIMS were thus not used to estimate
the contribution of HNO2 to primary radical generation for the 2013 study. Mea-
surements of HNO2 were made during the 2012 study by both CIMS and a long-
path differential optical absorption spectroscopy48 (LP–DOAS) instrument. As noted
above, the 2012 study year was characterized by warmer temperatures, no snow
cover and no O3 events above the US national ambient air quality standard16.
Interference from HO2NO2 in the CIMS instrument under these conditions would
be expected to be much smaller. The DOAS instrument was unavailable during the
2013 study, but was present in 2014, a year with snow cover but fewer O3 excee-
dance events relative to 2013. Extended Data Fig. 6a shows the comparison of the
diurnally averaged HNO2 from the DOAS instrument during 2012 and 2014,
along with the CIMS measurement from 2012. The CIMS HNO2 was on average
0.032 p.p.b.v. lower than the DOAS HNO2 in 2012, although this difference is
within the 0.035 p.p.b.v. error in the DOAS HNO2 determinations. The DOAS
HNO2 was remarkably similar between 2012 and 2014, suggesting that the pres-
ence of snow cover or active photochemistry had little influence on the mixing
ratio of HNO2. Thus, in the absence of an interference-free HNO2 measurement
during 2013, we used the daily average of the CIMS instrument from 2012 in the
base-model simulation. The integrated OH radical production from the 2012
CIMS HNO2 was 1.6 p.p.b.v. d21, compared with 2.5 and 2.6 p.p.b.v. d21 using
the 2012 and 2014 DOAS data, respectively. Figure 2 in the main text shows the
sensitivity of modelled O3 to variation of HNO2 from zero to twice the base-case
model. Because all estimates for the contribution of HNO2 are relatively modest
compared with net radical production in 2013, this range has little influence on the
model-to-measurement comparison for O3.

Inclusion in the model of HNO2 at levels comparable to those suggested in ref.
12 during winter O3 events in Wyoming produces simulated O3 levels larger than
observations by a factor of approximately two, similar to the conclusion of a
separate model analysis9. Strong vertical gradients in HNO2 that confine large
concentrations to within a few metres of the snow surface, where HNO2 is thought
to be produced heterogeneously, may reconcile different measurement results and
modelled O3 responses, but would lead to simulation results not significantly
different from those shown in Fig. 2. If there were a large ground source of HNO2

during the 2013 year, its contribution to the entire boundary layer could be esti-
mated with a simple eddy diffusivity model. Classic turbulent diffusion theory
relates the timescale of transport of a species (t) to a height above the ground (s,
the standard deviation of a Gaussian diffusion plume) with an eddy diffusivity Kz:

t 5 s2/2Kz

Eddy diffusivities vary with height, being roughly proportional to height in the
surface layer and rising to a maximum in the middle of the mixed layer64. Extended
Data Fig. 6b shows, at left, model results for a stable boundary layer over relatively
smooth snow-covered terrain64. The Kz value in the model varied up to just over
10,000 cm2 s21 in the middle of a shallow boundary layer of similar height to the
boundary layer observed during UBWOS 2013. This range of Kz values is consistent
with observations during flux studies at Alert NWT63 and Summit, Greenland62,65.
Extended Data Fig. 6b shows, at right, the relative concentration profiles corres-
ponding to the Kz values ranging from 500 to 10,000 cm2 s21, obtained from the
diffusion time and the first-order loss rate due to photolysis (JHNO2) according to

[HNO2]t/[HNO2]0 5 exp(2JHNO2s
2/2Kz)

when the midday HNO2 photolysis rate was 0.0016 s21 (10 min lifetime). A height
profile for HNO2 was calculated numerically from the Kz-vs-height results of ref. 64
and the profiles as functions of Kz. Under these conditions, HNO2 decreases

rapidly with height and impacts only the lowest few tens of metres of the boundary
layer. Thus, even if there were a ground source as large as that inferred in ref. 12, its
contribution to radical production integrated across the entire boundary layer
would be unlikely to significantly exceed that used in the simulations presented here.
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Extended Data Figure 1 | Model constraints on NOx and radical precursors
derived from NOx. a, ClNO2 observations (red) and model treatment (blue).
b, UBWOS 2012 HNO2 average diurnal observations used to constrain model
HNO2. c, d, NO (c) and NO2 (d) observations (red) and model values (blue)
using fixed NO emission into the model and the nitrogen partitioning
calculated by the chemistry scheme. The data for primary emissions (for
example NOx or CH4) are subject to large variation owing to the influence of

local sources that produce large, transient spikes. The model, which has the
continuous emission characteristic of the basin-wide total, does not capture the
transients but does capture the average. This average agreement for total NOx

can be seen in the histogram of model deviation (e). This illustrates the
frequency of model percentage deviation (grey) between each model and
observation data point (both on a 10 min average). The orange fit line is a
Gaussian fit to this data, centred on 0% deviation.
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Extended Data Figure 2 | Derivation of photolysis rates from pyranometer
data in 2013. a, b, Observed j(NO2) (a) and j(O1D) (b) measured via filter
radiometer (black) during UBWOS 2012, with calculated photolysis
frequencies, using a total downwelling radiation measurement, for UBWOS

2012 (red) and UBWOS 2013 (green). c, d, TUV-calculated j(NO2) (c) and
j(O1D) (d) for a surface albedo of 0.1 (purely downwelling radiation; dashed
blue) and for a surface albedo of 0.85 (solid blue).
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Extended Data Figure 3 | Diurnal model dilution scheme. a, Observed
methane (red) and model values (blue) calculated using a fixed methane
emission and a bimodal first-order loss process to represent dilution during the
afternoon boundary layer growth. b, The bimodal loss parameter used to

describe all physical loss processes within the model, shown as a first-order
reaction rate constant on the left axis, and a lifetime with respect to this process
on the right.
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Extended Data Figure 4 | Observed (red) and model calculated (blue)
mixing ratios for the oxidation products acetaldehyde (a), acetone (b), MEK
(c), PAN (d) and PPN (e). The histograms show the relative model deviations

(in %) for the entire six-day simulation (grey) for the oxidation products.
Gaussian fits to these probability distributions (orange) are used to describe the
model skill, with the quoted deviation statistic being the peak of this fit.
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Extended Data Figure 5 | Detailed radical sources and losses. a, Radical source contributions for day six in the model simulation. The carbonyl radical sources
are separated by carbonyl moiety. b, Radical loss mechanisms on day six within the model.
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Extended Data Figure 6 | Nitrous acid diurnal profiles and potential
vertical gradients. a, Diurnally averaged HNO2 mixing ratios from the 2012
(DOAS and CIMS) and 2014 (DOAS) studies. Grey and yellow shaded regions
represent average durations of night and day, respectively. b, Left: modelled

eddy diffusivity (x axis) as a function of height above ground level; right: HNO2,
normalized to its concentration at the surface, as a function of height above
ground level for a series of eddy diffusivities. The black dashed line corresponds
to the left-hand graph.
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Extended Data Table 1 | Observed species used to inform the box model analysis of the ozone photochemistry during UBWOS 2013
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Extended Data Table 2 | Chemical and radiation measurements
used in this analysis for modelling of UBWOS 2013 ozone events
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Extended Data Table 3 | Radical sources in the MCM simulation on day six
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