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Abstract Inside many U.S. oil and gas‐producing regions, the oil and gas sector dominates local
anthropogenic emission fluxes of C2‐C5 alkanes. Here, we present a detailed analysis of the impact of
these emissions on secondary species production over the continental United States using the GEOS‐Chem
model. Oil‐ and gas‐producing areas in the central United States show the highest summertime surface
ozone (O3) enhancements due to oil and gas C2‐C5 alkane emissions. The Colorado Front Range is the most
impacted 8‐hr O3 non‐attainment area in the United States with 3‐hr daytime instantaneous O3

enhancements >4 ppb. From three selected non‐attainment areas, the Colorado Front Range has (1) the
lowest monthly mean VOC reactivity (1.5 s−1); (2) the highest percent contribution of oil and gas sources
(52%) to calculated VOC reactivity; and (3) the largest relative increases in PAN (peroxyacetyl nitrate), PPN
(peroxypropionyl nitrate), and >C4 alkyl nitrates. Enhanced abundances of PAN, PPN, and >C4 alkyl
nitrates have the potential to perturb remote O3 production through increased NOx export to remote regions
via PAN chemistry. Globally, simulated C2‐C5 alkane emissions from the U.S. oil and gas sector contribute
0.5 Tg (~0.17%) to the tropospheric O3 burden with a ~0.27% contribution in the Northern Hemisphere.

1. Introduction

Anthropogenic activity is a significant source of volatile organic compounds (VOC) in the United States.
Although at a national level, anthropogenic VOC emissions decreased 11% from 2002 to 2011, VOC emis-
sions from the U.S. oil and gas sector increased by 400% over the same period (Allen, 2016). Changes in iso-
meric ratios of C4‐C5 alkanes between 2001 and 2015 suggest an increasing influence of emissions from the
oil and gas sector (Rossabi & Helmig, 2018). In a recent study by Fann et al. (2018), states in the central and
eastern United States show the highest estimated health impacts associated to emissions from the oil and gas
sector in the year 2025. Relative to methane (CH4), C2‐C5 alkanes have the highest emission rates for
non‐methane VOCs emitted by oil and gas sources (Bourtsoukidis et al., 2019; Donoso et al., 1996; J. B.
Gilman et al., 2010; Jessica B. Gilman et al., 2013; Goetz et al., 2017; Helmig et al., 2014; Katzenstein
et al., 2003; Pétron et al., 2012; Thompson et al., 2014;Warneke et al., 2014). Emissions of C2‐C5 alkanes from
the oil and gas sector have resulted in enhanced abundances of these species throughout the Northern
Hemisphere troposphere with particularly large enhancements over the central and eastern United States
(Tzompa‐Sosa et al., 2019). However, despite the high emission rates of C2‐C5 alkanes, relatively few studies
have examined the contribution of these species to ozone (O3) production at the surface (Edwards et al., 2013;
Field et al., 2015; Helmig et al., 2016; Kort et al., 2016; McDuffie et al., 2016; Rappenglück et al., 2014;
Tan, 2012). The C2‐C5 alkanes have relatively low initial OH reactivity. However, Lindaas et al. (2019) show
that in high abundances, these species can provide ample opportunities to recycle NOx through RO2 produc-
tion at multiple stages of oxidation. The total VOC contribution to O3 mixing ratios highly depends on
meteorological, seasonal, and geographical conditions, as well as regional transport and local VOC and
NOx sources; thus, the estimates cannot be generalized or extrapolated across various oil and gas basins.

Although U.S. O3 mixing ratios nationwide have been decreasing since 1980, from 2010 to 2017, the trend
flattened out in many locations (U.S. EPA, 2018). Much of the research of the impacts of emissions from
the oil and gas sector on O3 has focused on the Colorado Front Range. Cheadle et al. (2017) estimated that
oil and gas O3 precursors contribute up to 30 ppb to summertime O3 mixing ratios on individual days in the
Northern Front Range of Colorado, where oil and gas development is the primary VOC source by mass
(Eisele et al., 2009; Jessica B. Gilman et al., 2013). In this region, oil and gas alkane emissions contribute
on average ~20% to regional photochemical O3 production and ~50% to the regional VOC OH reactivity
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during summer months (McDuffie et al., 2016). On high O3 days, 30–40% of the O3 production can be attrib-
uted to the oil and gas sector (Pfister et al., 2017). Lindaas et al. (2019) show that high O3 days in the Colorado
Front Range are also accompanied by high ratios of peroxypropionyl nitrate (PPN) to peroxyacetyl nitrate
(PAN) and that propane (C3H8) and larger alkanes, primarily from the oil and gas industry, drive these high
ratios. Despite their low O3 production by mass (Russell et al., 1995), Helmig et al. (2016) estimated that a
yearly increase of 4.2% (2009–2014) in U.S. C2‐C5 alkanes emissions could contribute to enhancements in
summertime surface O3 of up to 0.5 ppb yr−1 inside U.S. oil and gas‐producing regions.

This study uses U.S. emissions that include updates for C2‐C5 alkanes over oil and gas‐producing regions
within a chemical transport model (GESO‐Chem). Using several simulations, we investigate the contribu-
tion of C2‐C5 alkane emissions from the U.S. oil and gas industry to regional VOC reactivity, oxidized nitro-
gen partitioning, and O3 abundances at regional and global scales.

2. Model Configuration

Our simulations use GEOS‐Chem model version 10‐01 (Bey et al., 2001) driven by off‐line GEOS‐5 assimi-
lated meteorological fields with 47 vertical levels. The U.S. anthropogenic emissions correspond to a
model‐ready version of the 2011 NEI (National Emission Inventory) that is part of the EPA 2011v6.3 emis-
sions modeling platform (U.S. EPA, 2016; https://www.epa.gov/air‐emissions‐modeling/2011‐version‐63‐
technical‐support‐document), which was modified and implemented into GEOS‐Chem by Tzompa‐Sosa
et al. (2019). NOx (NOx = NO+NO2) emission fluxes correspond to a total of 3.7 Tg N (nitrogen) for the year
2011. This total is lower compared to modeled emissions of the 2011 NEIv1 of 4.3 Tg N and similar to an
unadjusted 2013 estimate of 3.5 Tg N by Travis et al. (2016).

Relevant to this study, the implemented andmodified 2011NEI include updated emission estimates from the
oil and gas industry, adjustments to C4‐C5 alkane emissions, and considered C3H8, benzene, and acetone as
explicit species. From now on, this emission inventory will be referred as “updated 2011NEI.” The updated
2011NEI in our 2011 baseline simulation has total emissions of ethane (C2H6), C3H8, and C4‐C5 alkanes are
1.4 Tg, 1.0 Tg, and 7.0 TgC, respectively. Our C2H6 total is ~50% higher compared to modeled emissions of
the 2011 NEIv1 and ~10% higher compared to an estimate made by Tzompa‐Sosa et al. (2017). For C3H8, the
U.S. total here is much higher than what is included in the 2011 NEIv1 emissions (216% greater, supporting
information [SI] Table S1). U.S. total emissions of C4‐C5 alkanes are estimated as 36% of the total paraffin
emissions. A detailed description of this calculation can be found in Tzompa‐Sosa et al. (2019).
Figures S1–S4 show the changes in spatial distribution of NO and C4‐C5 alkanes emissions.

In this study, we investigate the contribution of C2‐C5 alkane emissions from the U.S. oil and gas industry to
O3 abundances at regional and global scales using two emission scenarios. The first emission scenario (base-
line) uses a complete emission configuration, while in the second, we turn off all C2‐C5 alkane emissions
from the U.S. oil and gas industry (OG‐off). U.S. impacts to O3 abundances were estimated using two nested
simulations (0.5° × 0.6°) over North America (40° to 140°W and 10° to 70°N) for the year 2011. Each nested
simulation uses boundary conditions from a 2° × 2.5° simulation with a spin‐up of 18 months and the same
emission inventory configuration as their corresponding nested runs. The time steps for the emissions,
injection time, and transport correspond to 20, 20, and 10 min, respectively. Updated 2011NEI emissions
are injected in the first (bottom) layer of the model. We use the 2° × 2.5° simulations to calculate global
impacts from the U.S. oil and gas industry to global and hemispheric O3 abundances. Additionally, we
include results from two emission scenarios with 60% and 30% reductions in U.S. anthropogenic NOx

emissions (section 3.2).

3. Results
3.1. Modeled U.S. Emissions of O3 Precursors
3.1.1. Anthropogenic NOx and Biogenic VOCs Emissions
The impact of the emissions of C2‐C5 alkanes on O3 production over the United States can only be under-
stood in the context of other O3 precursors. There are large spatial gradients in the emissions of C2‐C5

alkanes, their relative contribution to overall OH reactivity is quite variable across the United States, and
O3 production is also dependent on NOx abundance. Thus, we provide a description of the spatial
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distribution of other relevant emissions here. Our model simulation includes seven different anthropogenic
and biogenic sources of NOx (soil, biomass burning, biofuel, lightning, fertilizers, anthropogenic ‐
withoutairplanes‐, and airplanes). Anthropogenic sources (including emissions from aircraft, biofuels, and
fertilizer use) are responsible for 72% of the total U.S. emissions of NOx. Emissions of NOx are largest in
urban areas. Consequently, NOx emissions show a west‐to‐east gradient with higher emissions over the
eastern United States, where more urban areas are located (Figure 1a). However, some regions with high
NOx emissions also correspond to semi‐rural areas where oil and gas extraction is abundant. Even though
NOx emissions from the oil and gas sector represent <5% of total U.S. NOx emissions, these emissions have
increased by 94% between 2002 and 2011 compared to a 40% decrease of total anthropogenic emissions
(Allen, 2016). Figure 1a shows summertime (June, July, and August) monthly average NO emissions for
the year 2011. NOx emission fluxes have low seasonality in terms of their spatial distribution andmagnitude.

Biogenic VOCs are important O3 precursors in some U.S. regions. The terrestrial biosphere is the largest
source of VOCs over the United States; the highest emission fluxes occur over the southeastern United
States, and they peak during summer months (Geron et al., 1997; Guenther et al., 2006; Sindelarova
et al., 2014; Ying et al., 2015). To illustrate the typical spatial distribution of biogenic emissions, Figure 1b
shows summertime isoprene emission fluxes.
3.1.2. Anthropogenic Emissions of C2‐C5 Alkanes and Contribution From the Oil and Gas Sector
Anthropogenic emission fluxes of C2‐C5 alkanes have low seasonality and occur across the entire United
States (Figure 2a). Emissions of C2‐C5 alkanes from the oil and gas sector are mainly clustered over the cen-
tral United States (Figure 2b). At a national level, oil and gas sources dominate emissions of C2H6 and C3H8,
and urban sources (e.g., automobile combustion and fugitive emissions from gasoline and diesel distribu-
tion) dominate C4‐C5 alkane emissions. However, inside oil‐and‐gas‐producing basins this sector is the pri-
mary source of C2H6 and C3H8 and C4‐C5 alkanes. Overall the oil and gas sector dominates local
anthropogenic (urban and rural) emission fluxes of C2‐C5 alkanes with contributions >70% (Figure 2c).
Our estimates of the oil and gas contribution to local total anthropogenic emissions of C2‐C5 alkanes inside
individual U.S. oil and gas basins agree with prior studies [Jessica B. Gilman et al., 2013; Peischl et al., 2016;
Warneke et al., 2014].

3.2. Monthly Mean Daytime O3 Mixing Ratios at the Surface

We compare monthly mean daytime O3 mixing ratios at the surface from our baseline simulation to Air
Quality System (AQS, https://www.epa.gov/aqs) data. For the baseline simulation, we estimate the monthly
mean daytime O3 mixing ratio using 3‐hr instantaneous model output. To be consistent, we use correspond-
ing AQS observations and calculate the model bias (Model—AQS). The emissions of O3 precursors in our
baseline simulation result in a consistent nation‐wide overestimation of observed daytime O3 mixing ratios
at the surface. The bias occurs throughout the year and is highest during August 2011 (Figure 3). August is
the month with not only the highest averaged daytime surface O3 bias (18.8 ppb) but also with the highest
tropospheric O3 mixing ratios throughout the column. The calculated normalized mean bias (NMB) for

Figure 1. 2011 summertime (June, July and August) monthly average U.S. anthropogenic emission fluxes of NOX (left panel) and biogenic emissions of isoprene
(right panel).
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Figure 2. Annual average of emission fluxes of C2‐C5 (ngC m2 s−1, panels a and b) and percentage contribution of oil and gas emission sources to total
anthropogenic fluxes of C2‐C5 (panel c).

Figure 3. Comparison between observed and modeled (baseline) monthly mean daytime surface O3 mixing ratios for August 2011. Model results use daytime 3‐hr
instantaneous output. AQS observations correspond to the same daytime hours. In the left figure, the dash line represents 1:1 line, and the correlation
coefficient (r) and normalized mean bias (NMB) are also shown. In the right panel, the filled circles represent the locations of AQS network sampling stations with
2011 O3 data. The color of each filled circle represents the difference between modeled and observed (model—AQS) monthly mean surface O3 mixing ratios.
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each month ranges from 9.6% to 44.0% (Figure S1 in SI). Overall, lower NMB values and averaged biases
occur in March, April, and May, while the highest correlation coefficient values occur in July, August,
and September.

Travis et al. (2016) investigated O3 mixing ratios in the southeast United States. They scaled the 2011NEIv1
to 2013 (multiplying NOx emissions by 0.89) and found a NMB of 26–31% when comparing modeled versus
observed O3 vertical profiles. After reducing NOx emissions of non‐power‐plant NEI emissions by 60%, their
O3 column bias was reduced to a NMB of 4.5%. They estimated that total U.S. anthropogenic fuel NOx emis-
sions were between 1.7 and 2.6 Tg N for the year 2013. We note that between the 2011NEIv1 used by Travis
et al. (2016) and the updated 2011NEI used in this study, there are important changes in the emission totals
and the spatial distribution of U.S. anthropogenic O3 precursors (Table S1 and Figures S2–S5 in SI). We
tested two emission scenarios with reductions of 60% and 30% in U.S. anthropogenic NOx emissions.
Similar to Travis et al. (2016), we reduced by 60 and 30% the non‐power plant NOx emissions (excluding
commercial marine vessels and railroad emissions) in the updated 2011NEI and kept the rest of the emis-
sions as in our baseline simulation. The resulting total U.S. anthropogenic NOx emissions from these itera-
tions were 2.8 Tg N (30% reduction) and 2.1 Tg N (60% reduction). For both emission scenarios summertime
O3 mixing ratios were 1–3 ppb higher than our baseline simulation over most of the United States. It is
unclear if our systematic overestimation of observed summertime surface O3 mixing ratios stems from amis-
representation of U.S. emissions of O3 precursors or from other processes such as dry deposition to vegeta-
tion (Silva & Heald, 2018). Silva and Heald (2018) found that correcting dry deposition biases over both
coniferous and deciduous forests (located in the Midwestern United States) led to a decrease in summer sur-
face O3 mixing ratios of approximately 2 ppb. We are not the first study to point out this issue. There are
known unresolved GEOS‐Chem surface biases of summertime O3 mixing ratios (Hu et al., 2018; Sherwen
et al., 2016; Travis et al., 2016). GEOS‐Chem boundary layer appears to have excessive vertical mixing
(Travis et al., 2016), possibly due to an overestimation of the sensible heat flux (Holtslag & Boville, 1993).
Also, the combined implementation of recent improvements in GEOS‐Chem chemistry for halogens
(Sherwen et al., 2016), aromatic hydrocarbons (Yan et al., 2019), and short‐chain alkyl nitrates (C1‐C3

RONO2; Fisher et al., 2018) is expected to better reproduce observed O3 mixing ratios near the surface.

3.3. Impact of C2‐C5 Alkane Emissions From Oil and Gas on U.S. O3 Abundances

The difference in O3 mixing ratios between the baseline simulation and the simulation without emissions of
C2‐C5 alkanes from the oil and gas sector (OG‐off) provides an estimate of the impact of these emissions on
O3 mixing ratios throughout the column. Figure 4 shows seasonal average O3 enhancements in the bound-
ary layer (defined here as the average of model levels below 2 km). Results show that while the emission
rates have low seasonality, their impact on boundary layer O3 mixing ratios varies by season and altitude
due to seasonal variations in meteorological parameters and thus reaction rates. The “ozone season” is
not consistent across the United States. For example, it spans March to September in Colorado, March to
October in Northern Texas, January to December along the Texas Gulf Coast, and April to October in
Pennsylvania (https://www3.epa.gov/ttnamti1/archive/files/ambient/criteria/reldocs/seasons.pdf, accessed
on March 20, 2020). Higher O3 enhancements occur during summertime over the central United States, and
these enhancements are largest below 1 km. Maximum enhancements occur over major oil and
gas‐producing areas in eastern Colorado, Kansas, and the Texas‐Oklahoma Panhandle. A first order of mag-
nitude sensitivity study conducted by Helmig et al. (2016) estimated that the 4.2%/year increase of United
States. C2‐C5 alkane emissions over the period 2009–2014 increased summertime seasonal average surface
O3 by 0.07–0.50 ppb/year over the central part of the United States. Their simulations also indicated that
other regions like California and the northeastern United States experience surface O3 enhancements as a
result of the dramatic rise in U.S. C2‐C5 alkane emissions. The results presented in Figure 4 are different
from those presented in Helmig et al. (2016). Helmig et al. (2016) increased U.S. C2‐C5 alkane emissions from
all anthropogenic sectors (the increase was attributed to oil and gas sources) from the Hemispheric
Transport of Air Pollutants, Phase II (HTAP2) emission inventory; thus, the spatial distribution of the emis-
sions that were increased is different between the two approaches. Our study considers updated 2011NEI
U.S. C2‐C5 alkane emissions from the oil and gas sector only; Figure 2c shows that these emissions are largely
concentrated in the central part of the United States.
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The highest surface O3 enhancements due to oil and gas C2‐C5 alkane emissions occur in August. Figure 5
shows average daytime surface O3 enhancements from 3‐hr instantaneous mean model output for August
2011. The central part of the United States is the most impacted region with monthly mean daytime O3

enhancements up to 3 ppb in some model grid cells. Among all the U.S. O3 non‐attainment areas
(Figure S6 in SI), the Northern Colorado Front Range has the highest surface O3 enhancements resulting
from C2‐C5 alkane emissions from the oil and gas sector. Figure 6 compares August 2011 3‐hr daytime
instantaneous O3 enhancements over three O3 non‐attainment areas located inside major oil and
gas‐producing basins. The Northern Colorado Front Range O3 non‐attainment area shows simulated day-
time O3 enhancements up to 4 ppb that are driven by C2‐C5 alkane emissions from the oil and gas sector.
As discussed in the introduction, there have been a number of recent studies aiming to quantify surface
O3 enhancements due to oil and gas emissions in the Northern Colorado Front Range.

Figure 5. August 2011 daytime average O3 enhancements (calculated from simulated 3‐hr instantaneous output) due to
C2‐C5 alkanes emitted by the U.S. oil and gas sector.

Figure 4. 2011 seasonal mean O3 enhancements driven by emissions of C2‐C5 alkanes from the U.S. oil and gas industry.
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Figures 4 and 5 show that outside the central part of the United States, the
O3 enhancements resulting from oil and gas C2‐C5 alkane emissions are
lower. For example, the 3‐hr daytime instantaneous O3 enhancements
over Dallas, TX, and Pittsburgh, PA are largely less than 1 ppb, a factor
of 3 smaller than the enhancements estimated for the Colorado Front
Range (Figure 5). Previous studies have investigated the contribution of
oil and gas emissions to regional O3 enhancements inside the oil and
gas‐producing basins encompassing these two O3 non‐attainment areas
(Kemball‐Cook et al., 2010; Pacsi et al., 2015; Roohani et al., 2017).
Depending on the scenario approach and emission inventory configura-
tion (e.g., base year of U.S. emissions, emission factors assigned for future
scenarios, etc.), prior estimates of surface O3 enhancements due to local
oil and gas emissions vary from 0.6–5 ppb in Texas and 0.1–0.5 ppb
in Pennsylvania.

3.4. Contribution of U.S. C2‐C5 Alkane Emissions From the Oil and Gas Industry to the
Hemispheric O3 Burden

We estimate the contribution of C2‐C5 alkane emissions from the oil and gas sector to the hemispheric O3

burden using two 2° × 2.5° global simulations (baseline and OG‐off). Tzompa‐Sosa et al. (2019) estimated
that the oil and gas industry is the largest anthropogenic source of C2H6 (90%) and C3H8 (84%), and this sec-
tor is the third largest source for C4‐C5 alkanes (26%) in the United States. The global tropospheric contribu-
tion of C2‐C5 alkane emissions from the U.S. oil and gas sector to the O3 burden is 0.5 Tg for the year 2011,
which represents 0.17% of the global tropospheric O3 burden. Due to the short lifetime of C2‐C5 alkanes com-
pared to the interhemispheric transport time, the highest O3 enhancements are located over the Northern
Hemisphere, where their contribution to the tropospheric O3 burden is 0.27%. The highest contribution to
O3 surface mixing ratios over land areas downwind the United States occurs during August over northern
Africa, where the enhancement is up to 0.30 ppb (Figure 7). A 2009–2014 simulation by Helmig
et al. (2016), which considered an annual increase of 4.2% in C2‐C5 alkane emissions from U.S. sources
with constant emissions of CH4, >C5 alkanes, and NOx emissions, showed a similar spatial distribution of
surface O3 enhancements outside the U.S. during summertime. The Helmig et al. (2016) enhancements
are an order of magnitude smaller because their results reflect only the impact of the 4.2% increase of U.S.
C2‐C5 alkane emissions, while our results show the 2011 enhancements due to total updated U.S. oil and
gas C2‐C5 alkane emissions.

Figure 6. August 2011 3‐hr daytime instantaneous O3 enhancements over
three O3 non‐attainment areas located inside important oil and
gas‐producing basins.

Figure 7. Averaged surface O3 enhancements due to U.S. emissions of C2‐C5 alkanes from the oil and gas sector for
August 2011.
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3.5. Impact of C2‐C5 Alkane Emissions From Oil and Gas on VOC Reactivity

The primary tropospheric sink of C2‐C5 alkanes is oxidation via reaction with hydroxyl radicals (OH). The
VOC reactivity is calculated by multiplying the rate constant of the reaction of each individual VOC with
OH (kOH,VOC) times the concentration of that species; the sum of these products is the total VOC OH reac-
tivity [Abeleira et al., 2017; Jessica B. Gilman et al., 2013; McDuffie et al., 2016]. Here, we use simulated
monthly average mixing ratios at the surface during August 2011 to calculate kOH,VOC. Figure 8 shows regio-
nal VOC reactivity in each of the three selected O3 non‐attainment areas (see section 3.3) for our baseline
and OG‐off simulations. Additionally, we calculated the percent contribution of oil and gas sources to the
regional VOC reactivity in each non‐attainment area.

Figure 8 shows that among the three selected O3 non‐attainment areas, the Colorado Front Range has the
lowest monthly mean VOC reactivity (1.5 s−1) for the baseline simulation but the highest percent contribu-
tion of oil and gas sources (52%). The model attributes 47% (0.7 s−1) of the 1.5 s−1 VOC reactivity in this
region to oil and gas C2‐C5 alkanes. Similarly, a recent study by Pfannerstill et al. (2019) around the
Arabian Peninsula found the highest contribution from alkanes to total OH reactivity (on average 1.2 s−1

or 9% of total OH reactivity) in the Arabian Gulf (also known as Persian Gulf). Among the regions in that
study, the Arabian Gulf is the region that encompasses the largest number of gas fields. Compared to
Dallas and Pittsburg (Rutter et al., 2015; Swarthout et al., 2015), the lower VOC reactivity in the Front
Range is due lower biogenic emissions combined with minimal traffic‐related alkenes and aromatics emis-
sions [Abeleira et al., 2017; Jessica B. Gilman et al., 2013; McDuffie et al., 2016]. The model simulated VOC
reactivity in the Front Range is on the lower end of previous summertime studies (e.g., Abeleira et al., 2017
estimated VOC reactivity values of 1.3–2.4 s−1). However, we note that reported VOC reactivity values vary
depending on the number of VOCs considered. For example, Abeleira et al. (2017) considered 31
non‐methane VOC (NMVOC) species (including C2‐C8 alkanes) and reported VOC reactivity values of
1.3–2.4 s−1. Swarthout et al. (2013) measured three times as many NMVOC species (considering up to C10

alkanes) and obtained a larger VOC reactivity range (2.0–12.0 s−1). The GEOS‐Chemmodel lumps VOC spe-
cies (e.g., alkenes with more than 2 carbons, alkyl nitrates with more than 3 carbons) according to the simi-
larity on their chemical mechanisms. The low VOC reactivity in our simulations may indicate that the
emissions in the model are too low for the existing categories or that there are additional categories that
should be included to more accurately simulate these regions. Figure 8 also indicates that the simulation
without emissions of C2‐C5 alkanes from the oil and gas sector (OG‐off) substantially perturbed the VOC
reactivity in the Colorado Front Range compared to the other regions. Given the nonlinearity of O3 chem-
istry and the potential for interactions between species, this may have introduced additional uncertainty into
our results for this region.

Figure 8. VOC reactivity (kOH,VOC* VOC abundance) for August 2011 in the baseline and OG‐off simulations for each
of the selected O3 non‐attainment areas.
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Dallas is the selected region with the highest simulated VOC reactivity (2.6 s−1). In the simulation, isoprene
plus its oxidation products, methacrolein and methyl vinyl ketone, dominate VOC reactivity; together they
account for 44% of the VOC reactivity in this region (34% from isoprene alone). Oxygenated VOCs (formal-
dehyde, acetaldehyde, acetone, and methyl ethyl ketone) account for 34% of the VOC reactivity in the simu-
lation, and formaldehyde is the largest single contributor (26%) in the simulation. C2‐C5 alkanes are
responsible for just 8% (0.2 s−1), and oil and gas C2‐C5 alkane sources comprise 3.5% (0.1 s−1) of the regional
VOC reactivity in the simulation. Rutter et al. (2015) estimated that natural gas and fugitive emissions are
responsible on average of 13% of the total OH reactivity. However, they did not provide an estimate of the
VOC reactivity associated only with C2‐C5 alkanes from the oil and gas sector. Nevertheless, the low regional
contribution of oil and gas sources compared to biogenic sources is consistent across both studies.

For the Pittsburgh non‐attainment area, we estimate a VOC reactivity of 2.1 s−1. In this region, isoprene and
its oxidation products account for approximately half of the VOC reactivity (1.0 s−1; 0.8 s−1 from isoprene).
Similar to Dallas, oxygenated VOCs are the second largest contributors to VOC reactivity (0.6 s−1, 30%) and
C2‐C5 alkanes from the oil and gas sector comprise just a fraction of the VOC reactivity (0.04 s−1, 1.7%). The
model output in this region is comparable to recent VOC reactivity measurements by Swarthout et al. (2015).
They found that isoprene dominated the biogenic contribution to VOC reactivity on average by 47%.
However, if biogenic VOCs were excluded, C1‐C10 alkanes comprised ~50% of the regional VOC reactivity,
with CH4 alone contributing to 35% of the non‐biogenic VOC reactivity. The latter contribution estimated
by Swarthout et al. (2015) highlights the impact of long‐lived compounds (such as CH4) to regional VOC
reactivity. Future modeling studies, especially over oil and gas regions, should consider both, short and long
lived alkane species, in order to provide a more accurate estimate of the main contributors to regional VOC
OH reactivity.

3.6. Impacts to NOy Partitioning

The model also shows that enrichments in C2‐C5 alkanes, driven by emissions from the oil and gas sector,
cause differences in oxidized reactive nitrogen partitioning (Figure 9). The model shows that C2‐C5 alkanes
increase the production of acyl peroxy nitrates and alkyl nitrates; the largest relative changes occur in the
Colorado Front Range, and thus, we focus our discussion on this location. Surface observations of many
key NOy species were collected during summer 2015 at the Boulder Atmospheric Observatory (BAO). The
measurement site was impacted by plumes of aged wildfire smoke for several weeks during summer 2015,
so we provide some summary statistics for both the smoke‐free portion of the data set and for the full data
set. For NOx, PAN, PPN, and HNO3 summer 2015 smoke‐free mean mixing ratios of these species were
5.39 ± 5.3 (±1σ) ppb, 185 ± 131 (±1σ) ppt, 22 ± 22 (±1σ) ppt, and 0.43 ± 0.60 (±1σ) ppb, respectively. For

Figure 9. Percent changes in oxidized reactive nitrogen partitioning driven by U.S. C2‐C5 alkane emissions from the oil
and gas sector for August 2011 for three different O3 non‐attainment areas.
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NOx, PAN, PPN, and HNO3 mean mixing ratios of these species were 5.73 ± 5.7 (±1σ) ppb, 223 ± 159 (±1σ)
ppt, 27 ± 25 (±1σ) ppt, and 0.45 ± 0.60 (±1σ) ppb, respectively, in the full dataset (Lindaas et al., 2017;
Lindaas et al., 2019). For comparison, the mean mixing ratios of these species for August 2011 in the simula-
tion are 6.1 ppb, 337.6 ppt, 49.6 ppt, and 1.8 ppb, respectively. Modeled PAN and PPN are consistent with
observations. Much prior attention has been given to evaluating the GEOS‐Chem PAN simulation (Fischer
et al., 2014), and the model version used here is not substantively different with respect to PAN than the
Fischer et al. (2014) version with the exception of the improved U.S. alkane emissions. The production chem-
istry for PPN in the model has not been carefully evaluated. For NOX, the updated 2011NEI simulation pro-
duced NOX mixing ratios higher compared to 2015 observations in the region. We note that in Colorado
absolute NOX emissions in 2011NEI are roughly 10% higher compared to 2014NEI estimates (Cheadle
et al., 2017). Also, work in the oil and gas Uintah Basin by Ahmadov et al. (2015) estimated that NOX emis-
sions from the oil and gas sector might be overestimated by a factor of 4 in the 2011NEI. Regarding HNO3,
there are known gas phase HNO3 biases in GEOS‐Chem. The model has been shown to significantly over-
estimate concentrations over the United States, and model developments in wet scavenging are underway
(Luo et al., 2019).

Though the molar yield varies depending on NOx levels, acetaldehyde is produced in GEOS‐Chem from
C2H6, C3H8, and C4‐C5 alkanes (Millet et al., 2010); acetaldehyde is an immediate precursor for PAN (per-
oxyacetyl nitrate; CH3C(O)O2NO2). PPN (peroxypropionyl nitrate; CH3CH2C(O)O2NO2) is the other PAN
homologue that is included in the GEOS‐Chem chemical mechanism. Enhanced PPN in the model is pro-
duced during the oxidation of the emissions of C3H8 and C4‐C5 alkanes. Additional C2‐C5 alkanes from
the oil and gas sector also increase the production of >C4 alkyl nitrates (model species R4N2; shown in
Figure S7). The model version used here does not include C1‐C3 alkyl nitrates (Fisher et al., 2018). While
the relative increases for PAN, PPN, and R4N2 are large, the relative decreases in NO and HNO3 in the
model are small. These species are much larger reservoirs.

Though direct comparisons are not possible given the model configuration and timing used here, changes in
the model are qualitatively consistent with limited observations of secondary reactive nitrogen species in
regions impacted by the oil and gas sector. For example, Lindaas et al. (2019) found elevated PPN to PAN
ratios on elevated O3 days observed during summer 2015 in the Colorado Front Range; idealized box model
simulations initialized with simultaneous NMVOCmeasurements from that summer indicate that C3H8 and
n‐pentane are likely the dominant PPN precursors in this region. The simulations in Lindaas et al. (2019)
support the hypothesis that alkane emissions from the oil and gas sector are major NMVOC precursors of
PPN and PAN in Colorado Front Range. Similar high ratios were also observed during summer 2014 by
Zaragoza et al. (2017), and they concluded that the PPN to PAN ratio was higher than other U.S. urban areas
because of the higher abundance of alkanes from the oil and gas sector. Elevated mixing ratios of C3‐C4 alkyl
nitrates have also been observed in rural Kansas, a region with major industrial activities associated with oil
and natural gas extraction (Katzenstein et al., 2003).

4. Conclusions

We present the first detailed analysis of the impact of C2‐C5 alkane emissions from the oil and gas sector on
secondary species production over the continental United States using the GEOS‐Chem chemical transport
model. The simulations imply that C2‐C5 alkane emissions from the oil and gas sector contribute to summer-
time O3 over several U.S. regions, including 8‐hr O3 non‐attainment areas. Our specific findings are summar-
ized as follows:

(1) The highest surface O3 enhancements due to oil and gas C2‐C5 alkane emissions occur in August below
1 km, and the maximum O3 enhancements occur over major oil and gas‐producing areas in eastern
Colorado, Kansas, and the Texas‐Oklahoma Panhandle. Emissions of C2‐C5 alkanes are mainly clustered
over this central region of the United States, and these regions are characterized by lower anthropogenic
emission fluxes of NO and biogenic VOC fluxes than the eastern United States.

(2) We calculate August 2011 3‐hr daytime instantaneous O3 enhancements over three O3 non‐attainment
areas located inside important oil and gas‐producing basins. This analysis shows that the Colorado Front
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Range is the most impacted O3 non‐attainment area in the United States with 3‐hr daytime instantaneous O3

enhancements from C2‐C5 alkanes >4 ppb.

(3) To further investigate the impact of C2‐C5 alkanes on the photochemistry leading to O3 production, we
examine monthly mean VOC reactivity for three O3 non‐attainment areas. The Colorado Front Range has
the lowest monthly mean VOC reactivity (1.5 s−1) for the baseline simulation but the highest percent con-
tribution of oil and gas sources (52%).

(4) The model simulation also shows that C2‐C5 alkane emissions from the oil and gas sector impact the rela-
tive abundances of oxidized reactive nitrogen species. In particular, C2‐C5 alkane emissions from the oil and
gas sector increase the production of PAN, PPN, and >C4 alkyl nitrates. Thus, the emissions from the oil and
gas sector have the potential to also perturb remote O3 production through increased NOx export to remote
regions via PAN chemistry.

(5) We also calculate the contribution of C2‐C5 alkane emissions from the U.S. oil and gas sector to the global
tropospheric O3 burden. We estimate the contribution to be 0.5 Tg for the year 2011, representing ~0.17% of
the global tropospheric O3 burden. These emissions contribute ~0.27% to the Northern Hemisphere tropo-
spheric O3 burden.

In conclusion, the emissions from oil and gas extraction appear to contribute to a new VOC mixture
with a spatial distribution that is different from national patterns in VOCs, otherwise primarily from
urban and biogenic sources. Our analysis only considered the impact of C2‐C5 alkane emissions from
the oil and gas sector on secondary species production. In reality, the oil and gas sector also contributes
to the emissions of other hydrocarbon precursors, such as small unsaturated hydrocarbons and aromatic
species. The present work builds on efforts to better represent the emissions of C2‐C5 alkanes from the
U.S. oil and gas industry in global models. To quantify the full impact of the U.S. oil and gas sector on
O3 production on regional‐to‐local scales, further work is needed to evaluate and improve the way other
species are represented.
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