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ABSTRACT: The influence of oil and gas end-use activities on ambient air quality is
complex and understudied, particularly in regions where intensive end-use activities
and large biogenic emissions of isoprene coincide. In these regions, vehicular
emissions of nitrogen oxides (NOx�NO + NO2) modulate the oxidative fate of
isoprene, a biogenic precursor of the harmful air pollutants ozone, formaldehyde, and
particulate matter (PM2.5). Here, we investigate the direct and indirect influence of
the end-use emissions on ambient air quality. To do so, we use the GEOS-Chem
model with focus on the eastern United States (US) in summer. Regional mean end-
use NOx of 1.4 ppb suppresses isoprene secondary organic aerosol (OA) formation
by just 0.02 μg m−3 and enhances abundance of the carcinogen formaldehyde by 0.3
ppb. Formation of other reactive oxygenated volatile organic compounds is also enhanced, contributing to end-use maximum daily
mean 8-h ozone (MDA8 O3) of 8 ppb. End-use PM2.5 is mostly (67%) anthropogenic OA, followed by 20% secondary inorganic
sulfate, nitrate and ammonium and 11% black carbon. These adverse effects on eastern US summertime air quality suggest potential
for severe air quality degradation in regions like the tropics with year-round biogenic emissions, growing oil and gas end-use and
limited environmental regulation.
KEYWORDS: fine particle pollution, oil and gas consumption, atmospheric composition, summertime ozone, eastern United States,
chemical transport model, criteria pollutants, isoprene emissions

1. INTRODUCTION
End use of processed and unprocessed oil and natural gas in
fuel combustion and industrial processes contribute significant
emissions of air pollutants that are damaging to public
health.1−5 In the US, oil and gas collectively accounts for
more than two-thirds of total energy consumption6 and almost
all (94%) energy consumed by the transport sector.7 High-
temperature combustion of fossil fuels in transportation
produces large amounts of nitrogen oxides (NOx)

1,8 that
directly increase abundance of nitrogen dioxide (NO2) and
that undergo heterogeneous chemistry to form fine particulate
matter (PM2.5).

9,10 Other widely used products of oil and gas
include industrial and domestic volatile chemical products
(VCPs) such as cleaning and personal care products that have
been identified as a major source of volatile organic
compounds (VOCs) in US cities.11 VCPs directly harm health
and contribute to PM2.5 pollution.

12−14 Exposure to NO2 is
linked to increased incidences of childhood asthma15 and
exposure to PM2.5 is linked to premature mortality from
multiple causes.16,17

Absent is a comprehensive assessment of the primary and
secondary effects of oil and gas end-use activities on air
pollutant precursor emissions and air quality in environments
where end-use activities are in close proximity to large biogenic
emissions of isoprene. Previous studies have quantified the

adverse effects of end-use of oil and gas together with other
fossil fuels such as coal,18 so it is not possible to disentangle the
contribution from oil and gas end-use. Other studies that have
examined air pollution from the oil and gas industry have only
assessed the effects of pollution from the production stage of
the oil and gas lifecycle.19−23 Almost all of these studies have
focused exclusively on criteria air pollutant concentrations,
rather than investigating the relationship between primary
emissions of natural and anthropogenic precursors. This
knowledge gap of the complex pathways leading to air quality
degradation has implications for regions like the eastern US
that are adopting net zero policies and transitioning to cleaner
fuels and even more so for fast-growing cities in the tropics
with year-round emissions of isoprene that are experiencing
rapid industrialization, urbanization, economic and population
growth and increasing air pollution.24,25

The large influence of urban NOx from vehicular
combustion on atmospheric composition was apparent during
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the COVID-19 pandemic, offering a glimpse into urban air
quality in the absence of reliance on a prominent oil and gas
end-use activity. This event enabled elucidation of the
pathways leading to changes in atmospheric composition and
improvements in air quality, but in early spring when isoprene
emissions are dormant. In the densely populated eastern US,
strict lockdowns substantially reduced traffic NOx emissions,
causing a decline in NOx concentrations

26−29 and affecting
abundance of PM2.5. Formation of the PM2.5 component
particulate nitrate (pNO3) from oxidation of NOx de-
clined.30−32 As did the PM2.5 component particulate
ammonium (pNH4). The decrease in pNH4 resulted from
decline in ammonia emissions from mobile sources and less
uptake of ammonia, an acid buffer, to aerosols due to decline in
abundance of acidic pNO3.

29 The effect of strict COVID-19
lockdowns on the secondary air pollutant ozone (O3) differed
in urban and rural areas. Urban O3 increased, as its titration by
NOx was dampened, while suburban and rural O3 decreased, as
O3 production in these environments is limited by the
availability of NOx.

33

The strict lockdowns only offer an assessment of the
contribution of road traffic to O3 and PM2.5, as VCP usage was
unaffected.29 The occurrence of these lockdowns in early
spring is also only the onset of the spring-summer peak O3
pollution period in the eastern US34 and precedes the
summertime (June-August) peak in biogenic isoprene
emissions in the southeast US caused by high temperatures,
abundant sunlight, and dense vegetation.35 Isoprene is a
precursor of multiple air pollutants. These include O3, the
carcinogen formaldehyde (HCHO), and secondary organic
aerosols (SOA) that make a substantial contribution to
summertime PM2.5.

36−39 The effect isoprene has on these
pollutants depends on the availability of NOx, as NOx
modulates the oxidative fate of isoprene.37,39,40 In the presence
of large concentrations of NOx typical of the eastern US,
isoprene oxidation leads to high and prompt yields of HCHO
and of other similarly small oxygenated VOCs that react to
form O3.

39,40 When NOx concentrations are relatively low, as
may occur in the absence of emissions of vehicular NOx,
formation of SOA precursors via the competing hydroperoxyl
radical (HO2) oxidation pathway should increase. These
precursors include isoprene epoxydiols (IEPOX) that undergo
fast acid-catalyzed reactive uptake to aqueous acidic aerosols,
glyoxal that oligerimerizes in aqueous aerosols, and low-
volatility high-molecular weight products (C5-LVOCs) that
readily partition to pre-existing aerosols.36,41,42 Isoprene SOA
formation is most influenced by availability of acidic sulfate
aerosols (pSO4)

36,43 that are still abundant and very acidic (pH
∼ 2-3)44−46 in the eastern US in summer, despite sustained
decline in precursor emissions of sulfur dioxide (SO2)

47 and
due to the limited buffering capacity of ammonia.44

Here we investigate the complex direct and indirect
pathways of influence of emissions of oil and gas end-use
activities, hereafter referred to as “end-use”, on summertime
eastern US air quality to better inform policies that mitigate
emissions from processed and unprocessed oil and gas. To do
so, we first process multiple contemporary emissions estimates
to obtain an updated inventory of emissions of air pollutant
precursors linked to end-use and implement this inventory in
the GEOS-Chem chemical transport model to quantify air
pollutant concentrations attributable to end-use activities. This
includes evaluation of modeled NO2, O3, PM2.5 and PM2.5
components with observations from the extensive national

surface monitoring network needed to bias correct model-
derived attribution of oil and gas end-use activity emissions to
air pollutant concentrations.

2. MATERIALS AND METHODS
2.1. Oil and Gas End-Use Emissions and the GEOS-

Chem Model. Anthropogenic emissions for on- and off-road
mobile sources are from the Fuel-based Inventory for
Vehicular Emissions (FIVE) (https://csl.noaa.gov/groups/
csl7/measurements/2020covid-aqs/emissions/; last accessed
5 September 2022).8,48 These are provided as gridded (4-km)
hourly emissions for 2018-2020 for use in COVID-19
modeling and emissions studies.8,29 Anthropogenic emissions
for all other sources, except commercial ships and aircraft, are
from the US Environmental Protection Agency (EPA)
National Emissions Inventory (NEI). These are provided as
county-level annual totals of active Source Classification Codes
(SCCs). The 248 SCCs we classify as end-use are listed in
Supporting Information Table S1.
The most recent publicly available NEI emissions year not

affected by the COVID-19 pandemic is 2017 (NEI 2017;
https://www.epa.gov/air-emissions-inventories/2017-national-
emissions-inventory-nei-data; last accessed 5 September 2022)
and so we select 2017 as the study year. Oil and gas
consumption in the US has remained relatively stable since
2017. In 2018-2019, it increased by 5%, whereas in 2020-2021
it declined to 2017 totals due to reduced demand brought on
by the COVID-19 pandemic.7 We generate gridded hourly
emissions from the NEI 2017 emissions using a custom
codebase adapted from the Sparse Matrix Operator Kernel
Emissions (SMOKE) processing system, previously developed
and used in numerous publications.29,48,49 SMOKE processing
yields hourly emissions for the same grid resolution and days as
FIVE. Due to the computational cost of processing NEI, we
generate emissions for end-use and other anthropogenic
activities for July only. For consistency, we also select the
FIVE July hourly emissions. FIVE emissions are for 2018 and
so slightly underestimate 2017 emissions, as NOx emissions
from mobile sources declined steadily each year prior to the
pandemic due to controls on emissions.50 We use the NEI and
FIVE data to calculate emissions for the other summer months
and April-May needed for model chemical initialization by
applying broad sector-specific seasonal scaling factors derived
with the NEI 2016 emissions that have been custom built for
use in GEOS-Chem (http://geoschemdata.wustl.edu/
ExtData/HEMCO/NEI2016/v2021-06/, last accessed 10
December 2023). We regrid the FIVE and NEI 4-km
resolution emissions to 0.1 ° × 0.1 ° to implement in
GEOS-Chem.
We use GEOS-Chem version 13.0.0 (10.5281/zeno-

do.4618180; last accessed 1 March 2023) to simulate the
complex changes in atmospheric composition linked to
emissions from end-use activities. The model is driven with
NASA GEOS-FP meteorology. We simulate the model in a
nested configuration over contiguous US (23 °-51 °N, 128
°-63.5 °W) at 0.25 ° × 0.3125 ° (∼28 km latitude × ∼27 km
longitude at the nested domain center) in summer (June-
August 2017). Dynamic (3-hourly) boundary conditions are
from a global simulation (4 ° × 5 °). Model chemical
initialization is achieved with a 1-year spinup for the boundary
conditions and 2 months for the nested domain.
NEI 2017 emissions of all aerosol-bound metals and "Other

PM2.5" are emitted as dust. Anthropogenic emissions outside
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the US, including shipping emissions in US territorial waters,
are from the global Community Emissions Data System
(CEDS) v2 emission inventory. Aircraft emissions are from the
global Aviation Emissions Inventory Code (AEIC) inventory
for 2005.51,52 The model also includes open fire and natural
emissions. Open fire emissions are from the Global Fire
Emissions Database (GFED) version 4 with small fires. Natural
emissions are calculated using the Model of Emissions of Gases
and Aerosols from Nature (MEGAN) version 2.135 for
biogenic VOCs, and the parametrizations of Hudman et al.53

for soil NOx, and Jaegle ́ et al.54 for sea salt. Hourly offline
dust55 and lightning NOx

56 emissions are those generated at
0.25 ° × 0.3125 °. The timezone file currently implemented in
GEOS-Chem, derived using Voronoi polygons, is at coarser
resolution (1 ° × 1 °) than the nested grid and defines
timezones by standard time only. We update GEOS-Chem
representation of timezones by gridding to 0.1 ° × 0.1 ° the
timezone data from the Time Zone Database (https://www.
iana.org/time-zones; last accessed 16 April 2023) and by also
accounting for daylight savings time, thus shifting emissions
from sources like vehicle traffic to 1 hour earlier than standard
time.
The model includes detailed coupled gas- and aerosol-phase

chemistry and wet and dry deposition to represent formation
and loss of O3 and PM2.5 components. pSO4 is formed from
oxidation of SO2 by the hydroxyl radical and by in-cloud
hydrogen peroxide.10 Formation of pNO3 and pNH4 is via
thermodynamic equilibrium calculated by ISORROPIA II.57

We use a revised parametrization of rainout and washout58 that
increases wet scavenging of pNO3 and pNH4 in the US.
Primary OA (POA) is emitted as 50% hydrophilic and 50%
hydrophobic59 that is assumed to age to hydrophilic with a
lifetime of 1.15 days.60,61 SOA from isoprene is calculated
using a mechanism that accounts for irreversible reactive
uptake of the isoprene oxidation products IEPOX, C5-LVOCs,
and glyoxal to aqueous aerosols.36 IEPOX, the dominant
isoprene SOA precursor, undergoes acid catalyzed reactive
uptake, so depends on the abundance of acidic aerosols. SOA
from monoterpenes and sesquiterpenes is represented in the
model using fixed mass yields of 10% each.62 Anthropogenic
SOA formation from oxidation of anthropogenic VOCs and
from aerosol uptake of intermediate- and semi-volatile organic
compounds (IVOCs and SVOCs) is estimated as 6% by mass
of anthropogenic CO emissions.63

The nested model is simulated with and without end-use
emissions. End-use emissions turned off in the latter are FIVE

for on-road and off-road mobile sources, NEI 2017 emissions
of the selected end-use SCCs (Supporting Information Table
S1 ), AEIC for aircraft, and CEDS for shipping. The difference
between the two simulations is used to quantify the
contribution of end-use to summertime O3 and PM2.5 in
eastern US (east of 100 °W).
2.2. Surface Air Pollutant Observations to Evaluate

GEOS-Chem. The eastern US includes a widespread, dense
network of measurements of surface concentrations of PM2.5,
PM2.5 components (organic carbon (OC), pNO3, pNH4, and
pSO4), NO2, and O3 for extensive model evaluation and to
correct model biases where these impart errors in findings that
have implications for policy decisions. The network measure-
ment data are from the US EPA Air Quality System (AQS)
database (https://aqs.epa.gov/aqsweb/documents/data_api.
html; last accessed 1 March 2023) for both trace gases and
aerosols and the Interagency Monitoring of Protected Visual
Environments (IMPROVE) program (http://vista.cira.
colostate.edu/Improve/; last accessed 16 April 2023) for
aerosols only. AQS sites, located mostly in urban and suburban
areas, are part of the national ambient air monitoring program
to assess compliance with the national air quality standards.
IMPROVE monitors visibility in areas with special air quality
protections such as national parks and wilderness areas. We use
air quality data for all sites operational in the eastern US in
June-August 2017. PM2.5 measurements are from beta
attenuation monitoring or gravimetric sampling, OC from
thermal optical reflectance analysis, pNO3 pNH4, and pSO4
from ion chromatography, NO2 from chemiluminescence, and
O3 from an ultraviolet detector. We select sites with 75% data
coverage in each month totalling 423 for PM2.5, 161 for OC,
154 for pNO3, 108 for pNH4, 159 for pSO4, 229 for NO2, and
829 for O3.
We correct OC observations from the IMPROVE network

for a ∼30% low bias attributed to evaporative loss of
semivolatiles.64,65 NO2 observations from chemiluminescence
instruments used as part of air quality monitoring networks are
often denoted as “NO2*” to represent positive interference
from decomposition of thermally unstable NOx reservoir
compounds such as peroxy-acetyl nitrate (PAN), methyl
peroxy nitrate (MPN, CH3O2NO2) and peroxy nitric acid
(HNO4).

66,67 We calculate the equivalent NO2* in GEOS-
Chem using reported operating temperature-dependent
percentage interference values.67 At typical operating con-
ditions of ground-based chemiluminescence instruments,
interference includes reservoir compounds such as 5% PAN,

Figure 1. Eastern US anthropogenic air pollutant precursor emissions in summer 2017. Stacked bars show the relative contribution of end-use
(blue) and non end-use (orange) emissions to total anthropogenic emissions for dominant gaseous pollutants (CO, NOx, NMVOCs, NH3 and
SO2) and primary PM2.5 components (OC and BC). Values outside the bars are the total emissions for June-August. Value for NMVOCs is total
speciated emissions included in GEOS-Chem (Section 2.1).
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100% MPN and 100% HNO4. Interference according to
GEOS-Chem is small (<1%), as these thermally unstable
reservoir compounds are not prevalent in summer in the
eastern US.
For consistent comparison of GEOS-Chem and the ground-

based observations, we sample outputs from the lowest model
layer and grid the observations to the GEOS-Chem grid.
Modeled PM2.5 is calculated as the sum of the concentrations
of individual simulated components multiplied by hygroscopic
growth factors at the same relative humidity (35% RH) and
temperature and pressure (ambient) as the measurements68

= + + + +

+ + + +

PM 1.10(pNO pSO pNH ) BC OCPO

1.05( OCPI SOA) 1.86SSA DUST

2.5 3 4 4 1

2
(1)

Equation 1 terms are BC for black carbon, OCPO for the
hydrophobic component of primary OC, OCPI for the
hydrophilic component of primary OC, SOA formed from
biogenic and anthropogenic precursors, SSA for accumulation-
mode sea salt, and DUST is dust aerosol. The α terms are OA/
OC ratios that are typically 1.5 for primary sources and 2.1
after aging.69 OCPO is freshly emitted and so we use α1 = 1.5.
OCPI is a mix of freshly emitted and aged aerosol and so we
use α2 = 1.8. We sample hourly O3 concentrations from
GEOS-Chem to calculate maximum daily 8-h running-mean
ozone (MDA8 O3), the metric used for air quality compliance
monitoring and health burden assessments.

3. RESULTS AND DISCUSSION
3.1. Contribution of Oil and Gas End-Use Activities to

Emissions. Figure 1 shows total and end-use contribution to
anthropogenic emissions of dominant air pollutant precursors
in the eastern US for June-August 2017 that we include in
GEOS-Chem. All NEI and FIVE emissions of CO, NOx,
ammonia (NH3), SO2 and primary PM2.5 are included in the
model, whereas a portion of NMVOCs emissions are
represented in GEOS-Chem. Even though there are only 17
lumped and individual NMVOCs in GEOS-Chem, these
account for 65% of the NMVOCs mass reported by the
inventories. The largest anthropogenic emissions in GEOS-
Chem are for CO (5.5 Tg), NOx (1.6 Tg) and NMVOCs (1.3
Tg). End-use activities contribute to more than half the
emissions of CO (4.7 Tg), NOx (1.1 Tg), and BC (23 Gg),
and just below half for NMVOCs (0.6 Tg). Dominant end-use
activities include all mobile (vehicle) sources for CO70,71 and
NOx,

72 diesel vehicles for BC,72,73 and VCPs for NMVOCs.11

The relative contribution of end-use activities to anthropogenic
emissions of the other compounds is smaller at 16% for OC
(17 Gg), and 5% for NH3 (57 Gg) and for SO2 (23 Gg). End-
use emissions are mainly from catalytic converters of onroad
gasoline for NH3,

74 industrial boilers and commercial buildings
for SO2,

75 and mobile sources for OC.76 There is a very small
contribution of end-use activities to inorganic primary PM2.5
components (not shown) of 1.7 Gg pSO4, 0.7 Gg pNH4, and
0.3 Gg pNO3.
3.2. Addressing GEOS-Chem Biases in Particulate

Nitrate and Ammonium. GEOS-Chem comparison to

Figure 2. Assessment of GEOS-Chem eastern US summer 2017 surface pNO3 and pNH4. Maps compare simulated (background) and observed
(circles) June-August mean pNO3 (a) and pNH4 (c). Values inset are the model NMB for coincident grid squares and observations. Scatter plots
compare coincident modeled and observed pNO3 (b) and pNH4 (d). Lines are SMA regression (black solid) and 1:1 agreement (gray dashed).
Values inset are Pearson’s correlation coefficients (R) and SMA regression statistics. Relative errors on the slopes and intercepts are the 95% CI. R
and SMA regression in panel (d) exclude the 3 outlier points in Texas.
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surface observations is shown and discussed in the SI
(Supporting Information Text S1 and Figures S1-S2 ) for
pollutants (NO2, MDA8 O3, PM2.5, OC) that the model is
consistent with spatially (R > 0.5). Pertinent for perturbation
studies is that the model also reproduces the observed variance
for these pollutants, yielding regression slopes close to unity.
The model exhibits a large and significant bias in both pNO3
and pNH4 (Figure 2). Observed pNO3 and pNH4 are typically
<0.5 μg m−3 in the eastern US in summer. GEOS-Chem
overestimates each component by almost a factor of 3 (NMBs
of 181% for pNO3 and 195% for pNH4). Such large biases have
also been reported in prior studies targeting the contiguous
US77,78 and other parts of the world like China that have
substantial anthropogenic precursor emissions of pNO3 and
pNH4.

79 A range of potential causes have been suggested for

the bias in pNO3 that in turn enhances NH3 partitioning to
aerosols to form pNH4, as the additional aerosol acidity from
pNO3 promotes partitioning of gas-phase NH3 to the aerosol
to neutralize the acidity by forming pNH4. Causes that have
been proposed for the model bias in pNO3 include
uncertainties in processes that affect abundance of nitric acid
(HNO3), the NOx oxidation product and precursor of pNO3,

77

kinetic inhibition of pNO3 formation by organically coated
aerosols not accounted for in GEOS-Chem,80 and low biases in
pNO3 and pNH4 wet deposition.

58,78 Heald et al.77 tested
sensitivity to uncertainties in a range of processes that affect
model simulation of HNO3 to find that a brute force 75%
decrease in HNO3 is most effective at improving agreement
between GEOS-Chem and the same IMPROVE surface
observations of pNO3 and pNH4 used in this study. Silvern

Figure 3. Contribution of oil and gas end-use activities to surface concentrations of ozone and its precursors in summer (June-August) 2017. Maps
are of eastern US NO2 (a), HCHO (b) and MDA8 O3 (c) from the difference in GEOS-Chem simulations with and without end-use emissions.

Figure 4. Contribution of oil and gas end-use activities to surface concentrations of PM2.5 and its components in summer (June-August) 2017.
Maps are eastern US OA (a), sum of pNO3 and pNH4 (b), isoprene SOA (c) and PM2.5 (d) from the difference in GEOS-Chem simulations with
and without end-use emissions and, for pNO3, pNH4 and PM2.5, corrected for model biases using the surface network observations (see Section 3.2
for details).
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et al.81 found that invoking kinetic inhibition was only effective
at addressing the bias in the southeast US. We already
implement the more efficient wet deposition scheme of Luo et
al.58 that we find has limited effect on pNO3 and pNH4 in
summer.
The much greater variance in modeled pNO3 (slope ∼ 3.9)

and pNH4 (slope ∼ 2.1) will cause a large overestimate in
attribution of end-use emissions to these aerosol components.
So, we apply a correction to modeled pNO3 and pNH4 to
address this bias. To do so, we divide the difference in pNO3
and pNH4 concentrations between the simulations with and
without end-use emissions by the regression slopes in Figure
2b and d. This yields corrected attributable concentrations that
we apply to eq 1 to recompute end-use PM2.5. This decreases

eastern US mean end-use attributable pNO3 by 0.21 μg m−3

and pNH4 by 0.05 μg m−3. Accounting for this correction and
an associated decrease in aerosol water at 35% RH (eq 1) leads
to a 0.32 μg m−3 decrease in end-use PM2.5. We use corrected
end-use pNO3, pNH4, and PM2.5 to determine the influence of
end-use emissions on summertime air pollution in the eastern
US in the section that follows.
3.3. Contribution of Oil and Gas End-Use Activities to

Air Pollution. Figures 3 and 4 show the influence of end-use
activities on gas-phase (Figure 3) and particle-phase (Figure 4)
pollutants obtained as the difference between model
simulations with and without end-use emissions and corrected
for model biases in pNO3, pNH4 and PM2.5 (Section 3.2). End-
use activities make a large contribution to summertime mean

Figure 5. Influence of oil and gas end-use on air pollutants in eastern US in summer (June-August) 2017. Bars and values above each bar indicate
summer mean concentrations with and without end-use activity emissions and values in bubbles above bars are percent changes attributable to end-
use activities. The dashed box distinguishes gas- and aerosol-phase pollutants. Hatched portion of PM2.5 is anthropogenic SOA parametrized in
GEOS-Chem using CO emissions as a proxy (Section 2.1). A small contribution of end-use pSO4, pNO3 and pNH4 is from primary sources. With-
end-use simulated summer mean concentrations of pNO3 and pNH4 are corrected for model biases by dividing by model NMBs in Figure 2.
Without-end-use means are recomputed using the corrected with-end-use means and end-use attributable means (correction to latter detailed in
Section 3.2). PM2.5 for both simulations is recomputed using the corrected pNO3 and pNH4.
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NOx of up to 20 ppb. More than 90% of this is NO2 that is
mostly collocated with major cities and highways (Figure 3a).
Even though the majority of NOx is emitted as NO, the end-
use activity NO concentration is small (0.12 ppb on average),
as NO rapidly converts to NO2, maintaining eastern US mean
NO/NO2 ratios at ∼9% in both simulations. As a result of the
small contribution of NO to NOx, the shift in isoprene from
oxidation via the NO pathway to oxidation via the HO2
pathway is small. In the absence of end-use emissions, 42%
of isoprene is oxidized by NO and 30% by HO2. The
proportion is 49:27 NO:HO2 with end-use emissions. The
additional branching attributed collectively to the NO and
HO2 pathway with end-use activities is because the less
prevalent isomerization82,83 branch declines with end-use
emissions. The modest response of the branching ratios to
end-use activities is fairly consistent across the region, though
these differ between the north (55:25 NO:HO2 without end-
use, 62:22 NO:HO2 with) and south (34:33 NO:HO2 without
end-use, 40:30 NO:HO2 with) due to greater NOx abundance
in the north.
Large end-use activity enhancements in HCHO in the

southeast and along the northeast coast (Figure 3b) result
from higher and more prompt yields of HCHO (Figure 3b) via
the NO isoprene oxidation pathway than the HO2 path-
way.40,84 We estimate that end-use activity NOx emissions
increase isoprene oxidation HCHO yields by 8-10% over the
locations in Figure 3b, exceeding 400 ppt from interpolation of
reported GEOS-Chem chemical mechanism HCHO yields at 1
ppb NOx (∼1.9 moles HCHO per mole isoprene) and at 0.1
ppb NOx (∼1.6 mol mol−1).40 Secondary production of
HCHO attributable to end-use activities exceeds 1 ppb in and
around Atlanta, coincident with the NO2 hotspot in Figure 3a
and where interaction of biogenic and anthropogenic emissions
is well-known to degrade air quality.85−87 The enhanced yields
of HCHO and other small reactive oxygenated VOCs from
isoprene oxidation also contribute to MDA8 O3 in the region,
as O3 production is limited by availability of VOCs.

88 Overall,
end-use emissions contribute at least 5 ppb MDA8 O3 in most
(∼80%) of the eastern US and >14 ppb across a large swath of
eastern US from north Georgia extending as far north as
southern New England (Figure 3c). The role of end-use
primary HCHO (12 Gg) in the enhancement in Figure 3b and
in forming MDA8 O3 is minimal in comparison to secondary
HCHO, as emissions of primary HCHO are limited to major
cities. These primary HCHO emissions are evident as faint
(<300 ppt) isolated enhancements in cities such as Pittsburgh,
Detroit and Chicago located north of the southeast US
biogenic HCHO enhancement.
The contribution of end-use activities to OA across the

eastern US exceeds 2 μg m−3 along the northeast corridor and
in large cities (Figure 4a). Most of this is due to anthropogenic
OA from primary and precursor VOCs emissions from vehicles
and from VCPs concentrated in cities. Eastern US mean end-
use POA is 0.11 μg m−3 and anthropogenic SOA is 0.47 μg
m−3. It is not possible to quantify the influence of individual
VOCs or source types on anthropogenic SOA, as CO
emissions are used to estimate anthropogenic SOA in
GEOS-Chem (Section 2.1). End-use activities account for
most of the anthropogenic CO emissions (Figure 2), resulting
in a large decline in OA. Use of CO as a proxy for SOA
formation is standard89,90 and defensible,63 given the limited
detailed knowledge of VOCs emissions and reaction pathways
forming SOA,91 challenges representing these in models

without large computational burden, and the major (∼80%)
contribution of end-use activity emissions of known SOA
precursors such as alkanes and toluene to total anthropogenic
emissions in the US NEI.
End-use NOx increases the abundance of acidic pNO3 that

in turn promotes uptake of ammonia, mainly from
agriculture,92,93 forming pNH4 (Figure 4b). As a result,
pNO3 and pNH4 are typically collocated. The corrected
pNO3 and pNH4 (Section 3.2) are similar in magnitude to that
of end-use pSO4 (∼0.1-0.2 μg m−3) (not shown), but the
spatial distribution of end-use pSO4 differs. The greatest
contribution of end-use activities to pNO3 and pNH4 of up to
0.6 μg m−3 is in the northeast.
The end-use activity effect on isoprene SOA is mixed.

Influence of end-use NOx emissions on the oxidative fate of
isoprene (Section 3.2) suppresses formation of the SOA
precursors IEPOX and C5-LVOCs and promotes formation of
the SOA precursor glyoxal, though the SOA yields of this
precursor are uncertain.36 End-use pSO4 enhances isoprene
SOA formation by increasing the abundance of acidic aqueous-
phase aerosols. The net effect is suppression of isoprene SOA
formation, though the effect is small; 0.02-0.03 μg m−3 in most
of the US and 0.06-0.08 μg m−3 in large cities in the southeast
(Figure 4c). End-use BC (not shown), a potent short-lived
climate forcer, is on average about 0.1 μg m−3 in the eastern
US and 0.3-0.4 μg m−3 in large cities.
The net effect of end-use activities on PM2.5 (Figure 4d) is a

1.5 μg m−3 contribution in most of the eastern US and >3 μg
m−3 contribution in cities and along the northeast coast.
Anthropogenic OA makes the greatest and most widespread
contribution to end-use PM2.5 concentrations, followed by BC
and the inorganic secondary aerosols pSO4, pNO3, and pNH4.
3.4. Pathways of Influence of Oil and Gas End-Use on

Atmospheric Composition. Figure 5 summarizes the
primary and secondary routes of influence of end-use activities
on eastern US mean concentrations of the health-damaging
pollutants NO2, PM2.5, HCHO, and MDA8 O3. The direct
effect of end-use activity emissions (Figure 1) on ambient
concentrations of these and precursors to these pollutants is
1.4 ppb NOx, 17 ppt SO2, and 0.1 μg m−3 each of BC and
primary OA. As pSO4, pNO3, pNH4, and BC loss processes are
the same, we use the BC end-use emissions-to-concentration
ratio of 220 Gg (μg m−3)−1 to estimate that 1.7 Gg primary
end-use pSO4 accounts for ∼16% of end-use pSO4, 0.32 Gg
primary end-use pNO3 for only 2% of end-use pNO3, and 0.69
Gg primary end-use pNH4 for 6% of end-use pNH4. Primary
formation of HCHO is prevalent in urban areas (Section 3.3),
but even in cities with relatively large anthropogenic HCHO
sources attributable to end-use activities, most anthropogenic
HCHO is secondary, from oxidation of VOCs.94

Secondary effects include the influence of end-use NOx on
the oxidative fate of isoprene that suppresses isoprene SOA
formation by just 0.02 μg m−3, but promotes formation of 300
ppt HCHO via the prompt and high-HCHO-yield NO
oxidation pathway (Section 3.3). The greater yields of
HCHO and other associated small reactive oxygenated
VOCs also enhance O3 formation, contributing to 8 ppb
MDA8 O3. Other major secondary processes that affect end-
use PM2.5 is SOA sourced from anthropogenic VOCs, pNO3
from oxidation of NOx, pSO4 from oxidation of SO2, and
pNH4 from reversible partitioning of NH3 to neutralize acidic
aerosols. The largest contributor to end-use PM2.5 is SOA
(0.47 μg m−3). A meagre 17 ppt SO2 from end-use activities
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has an outsized effect on pSO4 (0.04 μg m−3) compared to a
similar effect of 1.42 ppb end-use NOx (90% NO2) on pNO3
(0.07 μg m−3) that in turn promotes formation of a similar
amount of pNH4 (0.05 μg m−3). PM2.5 components are mostly
enhanced over urban areas and the northeast corridor, except
for the enhancement in pNO3 and pNH4 that occurs over the
agriculturally intensive corn belt (Figure 4b), as most US NH3
emissions are from agricultural activity92,93 that is well-known
to exacerbate PM2.5 formed from other sector activities.

95,96

Overall, end-use PM2.5 from primary and secondary
processes is 0.88 μg m−3. This is ∼9% of eastern US PM2.5,
though this is conservative, as GEOS-Chem PM2.5 has a
positive bias in background PM2.5 that is likely due to a model
overestimate in dust (Supporting Information Text S1 ). If we
correct for our estimated systematic model bias of ∼2.8 μg
m−3, the contribution increases to ∼13%. The influence
estimates from this work are not directly comparable to
previous studies, as past studies have either lumped together
oil and gas end-use with coal, focused on a subset of end-use
activities such as power generation, did not consider the
primary emissions of air pollutant precursors to disentangle the
secondary effects, or conducted annual assessments for the US
that dampens the influence of summertime peak biogenic
emissions on atmospheric chemistry and air pollution.
Public health concerns that our results raise include long-

term exposure to traffic-related NO2 that has been linked to
the increase in childhood asthma incidences by 1.26% for every
10 ppb increase in NO2, even at low concentrations (∼2 ppb)
that end-use NO2 far exceeds in cities in the eastern US
(Figure 3a).5,15,97 Long-term exposure to PM2.5 at concen-
trations typical of the eastern US (10-12 μg m−3; Figure S2a)
increase the risk of all-cause premature mortality by 1% with a
1 μg m−3 increase in annual mean PM2.5, a threshold exceeded
by almost half (48% area) the eastern US in summer (Figure
4d).98 Exposure to 0.3 ppb of end-use HCHO over a person’s
statistical lifespan is associated with an increased cancer risk of
∼5-6 in a million,99 so would exceed 10 in a million in the
isoprene-rich southeast US where end-use HCHO is at least
0.6 ppb (Figure 3b). End-use activities increase peak summer
season MDA8 O3 well beyond the safe threshold of ∼32 ppb
(Figure 3c), increasing the risk of premature mortality from
chronic respiratory diseases by 6% for every 10 ppb increase in
MDA8 O3.

100,101 End-use MDA8 O3 in about 20% of eastern
US exceeds 10 ppb. There is potential for substantial public
health benefits from decline in oil and gas consumption,
though only to the extent that cleaner alternatives adopted
have limited unintended consequences on air quality. In that
sense, our estimates represent upper-bounds of air quality
improvements that could be achieved from policies that
promote adoption of cleaner alternatives.
There are many emissions and model improvements that are

needed to further refine understanding of the implications of
oil and gas end-use activity emissions on summertime air
quality. These include: (1) guidance from the US EPA on
characterizing NEI “Other PM2.5” emissions, (2) addressing
the cause of the model bias in pNO3 and pNH4 to avoid
reliance on dense ground-based monitoring networks to derive
correction factors and to utilize evidence of variable toxicity of
individual PM2.5 components in burden of disease stud-
ies,102,103 (3) explicitly represent pathways from the suite of
VOCs to anthropogenic SOA, as is being developed for
VCPs,13 and (4) mechanistic representation of gas- and
aerosol-phase chemistry of biogenic VOCs like monoterpenes

and sesquiterpenes and the complex interactions between
isoprene SOA and monoterpene SOA.104

Nonetheless, our results suggest that reducing the use of
processed and unprocessed oil and natural gas in the eastern
US has the potential to significantly benefit public health by
simultaneously decreasing concentrations of multiple harmful
pollutants emitted directly as POA, generated as anthropogenic
SOA, formed as O3 and HCHO from large influence of end-
use NOx on the oxidative fate of biogenic isoprene, and formed
as pNH4 from partitioning of agricultural sources of NH3.
These effects are examined for the summertime in the eastern
US, but are likely to persist year-round in the tropics where
fossil fuels are already a dominant energy source,105 where oil
and gas demand is growing rapidly, particularly across
Africa,106,107 and where effective environmental policies are
lacking and barriers to adopting cleaner sources of energy
persist. There are large sources of uncertainty and measure-
ment and data collection gaps in the tropics that need to be
addressed to similarly determine the complex pathways
degrading air quality from interaction between oil and gas
end-use activity and isoprene emissions.
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