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Abstract 37 

The rise of hydraulic fracturing techniques has fostered rapid growth of oil and natural gas extraction in 38 
areas across the United States.  In the Denver-Julesburg Basin (DJB), which mostly overlaps with Weld 39 
County in the Northern Colorado Front Range (NCFR) north of the City of Denver Metropolitan Area 40 
(DMA), the well drilling has increasingly approached, and in many instances moved into urban residen-41 
tial areas.  During the same time, the region has also experienced steady population growth.  The DMA – 42 
NCFR has been in exceedance of the ozone U.S. National Ambient Air Quality Standard (NAAQS) and was 43 
designated a non-attainment area of the standard in 2007.  Despite State efforts to curb precursors, 44 
ozone has consistently remained above the standard.  A growing number of atmospheric studies has 45 
provided an ever increasing body of literature for assessing influences from O&NG industry emissions on 46 
air quality in the DMA-NCFR.  This paper provides 1. An overview of available literature on O&NG influ-47 
ences on the regional air quality, 2. A summary of the pertinent findings presented in these works, 3. An 48 
assessment of the most important pollutants and air quality impacts, 4. Identification of knowledge and 49 
monitoring gaps, and 5. Recommendations for future research and policy. 50 

 51 

Introduction 52 

The development of hydraulic fracturing techniques has made it profitable to extract petroleum hydro-53 
carbons from geologic shale formations.  The application of this technology has caused a surge in new oil 54 
and natural gas (O&NG) drilling in shale basins across the United States, including in Colorado, where 55 
most of the activity has been in the Denver Julesburg Basin (DJB).  In 2017, there were over 53,000 ac-56 
tive O&NG wells in Colorado. The O&NG development is concentrated in a number of lower elevation 57 
basins, with ≈ 24,000 wells (January 2018) located in Weld County in the DJB, which in 2017 produced 58 
≈90% of the oil in Colorado [Swain, 2018].  From 2010-2018, annual natural gas production in Weld 59 
County increased by a factor of 3.5, and annual oil production by a factor of ≈ 6.5 [Drilling-Edge, 2019].   60 

Some of the growth of the O&NG industry has occurred within the periphery of urban and residential 61 
areas, raising concerns within communities.  Proximity to O&NG operations has been associated with 62 
human health effects, with atmospheric emissions being a primary pathway of exposure.  Types and 63 
causes of emissions are dependent on multiple variables and stages of the well development, and can 64 
arise, for instance, from heavy equipment use at the site and vehicle traffic, power generation, drilling 65 
operation, spillage and evaporation of fracking fluid, flowback of the extracted petroleum products, flar-66 
ing, and fugitive or controlled hydrocarbon emissions during loading and transportation [Adgate et al., 67 
2014].   Fracking fluid is a mixture of a multitude of synthetic chemicals, with the composition typically 68 
kept proprietary by operators.  Silica, added to the fracking fluid, dust, and soot/particles from diesel 69 
engines contribute to particulate exposure.  Gaseous emissions arise from fracking fluid additives, con-70 
trolled venting, flaring, and leakage of equipment, storage tanks, and pipelines. Directly emitted gaseous 71 
pollutants of concern for human health are hydrogen sulfide and petroleum constituents, including aro-72 
matic and polycyclic aromatic hydrocarbons. Combustion processes cause emissions of carbon monox-73 
ide, nitrogen oxides, volatile organic compounds (VOCs), and soot/particulates [Adgate et al., 2014].   74 

O&NG VOC emissions are a complex mixture of hydrocarbons.  Some of the VOCs identified have the 75 
potential to affect the human endocrine system [Colborn et al., 2014a].  Enhanced levels of VOCs have 76 
been observed in air near O&NG wells, including the known human carcinogen benzene [Verma et al., 77 
2000; Macey et al., 2014; Sovacool, 2014; Halliday et al., 2016].  Human health risk assessment based on 78 
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measured and modeled VOC concentrations near O&G sites indicate increased risks for respiratory, neu-79 
orological, and hematological health effects, as well as excess lifetime cancer risk above the U.S. EPA’s 80 
de minimis risk of one in a million for people living nearest to the O&NG sites [McKenzie et al., 2012; 81 
McKenzie et al., 2018; McMullin et al., 2018; Holder et al., 2019].  Associations between proximity to 82 
O&NG sites and several health effects, including congenital heart defects, childhood leukemia, asthma, 83 
low birth weight, and preterm births have been reported [HEI, 2019].  In Colorado, children with congen-84 
ital heart defects and leukemia are more likely to be born or living in the areas with the densest O&NG 85 
activity [McKenzie et al., 2014; McKenzie et al., 2017; McKenzie et al., 2019]. While these studies indi-86 
cate that VOC emissions from O&NG activities have the potential to and may be affecting the health of 87 
nearby residents, further study will be necessary to elucidate causality [HEI, 2019]. 88 

Furthermore, atmospheric oxidation of O&NG VOCs emissions contribute to the photochemical for-89 
mation of ozone and secondary aerosols, which pose additional health concerns.  A recent EPA study 90 
estimated 1000 and 970 added premature deaths from particulates (PM2.5) and ozone exposure caused 91 
by O&NG pollutants in the U.S. by 2025, with 37 (from PM2.5) and 34 (from ozone) of those predicted to 92 
occur in Colorado [Fann et al., 2018].  Polluted air from the NCFR can be lofted during upslope flow con-93 
ditions on the eastern Rocky Mountain slopes to high elevation where it can impact alpine ecosystems, 94 
including Rocky Mountain National Park [Brodin et al., 2010; Thompson et al., 2015; Benedict et al., 95 
2018].  Up to ≈ 20 ppb of additional ozone in air transport associated with O&NG emission has been 96 
measured at the Rocky Mountain National Park Longs Peak monitoring station [Benedict et al., 2019].  97 
For southwestern Colorado, including Mesa Verde National Park, an ozone enhancement of 9.6 ppb was 98 
estimated for the ozone medium daytime 8-hour average ozone (MDA8) from O&NG influences 99 
[Rodriguez et al., 2009]. 100 

Increased surface ozone, at times exceeding health safety standards, have been observed in the NCFR 101 
for some 20 years.   After 10 years of repeated exceedances of the 75 ppb U.S. ozone National Ambient 102 
Air Quality Standard (NAAQS), the Denver Metro Area (DMA) and NCFR, including the seven counties of 103 
Adams, Arapahoe, Boulder, Broomfield, Douglas, and Denver, as well as portions of Weld and Larimer 104 
counties, were designated as a ‘Marginal’ ozone nonattainment area (NAA) for the 2008 NAAQS.  Be-105 
cause of a lack of progress in lowering ambient ozone, the area was bumped up from a “Marginal” to a 106 
“Moderate” NAA for the 2008 ozone standard in early 2016 [CDPHE, 2019a], and in August 2019 the EPA 107 
proposed to reclassify the area to a “Serious” NAA for the 2008 standard [EPA, 2019].  In consideration 108 
of new health exposure findings, the NAAQS was lowered from 75 to 70 ppb in 2015 to provide a 109 
stronger protection to communities.  This lower threshold will make it even more challenging for the 110 
NCFR to reach compliance with the standard.  111 

In December 2018, the Colorado Department of Public Health and Environment (CDPHE) petitioned to 112 
the EPA for deferral of the re-designation (Supplemental Materials).  In their letter, the agency stated 113 
that “Colorado has seen a dramatic decline in ambient levels of oil and gas related VOCs” and that the 114 
“majority of ozone concentrations in the DMNFR (Denver Metro Northern Front Range) are the result of 115 
emissions outside of the State's control, including naturally occurring emissions and emissions trans-116 
ported from other states and countries”.  The arguments presented in the letter did not consider most 117 
of the considerable body of peer-reviewed literature on Colorado’s air quality and the influence of 118 
O&NG industry that has emerged during the past 10 years.  Shortly after the new Colorado governor, 119 
Jared Polis took office in 2019, he withdrew this petition, stating “There’s too much smog in our air, and 120 
instead of hiding behind bureaucracy and paperwork that delay action, we are moving forward to make 121 
our air cleaner now,” [Post, 2019].  For directing this policy there is urgency to consider the current un-122 
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derstanding of ozone precursor sources, atmospheric transport, and chemistry, from published litera-123 
ture.  This article examines predominantly this peer-reviewed literature with the goal to provide the 124 
State agencies, boards, legislators and other policymakers a summary document for better assessing the 125 
role of O&NG industry emissions on NCFR-DMA air quality, with a particular emphasis on surface ozone. 126 

 127 
Resources Utilized and Published Work 128 

This review and policy bridge provides an overview of the evolution of the understanding of atmospheric 129 
impacts and the current state of knowledge of O&NG emissions in Colorado.  A comprehensive review 130 
and evaluation of health effects of atmospheric O&NG emissions in Colorado is intentionally not in-131 
cluded.  This review primarily builds on peer-reviewed journal articles.  Included were all articles that 132 
were identified using various search strategies, regardless of the reputation of the journal or recognition 133 
of the published work by the community.  There has been remarkable growth of literature over the past 134 
ten years (Figure 1).  A good fraction of publications have arisen from the FRAPPE (Front Range Air Pollu-135 
tion and Photocchemistry Experiment [FRAPPE, 2013]) and DISCOVER AQ (Deriving Information on Sur-136 
face Conditions from COlumn and VERtically Resolved Observations Relevant to Air Quality  [DISCOVER-137 
AQ, 2013]) campaigns that, in the summer of 2014, brought researchers from a wide array of disciplines 138 
and institutes to Colorado to study air pollution sources and chemistry in the NCFR.  Outcomes of these 139 
studies are evident in the increase in published papers in subsequent years (Figure 1).  Most research on 140 
O&NG impacts on air quality has centered in the NCFR, except a few studies that investigated methane 141 
emissions in the Four Corners region.  This review will focus on the NCFR research.  A summary of pub-142 
lished work arranged by publication year is provided in Table 1. 143 

It is noteworthy that the majority of this work has been published in high impact factor peer-reviewed 144 
science journals.  Lead and contributing authors are from federal laboratories (i.e. NCAR, NOAA) and 145 
Colorado and out-of-state universities.  The journal count is led by the Journal of Geophysical Research 146 
(18), followed by seven publications each in Atmospheric Chemistry and Physics, and five articles each in 147 
Environmental Science and Technology and Elementa.  This publication record can be deemed as a testi-148 
mony of the recognized importance of this research, having attracted leading scientists from top U.S. 149 
research institutions.    150 

 151 

Figure 1.  Growth of number of publications addressing air quality effects from O&NG development in Colorado.  
The 2019 number is the count to September 30, 2019. 



6 
 

Table 1: Summary of published literature addressing O&NG influences on air quality in Colorado.  152 

 153 
154 

Year Authors Lead Author Affiliation Title Journal Peer-
Review

Methane VOCs Ozone Other Main Findings*

2008 Not specified Colorado Department of 
Publich Health and 
Environment (CDPHE)

Denver Metropolitan Area and North 
Front Range 8-Hour Ozone State 
Implementation Plan

State of Colorado 
Ozone 
Implementation 
Plan

X Transport from cool pool area of the Platte Valley in 
Weld County results in a mean daily maximum 8-
hour ozone of 71 ppb at the four Front Range 
monitors considered.

2009 Rodriguez et al. Colorado State Univ. Regional impacts of oil and gas 
development on ozone formation in the 
western United States

JAWMA X X Chemical and 
transport 
modeling

A maximum 8MDA ozone enhancement of 9.6  ppb 
was estaimated from O&NG emissions in 
southwestern Colorado.

2012 McKenzie et al. Colorado  School of Public 
Health

Human health risk assessment of air 
emissions from development of 
unconventional natural gas resources

Sci. Tot. Environ. X X Health risk 
assessment

Median concentrations of benzene, ethylbenzene, 
toluene, and m-xylene/p-xlyene were 2.7, 4.5, 4.3, 
and 9 times higher in the well completion samples 
than in the natural gas development samples, 
respectively.

2012 Petron et al. NOAA/CIRES Hydrocarbon emissions characterization 
in the Colorado Front Range: A pilot 
study

J. Geophys. Res. X X X Emissions of methane and light NMHC VOC are most 
likely underestimated in current inventories.

2012 Levi Council on Foreign 
Relations

Comment on “Hydrocarbon emissions 
characterization in the Colorado Front 
Range: A pilot study” by Pétron et al.

J. Geophys. Res. X X Consideration of previously unconsidered 
observations results in a new methane flux 
estimates that are consistent with current 
inventories but inconsistent with the estimates in 
Pétron et al. (2012).
 

2013 Petron et al. NOAA/CIRES Reply to comment on “Hydrocarbon 
emissions characterization in the 
Colorado Front Range—A pilot study” by 
M.A. Levi

J. Geophys. Res. X X X Flashing emission and regulatory modeled 
composition profiles for a limited number of 
condensate tanks probably do not represent the true 
range of these parameters for the thousands of such 
 

2013 Gilman et al. NOAA/CIRES Source signature of volatile organic 
compounds from oil and natural gas 
operations in northeastern Colorado

Environ. Sci. 
Technol.

X X X On average 55 ± 18% of the VOC−OH reactivity was 
attributable to emissions from O&NG operations 
indicating that these emissions are a significant 
source of ozone precursors.

 
2013 Swarthout et al. Univ. of New Hampshire Volatile organic compound distributions 

during the NACHTT campaign at the 
Boulder Atmospheric Observatory: 
Influence of urban and natural gas 

J. Geophys. Res. X X X Natural gas associated emissions have the potential 
to impact downwind air quality as natural
gas NMHCs comprised ≈24% of the calculated OH 
reactivity.

2013 Brown et al. NOAA/CIRES Nitrogen, Aerosol Composition, and 
Halogens on a Tall Tower (NACHTT): 
Overview of a wintertime air chemistry 
field study in the front range urban 
corridor of Colorado

J. Geophys. Res. X X Halogens, NOx, 
NOy, aerosol

Large observed mixing ratios of light alkanes, both in 
near-surface air and aloft, were attributable to local 
emissions from oil and gas activities.
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Table 1 (continued)  155 

  156 

Year Authors Lead Author Affiliation Title Journal Peer-
Review

Methane VOCs Ozone Other Main Findings*

2013 LaFranchi et al. Lawrence Livermore 
National Laboratory

Constraints on emissions of carbon 
monoxide, methane, and a suite of 
hydrocarbons in the Colorado Front 
Range using observations of 14CO2

Atmos. Chem. Phys. X X X CO, 14CO2 Enhanced concentrations of CH4 and C3–C5 alkanes 
were found in air influenced by emissions to the 
north and east of the BAO and were suggested to 
have been sourced from oil and gas fields located to 
the northeast.

2014 Petron et al. NOAA/CIRES A new look at methane and 
nonmethane hydrocarbon emissions 
from oil and natural gas operations in 
the Colorado Denver-Julesburg Basin

J. Geophys. Res. X X X Emission of methane, VOC, and benzene in the DJB 
were estimated to be 3 times, at least a factor of 2, 
and 7 times, respectively, larger than EPA and State 
inventories.

2014 Kort et al. Univ. of Michigan Four corners: The largest US methane 
anomaly viewed from space

Geophys. Res. Let. X X Spaceborne remote sensing indicated large CH4 

levels over the Four Corners region. Estimted 
emissions largely exceeded inventory estimates.

2014 Thompson et al. Univ. of Colorado Influence of oil and gas emissions on
ambient atmospheric non-methane
hydrocarbons in residential areas of
Northeastern Colorado

Elementa X X  At residences near oil and gas operations, mean 
mole fractions of the C2–C5 alkanes are enhanced by 
a factor of 18–77 relative to the regional background, 
and present at higher levels than typically found in 
large urban centers.

2014 Colburn et al. The Endocrine Disruption 
Exchange

An exploratory study of air quality near 
natural gas operations

Human & Ecol. Risk 
Assess.

X X Health risk 
assessment

The number of NMHCs and their concentrations 
were highest during the initial drilling phase and did 
not increase during hydraulic fracturing in a closed-
loop system.

2015 Richter et al. Univ. of Colorado Compact highly sensitive multi-species 
airborne mid-IR spectrometer

Applied Physics X X Formaldehyde Ethane was enhanced at least ten times above 
background levels in the DJB boundary layer.  
Regions with elevated ethane overlapped with 
elevated formaldehyde. 

2016 Townsend-Small 
et al.

Univ. of Cincinnati Using stable isotopes of hydrogen to 
quantify biogenicand thermogenic 
atmospheric methane sources: A case 
study from the Colorado Front Range

Geophys. Res. Let. X X At least 50% of CH4 emitted in the NCFR region is 
biogenic.

2016 Franco et al. Univ. of Liege, Belgium Evaluating ethane and methane 
emissions associated with the 
development of oil and natural gas 
extraction in North America

Environ. Res. Let. X X Between 2009-2015, FTRI ethane column 
observations over Boulder show a 5.0 % per year rate 
of increase.

2016 Sullivan et al. NASA Goddart Quantifying the contribution of 
thermally driven recirculation to a high-
ozone event along the Colorado Front 
Range using lidar

J. Geophys. Res. X X Air recirculation Complex meteorology in this region can significantly 
exacerbate pollution levels.   A high summer 2014 
surface ozone pollution event was associated with 
thermally driven upslope flow.
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Table 1 (continued)  157 

  158 

Year Authors Lead Author Affiliation Title Journal Peer-
Review

Methane VOCs Ozone Other Main Findings*

2016 Reddy and Pfister NCAR Meteorological factors contributing to 
the interannual variability of 
midsummer surface ozone in Colorado, 
Utah, and other western U.S. states 

J. Geophys. Res. X X Reanalysis of 
meteorology and 
regional 
chemistry 
modeling

Significant correlations were found between July 
MDA8 O3 and meteorological variables.  Increased 

500 hPa heights lead to high July O3. particularly in 

areas of elevated terrain near urban sources of NO2 

and other O3 precursors.

2016 Vu et al. Univ. of California 
Riverside

Impacts of the Denver Cyclone on 
regional air quality and aerosol 
formation in the Colorado Front Range 
during FRAPPE 2014

Atmos. Chem. Phys. X X X PAN, CO, NH3, 
aerosol 
properties

Meteorological patterns associated with the Denver 
Cyclone increased pollutant levels, including aerosol 
loadings in the Denver metropolitan area.  Cyclone 
conditions promote transport of aerosol constituents 
from the northern Front Range into the Denver 
metropolitan area, increasing aerosol mass loadings 
and reducing visibility.

2016 Halliday et al. Pennsylvania State Univ. Atmospheric benzene observations 
from oil and gas production in the 
Denver-Julesburg Basin in July and 
August 2014

J. Geophys. Res. X X Unexpectedly high benzene mixing ratios were 
observed at a site near Platteville AO (maximum of 
29.3 ppbv), primarily at night, and assoicated to 
emissions from nearby O&NG operations.

2016 Frankenberg et al. California Institute of 
Technology

Airborne methane remote 
measurements reveal heavytail flux 
distribution in Four Corners region

PNAS X X In the Four Corners Region, methane sources include 
gas processing facilities, storage tanks, pipeline 
leaks, and well pads, and a coal mine; emissions 
ranged from 2 kg h-1 through 

∼

 5,000 kg h-1.

2016 Dingle et al. Univ. of California 
Riverside

Aerosol optical extinction during the 
Front Range Air Pollution and
Photochemistry Éxperiment (FRAPPÉ) 
2014 summertime field
campaign, Colorado, USA

Atmos. Chem. Phys. X X Aerosol  The light extinction coefficient ext best correlated 
with organic aerosols in the O&NG emissions and 
best correlated with nitrate aerosols under the 
O&NG and agriculture
influences.

2016 McDuffie et al. NOAA/CIRES Influence of oil and gas emissions on 
summertime ozone in the Colorado 
Northern Front Range

J. Geophys. Res. X X X O&NG alkanes contribute over 80% to the observed 
carbon mixing ratio, roughly 50% to the regional VOC 
OH reactivity, and approximately 20% to regional 
photochemical O3 production

2017 Tzompa-Sosa et al. Colorado State Univ. Revisiting global fossil fuel and biofuel 
emissions of ethane

J. Geophys. Res. X X X Over northeastern Colorado year 2001 ethane 
inventory emissions had to be increased by more 
than 40% for modeled atmospheric mixing ratios to 
match observations.

2017 Evans and Helmig Univ. of Colorado Investigation of the influence of 
transport from oil and natural gas 
regions on elevated ozone levels in the 
northern Colorado Front Range

JAWMA X X Transport from areas with O&NG operations 
accounted for on the order of 65%  of 1-hr averaged 
elevated ozone levels at BAO and South Boulder, 
while the Denver urban corridor accounted for 9%. 
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Table 1 (continued) 159 

  160 

Year Authors Lead Author Affiliation Title Journal Peer-
Review

Methane VOCs Ozone Other Main Findings*

2017 Abeleira et al. Colorado State Univ. Source characterization of volatile 
organic compounds in the Colorado 
Northern Front Range metropolitan area 
during spring and summer 2015

J. Geophys. Res. X X X The NCFR is more strongly influenced by ONG 
sources of VOCs than other urban and suburban 
regions in the U.S.

2017 Cheadle et al. CIRES/NOAA Surface ozone in the Colorado northern 
Front Range and the influence of oil and 
gas development during 
FRAPPE/DISCOVER-AQ in summer 2014

Elementa X X X NOx Correlation analyses in case studies showed that oil 
and gas related activities are a NOx and O3 precursor 
source.

2017 Pfister et al. National Center for 
Atmospheric Research 
(NCAR)

Process-Based and Regional Source 
Impact Analysis for FRAPPÉ and 
DISCOVER-AQ 2014

Final Report to 
CDPHE

X X NOx Mobile sources and oil and gas related emissions are 
the largest contributors to local ozone production in 
the NFRMA.

2017 Baier et al. Pennsylvania State Univ. Higher measured than modeled ozone 
production at increased NOx levels in the 
Colorado Front Range

Atmos. Chem. Phys. X X X Ozone 
production rate

Ozone production rates peak during late morning.  
Rates predicted by three models were lower than 
direct observations.

2017 Abeleira and 
Farmer

Colorado State Univ. Summer ozone in the northern Front 
Range metropolitan area: 
weekend–weekday effects, 
temperature dependences, and the 
impact of drought

Atmos. Chem. Phys. X X X NOx Ozone in the NCFR area was either stagnant or 
increasing between 2000 and 2015, likely because of 
decreasing NOx emissions in a NOx -saturated 
environment and increased anthropogenic VOC 
emissions.

2017 Robertson et al. Univ. of Wyoming Variation in methane emission rates 
from well pads in four oil and gas basins 
with contrasting production volumes 
and compositions

Environ. Sci. 
Technol.

X X In the DJB, ~70% of total methane emissions were 
from 20% of the well pads    The total mass of 
methane emitted as a percent of gross methane 
produced was 2.1% (1.1–3.9%).

2017 Kaser et al. NCAR The effect of entrainment through 
atmospheric boundary layer growth on 
observed and modeled surface ozone in 
the Colorado Front Range

J. Geophys. Res. X X Boundary layer 
growth, 
contribution of 
entrainment and 
synoptic 
transport to O3

A large day-to-day variability of ozone above the 
atmospheric boundaray layer was attributed to 
differing air mass origins.  On average, morning 
boundary layer growth contributes 4.8 ppb hr-1 to the 
morning hour ozone increase.

2017 Pfister et al. NCAR Using observations and source specific 
model tracers to characterize pollutant 
transport during FRAPPÉ and DISCOVER-
AQ

J. Geophys. Res. X Air flow 
characteriza-tion

During upslope events, frequently, there is a 
separation of air masses that are heavily influenced 
by oil and gas emissions to the north and dominated 
by urban emissions to the south. NCFR pollution can 
"spillover" into the valleys to the west of the 
Continental Divide.
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Table 1 (continued)  161 

   162 

Year Authors Lead Author Affiliation Title Journal Peer-
Review

Methane VOCs Ozone Other Main Findings*

2017 Yacovitch et al. Aerodyne Research Inc. Natural gas facility methane emissions: 
measurements by tracer flux ratio in two 
US natural gas producing basins

Elementa X X Methane emission rates from DJB gathering stations 
(kg CH4 hr–1) were lower compared to results from 
other basins.

2017 Zaragoza et al. Colorado State Univ. Observations of acyl peroxy nitrates 
during the Front Range Air Pollution and 
Photochemistry Experiment (FRAPPE)

J. Geophys. Res. X X X PAN, PPN Anthropogenic VOCs played a dominant role in PAN 
production during periods with high O3.  The 

contribution of biogenic VOCs to local O3 production 
was relatively small.

2017 Smith et al. Univ. of Michigan Airborne quantification of methane 
emissions over the Four Corners Region

Environ. Sci. 
Technol.

X X Using five independent days of measurements an 
average regional CH4 flux of 0.54 ± 0.20 Tg yr–1 was 
calulated, in close agreement with a space-based 
estimate made for 2003–2009.

2018 Bien and Helmig Univ. of Colorado Changes in summertime ozone in 
Colorado during 2000–2015

Elementa X X Median and upper percentile surface O3 in the DMA 
has not declined at the rates seen in other western 
U.S. regions.

2018 McKenzie et al. Univ. of Colorado Ambient nonmethane hydrocarbon 
levels along Colorado’s Northern Front 
Range: Acute and chronic health risks

Environ. Sci. 
Technol.

X X O&NG air pollutant concentrations increased with 
proximity to an O&G facility, as did health risks.

2018 Peischl et al. NOAA/CIRES/Univ. of 
Colorado

Quantifying methane and ethane 
emissions to the atmosphere from 
Central and Western U.S. oil and natural 
gas production regions

J. Geophys. Res. X X X The CH4 and C2H6 emissions attributed to O&NG 
operations in the Denver Basin region also remained 
statistically unchanged between 2008 and March 
2015.

2018 Fann et al. US EPA Research Triangle 
Park

Assessing human health PM2.5 and 
ozone impacts from U.S. oil and natural 
gas sector emissions in 2025

Environ. Sci. 
Technol.

X X X PM2.5 Under current growth projections oil and natural gas 
emissions are predicted to increase summer 8-hour 
ozone by 6-8 ppb.

2018 McMullin et al. Colorado Department of 
Public Health and 
Environment

Exposures and health risks from volatile 
organic compounds in communities 
located near oil and gas exploration and 
production activities in Colorado (U.S.A.)

Int. J. Environ. Res. 
& Public Health

X X Health effects 56 VOCs emitted from OG operations in Colorado 
were identified.   Further characterization of primary 
and secondary VOCs emitted from OG sites during 
different phases of operations is needed to address 
the community health relevance.

2018 Benedict et al. Colorado State Univ. Impact of Front Range sources on 
reactive nitrogen concentrations and 
deposition in Rocky Mountain National 
Park

PeerJ X X NOx, NOy, 
ammonia

Elevated concentrations of reactive nitrogen were 
associated with emissions from oil and gas 
operations, which are frequently co-located with 
agricultural production and livestock feeding areas in 
the region, and from urban areas.
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Table 1 (continued) 163 

 164 
 165 

*Text in this column contains cited or partially shortened text from the listed articles. 166 

Table references: [CDPHE, 2008; Rodriguez et al., 2009; Levi, 2012; McKenzie et al., 2012; Pétron et al., 2012; Brown et al., 2013; Gilman et al., 2013; LaFranchi et al., 2013; Pétron et al., 2013; Swarthout 167 
et al., 2013; Colborn et al., 2014b; Kort et al., 2014; Petron et al., 2014; Thompson et al., 2014; Richter et al., 2015; Dingle et al., 2016; Franco et al., 2016; Frankenberg et al., 2016; Halliday et al., 2016; 168 
McDuffie et al., 2016; Reddy and Pfister, 2016; Sullivan et al., 2016; Townsend-Small et al., 2016; Vu et al., 2016; Abeleira et al., 2017; Abeleira and Farmer, 2017; Cheadle et al., 2017; Evans and Helmig, 169 

Year Authors Lead Author Affiliation Title Journal Peer-
Review

Methane VOCs Ozone Other Main Findings*

2018 Abdi-Oskouei et 
al.

Univ. of Iowa Impacts of physical parameterization on 
prediction of ethane concentrations for 
oil and gas emissions in WRF-Chem

Atmos. Chem. Phys. X X EPA emission 
inventory

Comparison between airborne measurements and 
WRF-Chem model simulations indicated a low bias 
of ethane in regions close to O&NG activities, 
suggesting underestimation of O&NG emissions in 
the NEI-2011.

2018 Bahreini et al. Univ. of California 
Riverside

Sources and characteristics of 
summertime organic aerosol in the 
Colorado Front Range: perspective from 
measurements and WRF-Chem 
modeling

Atmos. Chem. Phys. X Aerosol 
characteriza-tion

It was estimated that the O&NG sector contributed 
to < 5 % of total organic aerosol, but up to 38 % of 
anthropogenic seccondary organic aerosol in the 
region due to O&NG VOC emissions.

2019 Oltmans et al. NOAA Boundary layer ozone in the Northern 
Colorado Front Range in July-August 
2014 during FRAPPE and DISCOVER-AQ 
from vertical profile measurements

Elementa X X The association of high O3 days at BAO with transport 
from O&NG sectors suggested that O&NG emissions 
were an important source of O3 precursors and are 

crucial in producing peak O3 events.  Exposure of 
populations in the Foothills area is not captured by 
the current regulatory network, and likely 
underestimated.

2019 Tsompa-Soza et al. Colorado State Univ. Atmospheric implications of large C2-C5 
alkane emissions from the U.S. oil and 
gas industry

J. Geophys. Res. X X Of four regions analyzed, Boulder showed the 
highest percentage contribution from the oil and gas 
sector to total abundances of C2-C5 alkanes 
throughout the troposphere. 

2019 Lindaas et al. Colorado State Univ. Acyl peroxy nitrates link oil and natural 
gas emissions to high ozone abundances 
in the Colorado Front Range during 
summer 2015

J. Geophys. Res. X X X X Alky nitrates, 
photochemical 
modeling

Anthropogenic VOC precursors dominated APN 
production when O3 was most elevated in the NCFR 
in summer 2015. Propane and n-pentane, primarily 
from O&NG emissions, drive elevated PPN/PAN 
ratios during high O3 events. Emissions from the 

O&NG sector contribute to O3 production on high O3 

2019 Kille et al. Univ. of Colorado Separation of methane emissions from 
agricultural and natural gas sources in 
the Colorado Front Range

Geophys. Res. Let. X X X Ammonia Natural gas methane sources dominate over 
agricultural and other sources, but the latter are 
relatively more important when excess CH4 is 

2019 Benedict et al. Colorado State Univ. Volatile organic compounds and ozone 
in Rocky Mountain National Park during 
FRAPPÉ

Atmos. Chem. Phys. X X X It was estimated that for that high ozone events 
associated with O&NG signatures, NCFR sources 
contributed ≈ 20 ppb of additional ozone. 
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2017; Kaser et al., 2017; Pfister et al., 2017a; Pfister et al., 2017b; Robertson et al., 2017; Smith et al., 2017; Tzompa-Sosa et al., 2017; Yacovitch et al., 2017; Zaragoza et al., 2017; Abdi-Oskouei et al., 170 
2018; Bahreini et al., 2018; Benedict et al., 2018; Bien and Helmig, 2018; Fann et al., 2018; McKenzie et al., 2018; McMullin et al., 2018; Peischl et al., 2018; Yacovitch et al., 2018; Benedict et al., 2019; 171 
Kille et al., 2019; Lindaas et al., 2019; Oltmans et al., 2019; Tzompa-Sosa et al., 2019]  172 
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Monitoring Networks 173 

Air quality monitoring and air sampling is conducted by the CDPHE, NOAA, the National Park Service, 174 
Boulder County, and the City of Longmont.  A map showing the distribution of monitoring sites and 175 
measured species is shown in Figure 2.  Ozone is monitored at the highest number of sites, followed by 176 
PM2.5, and nitrogen oxides.  There currently is only one location with continuous VOCs monitoring 177 
(Boulder Reservoir); however, two more sites are anticipated to begin VOCs monitoring within the next 178 
year (Longmont Union Reservoir and Rocky Flats North).  Methane monitoring is currently conducted at 179 
the Boulder Reservoir and Longmont airport.  Besides this real-time monitoring, methane and VOCs are 180 
also quantified in flasks and canisters samples collected at Niwot Ridge (NOAA) and at Platteville and 181 
downtown Denver (CAMPS) by CDPHE. There is a relatively high density of sites in the DMA, but a rela-182 
tively sparse network within and along the periphery of the DJB O&NG area. 183 

Nitrogen Oxides 184 

Nitrogen oxide (NO and NO2 = NOx) emissions associated with O&NG development arise from a number 185 
of sources, including flaring, on-site electrical power generation, heavy equipment operation at fracking 186 
sites, and the heavy truck traffic for moving equipment and fluids in and out of O&NG well sites. Other 187 
sources are compressor stations, and heavy tanker truck traffic for transporting produced oil and gas 188 
products from the site.   NOx emissions arising from these sources have been studied in a number of 189 
O&NG basins [Bogacki and Macuda, 2014; Field et al., 2014; Majid et al., 2017; Archibald et al., 2018].  190 
However, this literature review did not identify any studies from the DJB, leaving their emissions contri-191 
bution uncertain. The Regional Air Quality Council emissions inventory lists the year 2017 total O&NG 192 
NOx sources at 65.8 tons per day, which is a 59% increase over the year 2011 emissions [Brimmer, 2019].  193 

Methane 194 

Methane is emitted by a variety of sources, with wetlands, landfills, feedlots, seepage from geological 195 
reservoirs, and O&NG extraction, distribution, and industries being the most significant ones on a global 196 
scale.  Methane is a potent greenhouse gas.  The methane background in the global atmosphere has 197 
more than doubled since preindustrial [Kirschke et al., 2013].  The increase of methane from anthropo-198 
genic sources is the second ranked contribution (after CO2) to radiative forcing from anthropogenic 199 
greenhouse gases.  The oxidation of methane in the atmosphere is also a pathway for ozone production, 200 
which constitutes another climate forcing pathway and exerts stress on the natural and agricultural eco-201 
systems and human and animal life (see below).  A reduction of global methane emission by 20% would 202 
reduce the ozone MDA8 by ≈ 1 ppb in the background atmosphere [West and Fiore, 2005; West et al., 203 
2006].  The benefits of methane reductions are shared internationally.  The 20% emissions reduction 204 
was estimated to avoid ≈ 30,000 premature deaths by 2030 globally [West et al., 2006].   205 

The O&NG industry is the single most significant source of methane in Colorado [Pétron et al., 2012].  206 
Quantifying the methane flux from the O&NG industry has been challenging as the geographic area of 207 
the O&NG activities overlaps with agricultural, beef, and dairy production areas, which all constitute sig-208 
nificant methane sources.  Methane to non-methane hydrocarbon (NMHC) relationships, in particular 209 
those with ethane and propane, and the stable isotopic signature of methane, have been used to deci-210 
pher the O&NG contribution to the total methane flux.  Point source measurements near emission 211 
sources, mobile lab ground surveying, and aircraft observations, in combination with inventory infor-212 
mation, have been used to derive basin-wide O&NG methane flux estimates.  Three NOAA studies, cov-213 
ering the observations during three short time windows within the 2008-2015 period, are summarized in   214 
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 215 

Figure 2: (a) Air monitoring sites in Colorado that report ozone, nitrogen oxides, and PM2.5 data to the EPA Air 
Quality System archive (map downloaded from https://www.epa.gov/outdoor-air-quality-data/interactive-map-
air-quality-monitors).  Additional sites operated by NOAA and regional municipalities, and sites that monitor me-
thane and VOCs were added to the map.   (b) Distribution of oil and gas well sites (purple dots) for the same map 
area within the State of Colorado (map downloaded from https://cogcc.state.co.us/#/home).  

(a) 

(b) 

https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-monitors
https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-monitors
https://cogcc.state.co.us/#/home
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Table 2.  Data in this table are scaled to annual flux estimates.  As all these experiments relied on rela-216 
tively short observation periods, there is an inherent uncertainty from the lack of knowledge if, and how 217 
representative these shorter observations were for year-round conditions.  Further, variability in param-218 
eterizations and uncertainties in assumptions that go into these flux estimates cause relatively large un-219 
certainty ranges in the results (column 3).  The best estimate values of the three studies are relatively 220 
consistent, nonetheless, spanning 130 – 169 Gg yr-1.  According to the U.S. Energy Information Admin-221 
istration, Colorado households consume an average of 103 million BTU of natural gas per year [EIA, 222 
2009], which converts to ≈ 2 tons of household natural gas consumption per year.  Therefore, the Peischl 223 
et al. [2018] O&NG methane emissions estimate corresponds to the natural gas consumed by ≈ 84,000 224 
Colorado households.   225 

These data points are too few, and uncertainties are too large, to make statements about potential 226 
trends in the methane flux over this time window with statistical certainty.  Considering the increase in 227 
natural gas production during this time period, the relatively flat total emissions would indicate a reduc-228 
tion in the relative fugitive emissions rate.  Peischl et al. [2018] present a statistical analysis that results 229 
in an 83% likelihood of a reduced methane leakage rate during 2008-2015.   230 

Methane emissions result in atmospheric concentration increases in the source regions and downwind.  231 
Due to the relatively long atmospheric lifetime of methane (≈ 9 years) in comparison to NMHCs, at ≈ 232 
1900 ppb the methane background is 3-4 orders of magnitudes higher, and methane enhancements are 233 
moderate (≈ 10%) on a relative scale.  The slow atmospheric oxidation of methane causes relatively little 234 
of the regionally emitted methane to be oxidized locally.  Modelling work [Lindaas et al., 2019] esti-235 
mated a 2% contribution from DJB-wide emitted methane oxidation to the regional ozone production. 236 

The Four Corners area is another Colorado region that has received attention because of its recognized 237 
methane emissions.  Based on satellite data analyses, in 2014, Kort et al. [2014] reported “… the largest 238 
anomalous CH4 levels viewable from space over the conterminous U.S. are located at the Four Corners 239 

region in the Southwest U.S.”  Their 240 
work primarily pointed out discrepan-241 
cies between inventory and these satel-242 
lite data derived methane flux esti-243 
mates.  Follow-up studies have con-244 
firmed an abundance of fossil methane 245 
sources in the Four Corners regions, 246 
with contribution from coal shaft vent-247 
ing, natural seepage, and O&NG well 248 
and distribution sites [Frankenberg et 249 
al., 2016].  The methane flux estimate 250 

for the Four Corners region of 540 ± 200 Gg yr−1 (1σ) [Smith et al., 2017] exceeds the methane O&NG 251 
flux estimates for the DJB by a factor of ≈ 3. 252 

Volatile Organic Compounds 253 

Petroleum NMHC are the dominant constituents of VOC emissions from O&NG sources.  Atmospheric 254 
VOCs in the DJB are highly elevated, largely due to O&NG emissions.  NMHC and the combined atmos-255 
pheric carbon from all species exceeds those in major urban areas [Swarthout et al., 2013]. Relative 256 
abundances of VOC species scale inversely with molecular size; ethane is typically the NMHC emitted at 257 
the highest flux, followed by propane, then the butanes, and so forth.  There are dozens of individual 258 

Time Period Reference

mean range

Summer 2008 130 72 -252 Petron et al., 2012

May 29, 2012; 
May 31, 2012

169 109 - 229 Petron et al., 2014

 
March 2015 158 88 - 228 Peischl et al., 2018

Methane Flux 
Gg yr-1

Table 2.  Basin-wide O&NG methane flux estimates for the DJB.   
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VOCs that have been listed in O&NG emissions.  However, the bulk of the mass is contributed by a nar-259 
rower count.  For instance, in O&NG plumes identified in continuous monitoring at the Boulder Reser-260 
voir, the 16 most abundant VOC species account for approximately 90% of the total O&NG emitted VOC 261 
mass (Helmig et al., manuscript in preparation).  O&NG VOC emissions also contain aromatic constitu-262 
ents, such as the BTEX species (benzene, toluene, ethylbenzene, xylenes) [Pétron et al., 2012; Gilman et 263 
al., 2013; Swarthout et al., 2013; Koss et al., 2017].  While these are relatively low, sub-1% constituents, 264 
they have received notable attention because of their recognized health impacts on humans.  265 

Over the past five years, ethane has become an increasingly utilized tracer for natural gas VOC emis-266 
sions.  This increased attention to ethane has also been fostered by new instrumentation that has re-267 
cently become available for sensitive and fast response ethane detection [Richter et al., 2015; Yacovitch 268 
et al., 2015; Yacovitch et al., 2017; Barkley et al., 2019; Kostinek et al., 2019].  Ethane has relatively weak 269 
non-O&NG source emissions, which makes it a sensitive tracer for identifying O&NG plumes and influ-270 
ences. The ethane to methane enhancement ratio has been used to characterize emissions from partic-271 
ular basins, and for scaling the VOCs flux to methane.  In the DJB, natural gas on average has an 272 
ethane/methane molar ratio of 12-16% (ppb/ppb), equivalent to a 23-30% mass ratio [Peischl et al., 273 
2018; Kille et al., 2019][Helmig et al., manuscript in preparation], which is very close to the estimated 274 
mean of all U.S. O&NG basin emissions [Helmig et al., 2016].   275 

Atmospheric monitoring data show highly variable VOC concentrations.  Large VOC enhancements can 276 
occur in air plumes originating from O&NG source regions [Swarthout et al., 2013; Rossabi et al., 277 
2017][Helmig et al., in prep.].  This effect is also evident in the large relative standard deviation of statis-278 
tical analyses of the region’s VOCs data [Rossabi et al., 2019].  At the Boulder Atmospheric Observatory 279 
(BAO), located in Erie at the transition between the more densely populated and industrialized DMA to 280 
the south, and the DJB O&NG and agricultural areas to the north, air composition was also found to 281 
have variable urban and O&NG signatures from significant mixing and recirculation of air influenced by 282 
these different sources [McDuffie et al., 2016].  As with any surface-emitted source, VOC concentrations 283 
also vary significantly between day and night, with typically higher nighttime concentrations due to the 284 
nighttime absence of dilution of surface air from convective mixing [Swarthout et al., 2013; Halliday et 285 
al., 2016].  Concentrations drop with height [Swarthout et al., 2013], indicating that releases occur at 286 
the surface.   287 

Several studies have demonstrated spatial gradients with increasing mean VOC concentrations and in-288 
creasing variability with decreasing distance to O&NG wells and operations.  Total alkanes concentra-289 
tions increased by a factor of 10 from distances > 1600 m to distances of < 152 m [McKenzie et al., 290 
2018].  Even higher gradients (up to a factor of ≈ 30) were found for BTEX species.  The significance of 291 
O&NG sources to ambient BTEX was demonstrated in continuous surface measurements conducted at a 292 
site near Platteville during FRAPPE [Halliday et al., 2016].  Benzene values exceeding 10 ppb, with a max-293 
imum of 29.3 ppb, were observed on multiple occasions, particularly at night when emissions were 294 
trapped near the surface.  The mean nighttime value (0.73 ppb) for August 2014 was above the 295 
1:100,000 increased lifetime cancer risk threshold (0.5 ppb) listed by the World Health Organization 296 
[WHO, 2019].  Benzene values above 10 ppb were also reported in nine canister samples collected from 297 
a mobile surface platform downwind of different O&NG facilities, including operations labelled as 298 
“waste water disposal well” and “oil waste dumping facility” [Pfister et al., 2017a].  Newer observations 299 
from mobile platforms presented by NOAA and University of Wyoming scientists point to even larger 300 
BTEX enhancements downwind of drilling operations and produced wastewater facilities:  Madronich et 301 
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al. [2019] found an abundance of benzene mixing ratios in the 10-50 ppb range near Greeley in the cen-302 
ter of Weld County.  Mielke-Maday et al. [2019], in their analysis of correlating wind with benzene data, 303 
found the highest benzene enhancements when winds originated from the direction of a nearby multi-304 
well pad.  Thus far, the highest concentrations were recorded in proximity of oil and gas wastewater dis-305 
posal facilities in eastern Weld County, with maximum BTEX plume values approaching 500 ppb down-306 
wind of these facilities [Edie et al., 2019]. 307 

Horizontal gradients in VOCs have also been 308 
demonstrated on a larger regional scale along 309 
transects from the periphery towards the center 310 
of the DJB.  This behavior has been seen in sur-311 
face [Thompson et al., 2014; Helmig et al., 2015; 312 
Rossabi et al., 2017; Rossabi et al., 2019] and air-313 
craft data [Richter et al., 2015].   A representative 314 
example is illustrated in Figure 3, comparing data 315 
from a site in downtown Denver, data from Erie 316 
(southern border of the DJB), and from Platteville, 317 
which is located in about the center of the DJB 318 
(Figure 4a).  Mean mole fractions for the alkane 319 
NMHC are factors of 10-50 higher at Platteville 320 
than in Denver, with Erie values falling in be-321 
tween.  The Platteville ethane and propane values 322 
are among the highest ambient concentration val-323 
ues for these species ever published in the litera-324 
ture.  For higher molecular weight NMHC and aro-325 
matic compounds, spatial gradients are less pro-326 
nounced, indicating that emission sources for 327 
these compounds have a more even geographical 328 
distribution.  Besides health concerns from direct 329 
exposure, these emissions are a major culprit for 330 
the regional photochemical ozone production 331 
that will be discussed in the next section.  332 

 333 

Ozone 334 

Ozone has long been recognized as an important air pollutant.  Breathing air with elevated ozone irri-335 
tates the respiratory system and can cause acute and chronic respiratory cardiovascular health effects.  336 
People with asthma, children, and the elderly are particularly at increased risk.  There is a rich literature 337 
on ozone health effects (i.e. [Fleming et al., 2018; Lefohn et al., 2018]).   The risk increases with ozone 338 
concentration and length of exposure.  Health effects have been noted in numerous studies below the 339 
current 70 ppb NAAQS [Fleming et al., 2018].  Exposure of communities to elevated ozone has been 340 
proven to increase mortality rates during and shortly after increased ozone events [Gryparis et al., 2004; 341 
Bell et al., 2005].  In an extensive study across 90 U.S. urban communities, a 0.5% increase in daily mor-342 
tality was found for a 10 ppb increase in daily mean ozone [Bell et al., 2005]. 343 

Figure 3: Statistical comparison of 2013 atmos-
pheric monitoring data for twelve VOCs from down-
town Denver, Erie, and Platteville [Thompson et al., 
2014]. 
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     344 

Figure 4: Comparison of geographical distribution of O&NG well locations with elevated ozone source re-
gion.  (a) The Colorado Northern Front Range with major urban cities Fort Collins, Boulder, and Denver, as 
well as the study sites Erie/BAO and Platteville that are mentioned in the text.  Active oil and gas wells are 
indicated by red dots (map from by Colorado Oil and Gas Conservation Commission website, 
https://cogcc.state.co.us/#/home). The map area matches the geographical area depicted in (b). The inset 
in the bottom left corner shows as a red rectangular the approximate location of the map area within the 
State of Colorado. (b) Source footprint analysis for elevated ozone measured at the four indicated monitor-
ing sites.  This figure is a reproduction of Figure 3-13 from the DMA and North Front Range 8-Hour Ozone 
State Implementation Plan [CDPHE, 2008].  The color contours are the results of a correlation analysis of 
ozone measured at the four surface size with HYSPLIT back trajectories.  The contours display “ … the mean 
May 17 – August 15, 2006, Front Range daily maximum 8-hour ozone concentrations resulting from 
transport from given source areas. These are the average concentrations that result at these four monitors 
when an air mass originates in a given area.“ [CDPHE, 2008].  The four ozone monitoring locations (squares) 
are Fort Collins West FTCW), Rocky Mountain National Park (RMNP), Rocky Flats North (RFN), and Highland 
(HLD).  

(a) 

(b) 
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Through plant respiration and surface uptake, ozone is also damaging to vegetation [Mills et al., 2018].  345 
The stress on vegetation from ozone reduces plant growth and productivity, causing significant loss to 346 
U.S. and global farming industry and food supply [Van Dingenen et al., 2009; Lapina et al., 2016]. 347 

Ozone is not a directly emitted pollutant, but is formed in the atmosphere through a series of photo-348 
chemical reactions that are fueled by emission of VOCs and NOx in the presence of sunlight.  The effi-349 
ciency of this chemistry is rather complex, depending on other variables, including the ratio of VOC/NOx, 350 
VOC speciation and reactivity, solar radiation, temperature, wind speed and dispersion conditions.  This 351 
causes rates of ozone production to vary substantially, from single digits to tens of ppb h-1 during mid-352 
day hours.   353 

Background ozone is generally higher in the western U.S. overall than in the eastern U.S. [Zhang et al., 354 
2011; Cooper et al., 2012; Jaffe et al., 2018], causing air moving into the NCFR being on average higher in 355 
ozone than in many other parts of the country. An analysis by the U.S. EPA estimates the non-U.S. back-356 
ground contribution on days when ozone is relatively high (>60 ppb) at 38 ppb, which is the highest 357 
among 12 included comparison sites [EPA, 2008], and more than half of the current ozone NAAQS.  Con-358 
tributions from other U.S. states, as well as from neighboring countries and trans-Pacific transport, can 359 
further add to this background [Dunker et al., 2017; Lin et al., 2017].  The contribution of ozone from 360 
long-range transport is on average contributing more to the background in spring than during the pri-361 
mary summer ozone season [Cooper et al., 2012; Lin et al., 2017].  During 2000-2015, the resulting sum-362 
mer ozone background (range of median ozone during summer at Colorado rural, non-mountain moni-363 
toring stations) was 32 – 49 ppb, with mean and median values of 41 ppb ([Bien and Helmig, 2018]; Sup-364 
plemental Materials).  Downward folding of high troposphere/lower stratosphere air has been observed 365 
on a few occasions to bring elevated ozone do the surface.  These conditions depend on the strength 366 
and location of the polar jet, are irregular, and have been reported exclusively for the spring [Langford 367 
et al., 2009; Lin et al., 2015].  Emissions from wildfires can contribute to ozone production, with the rate 368 
and total amount of ozone produced being sensitive to the fire and plume conditions [Jaffe and Wigder, 369 
2012; Jaffe et al., 2013]. Overall, fire emissions are a minor contribution compared to the role of anthro-370 
pogenic emissions to the larger geographic scale ozone buildup [Lin et al., 2017].  This influence is highly 371 
variable, and estimated to enhance the Intermountain West regional summer MDA8 by 0.3 – 1.5 ppb [Lu 372 
et al., 2016]. Regional ozone production is further promoted by the dry and sunny climate.  Combined, 373 
these conditions make it more challenging for western States, including the NCFR, to control its ozone as 374 
it leaves less room than in other regions for local ozone production to exceed the standard [Cooper et 375 
al., 2015].  Notably, background ozone at remote high elevations sites across the western U.S. during 376 
summer has been declining during the most recent decade [Bien and Helmig, 2018; Jaffe et al., 2018], 377 
which should constitute favorable conditions for the NCFR on its path towards lowering surface ozone. 378 

A compelling case demonstrating the influence of O&NG emissions on surface ozone in the NCFR was 379 
first published in the Denver Metropolitan Area and North Front Range 8-Hour Ozone State Implementa-380 
tion Plan in 2008 [CDPHE, 2008].  Combining summer ozone data from four sites along the NCFR with air 381 
transport back trajectory analyses showed that for elevated ozone events during mid-May to mid-Au-382 
gust 2006, air transport from the center of the DJB was associated with the highest ozone values, 383 
whereas transport from surrounding areas, including the DMA, brought in air with lower ozone levels 384 
(Figure 4b).  The geographical overlap of the source footprint with highest ozone with the area of high-385 
est O&NG well density (Figure 4a), provided credence to the argument that O&NG industry emissions 386 
played an important role in ozone production and high ozone occurrences.  Daytime summer ozone pro-387 
duction rates of 7 - 8 ppb hr-1 have been seen in ambient diurnal ozone data [CDPHE, 2008; Cheadle et 388 
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al., 2017].  Direct measurements of the ozone production capacity in Golden during FRAPPE found maxi-389 
mum late morning ozone production rates about two times that high [Baier et al., 2017]. Assessing the 390 
relative benefit of VOCs versus NOx controls is extremely challenging in the NCFR.  VOC/NOx ratios vary 391 
widely across the region, with lower ratios present in the DMA, and higher ratios in the VOC-rich DJB.  392 
These different air masses can mix during transport and recirculation, causing a wide range of spatial 393 
and temporal differing conditions and ozone production regimes. 394 

Two studies estimated the contribution of O&NG VOCs to the total reactivity with the OH radical using 395 
VOC speciation and atmospheric concentrations at the BAO.  This variable can serve as a metric for the 396 
chemical reactivity of air and its potential for producing ozone.  A NOAA study estimated that 55 +/- 18% 397 
of the reactivity was attributable to O&NG emissions [Gilman et al., 2013].  Swarthout et al. [2013], us-398 
ing a similar approach but with independently collected data, determined a value of 57%.  While OH re-399 
activity does not directly translate to ozone production, based on these results, both groups predicted 400 
that O&NG VOC emissions would enhance and play a significant role in the regional ozone budget.  It 401 
should be noted that these measurements were conducted in the late winter, when ozone production is 402 
relatively moderate in the NCFR.  Therefore, these findings represent, for example, lower influence from 403 
biogenic VOCs.   404 

A NOAA study, i.e. McDuffie et al. [2016], went a step further and incorporated VOC speciation and 405 
VOCs reactivity in a photochemical model.  Their findings showed “that O&NG alkanes contribute over 406 
80% to the observed carbon mixing ratio, roughly 50% to the regional VOC OH reactivity, and approxi-407 
mately 20% to regional photochemical ozone production.”  Using observations from BAO for correlation 408 
analyses and modeling of oxidation chemistry, Lindaas et al. [2019] stipulated that O&NG emissions con-409 
tribute to ozone production on high ozone days; however, that study fell short of providing a quantita-410 
tive estimate. Another modeling study by NCAR scientists [Pfister et al., 2017b], building on FRAPPE data 411 
for the wider NCFR area, concluded that on average, O&NG emissions contribute 30–40% to the local 412 
ozone production on high ozone days.  It needs to be emphasized that all of these studies derived esti-413 
mates for the ozone produced regionally, not the total ozone, which is also determined by the back-414 
ground that is transported into the region (see above). 415 

These predictions from reactivity consideration and modeling are backed by a series of observational 416 
studies:  Evans et al. [2014], using a correlation analysis of ambient ozone and wind data from BAO and 417 
the South Boulder Creek regulatory monitor, found that during 2009–2012, 65% (average between both 418 
sites) of elevated ozone events were associated with transport from O&NG production regions. Cheadle 419 
et al. [2017], analyzing selected cases of observations near Greeley during FRAPPE, estimated that 420 
O&NG emissions contributed up to ≈ 20 ppb to ozone production on high ozone days.  Oltmans et al. 421 
[2019] conducted an in depth analysis of the conditions on high ozone days at BAO.  Their analysis 422 
showed an association of high ozone days with transport from sectors with intense O&NG production 423 
towards the northeast.  The authors concluded that O&NG emissions were an important source of 424 
ozone precursors and are crucial in producing peak ozone events in the NCFR.  The ozone production 425 
chemistry is primarily driven by VOCs of anthropogenic origin; biogenic emissions appear to have a mi-426 
nor contribution to the NCFR ozone production chemistry [Cheadle et al., 2017; Lindaas et al., 2019].  427 

Ozone enhancements from O&G emission transport have been measured all the way up the Rocky 428 
Mountain National Park, in upslope flow along the eastern slopes of the Rocky Mountains.  Benedict et 429 
al. [2019] estimated that high ozone events associated with O&NG emissions contributed ≈ 20 ppb of 430 
additional ozone at the Rocky Mountain National Park Longs Peak air monitoring station.  This poses the 431 
question of ecosystem impacts of the elevated ozone on the natural environment, including Rocky 432 
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Mountain National Park.  Ozone has long been known to damage crops, and reduce yields in agriculture 433 
[Heck et al., 1982; Van Dingenen et al., 2009; Avnery et al., 2011].  For sensitive crops, those losses can 434 
be well more than 10%, accounting to a significant revenue loss to the farming industry [Morgan et al., 435 
2003; Avnery et al., 2011].  The DJB O&G production overlaps with a region that is also considered the 436 
agricultural heartland of Colorado.  Colorado’s agricultural industry provides over $40 billion to the state 437 
economy [USDA, 2018].  There have been no assessments to date on the revenue loss to this industry 438 
from the elevated ozone caused by O&NG emissions within the State.        439 

Particulates  440 

The DMA has a history of air quality problems from particulates pollution that goes back to the 1970s 441 
and 80s [Waggoner et al., 1983].  The episodic wintertime occurrences of reduced visibility from accu-442 
mulation of gaseous and particulate matter near the surface have been named the ‘Denver Brown 443 
Cloud’ [Neff, 1997].   They are tied to the peculiar topographical and meteorological conditions in the 444 
NCFR, where during the winter shallow (<500 m) boundary layer heights, low convective mixing, also 445 
promoted by snow cover and cold soils, can promote accumulation and buildup of particular emissions 446 
over several days.  A series of studies revealed a mix of sources, with traffic, urban, and agricultural 447 
emissions [Wolff et al., 1981].  Most of the visibility reduction was found to be associated to particulates 448 
smaller than 2.5 µm [Groblicki et al., 1981].  Secondary aerosol production, particularly growth of or-449 
ganic aerosol, as air recirculates over areas with different source signatures, was identified as a major 450 
contributing mechanism for aerosol buildup [Sloane et al., 1991].  The secondary production of aerosol 451 
and ozone occurred on winter days, with temperatures as low as 6oC [Ferman et al., 1981]. 452 

Despite the population growth of the DMA/NCFR, occurrences of Denver Brown Cloud episodes and the 453 
aerosol loading (CDPHE, 2019, unpublished results) have seen a gradual decline during the past two dec-454 
ades, most likely thanks to stricter air pollution control measures.      455 

O&NG operations are sources of atmospheric aerosol in several ways.  Heavy equipment operation, soot 456 
emissions from diesel engines and power generation, unloading and handling of silica that can be added 457 
as a fracking fluid constituent, and soot from oil and gas flaring, are some of the important primary 458 
emissions sources.  There is also potential of secondary aerosol formation from the atmospheric oxida-459 
tion of gaseous emissions, such as H2S, SO2, NOx, and VOCs.  These gases are known to produce less vol-460 
atile chemicals during their atmospheric oxidation, which can serve as aerosol nuclei or add to existing 461 
aerosol.  Comparatively few published studies have addressed aerosol from O&NG operations in Colo-462 
rado.  The reason may lie in the difficulty of attribution, which is more difficult for PM2.5 relative to 463 
ozone, whose formation mechanism is better defined. 464 

Continuous vertical profiles of aerosol and gaseous components were measured during the NACHTT (Ni-465 
trogen, Aerosol Composition, and Halogens on a Tall Tower) campaign at the BAO [Brown et al., 2013].  466 
The aerosol mass was dominated by nitrate, which was mostly from sources within the region.  Other 467 
significant contributions were from organics and sulfate, with sulfate primarily being transported long-468 
range.  While the composition of organic gas phase compounds was noted to have a strong O&NG influ-469 
ence, the study conclusions do not specify O&NG influences on the aerosol composition.  An investiga-470 
tion on aerosol dependency on circulation patterns in the NCFR found that cyclone conditions promoted 471 
the transport of aerosol constituents from the northern Front Range into the DMA, increasing aerosol 472 
mass loadings and reducing visibility [Vu et al., 2016].  The circulation pattern would be expected to 473 
cause air to become enriched in O&NG emissions while passing over the DJB, before circling back into 474 
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the DMA.  The organic fraction made the largest component of total aerosol.  The study, however, did 475 
not specify if the high organic aerosol loading was associated to O&NG precursor emissions. 476 

Two publications report aerosol studies on O&NG contribution to the NCRF aerosol loading in the con-477 
text of FRAPPE.  Dingle et al. [2016] determined extinction enhancements relative to the amount of the 478 
combustion tracer carbon monoxide.  They found an increase in the extinction coefficient with the aging 479 
of air masses that was accompanied by formation of secondary organic aerosol, and the extinction was 480 
strongest correlated with organic aerosol in O&NG-influenced air, and with nitrate aerosol in O&NG and 481 
agriculture emissions.  Bahreini et al. [2018] reported a significant contribution of non-combustion or-482 
ganic aerosol.  Organic aerosol was on average 40% higher in plumes with a high O&NG influence, and 483 
the organic aerosol was dominated by secondary constituents, suggesting that they may be products of 484 
O&NG VOCs oxidation.  The study concluded that O&NG sector emissions contribute up to 38% to the 485 
secondary organic aerosol in the region.    486 

Atmospheric Circulation Influences in the NCFR 487 

The impact of O&NG emissions on NCFR air quality is exacerbated by very peculiar atmospheric circula-488 
tion patterns.  Johnson and Toth [1982] were the first ones to present an in depth characterization of 489 
the daily cycle of mountain-valley winds.  At night, cooler air flows from the mountains and down the 490 
Platte River valley over the plains.  During the day, as the mountains warm, the air flow reverses bring-491 
ing air from over the plains (and source regions; east to westerly transport) back to the foothills. Such 492 
recycling can continue over several days.  During daytime, upslope flow  is a prominent flow regime.  493 
This circulation is driven by the warming of the easterly slopes of the Rocky Mountains range, causing 494 
convective uplifting that is pulling in air from the east.  The flow reverses during the night, with cooler 495 
air from higher elevations descending the mountains and forcing west to east air transport.  496 

Figure 5 is a partial reproduction of a figure from Evans and Helmig [2017].  These windroses, generated 497 
from summer data at BAO, show the very distinct diurnal flow behavior, with flows from north to 498 
southeasterly directions dominating during the daytime hours, and south to westerly winds 499 
predominant at night.  The study authors analyzed wind data from eight locations along the NCFR.  The 500 
average diurnal winds were remarkably consistent, demonstrating the importance of this flow regime 501 
for the wider NCFR.  The transition time between these two flow regimes changes with distance from 502 
the mountain slopes, with locations further east experiencing an on average later onset of upslope flow 503 
conditions.  The diurnal flow regimes are most pronounced during the summer because of the larger 504 
solar irradiance that is providing the thermal forcing.   505 

The upslope flow paths are somewhat segregated, such that there is a separation of air masses that are 506 
heavily influenced by O&NG emissions to the north of the DMA, whereas air masses south of North Den-507 
ver are more strongly influenced by urban emissions [Pfister et al., 2017a].  Air enriched with emissions 508 
from urban, traffic, O&NG, and other regional sources can get ‘trapped’ along the mountain slopes dur-509 
ing late afternoon.  This is reflected by highest ozone levels being observed at monitoring sites nearest 510 
to the mountain slopes [Bien and Helmig, 2018] and at the lower elevations in the foothills [Brodin et al., 511 
2010].  In upslope flow, polluted air from the NCFR regularly reaches high elevation zones on the eastern 512 
side of the Rocky Mountain Continental Divide [Brodin et al., 2010; Benedict et al., 2019]. On days with 513 
particularly strong flow conditions, NCFR pollution can “spillover” into the valleys to the west of the 514 
Continental Divide [Pfister et al., 2017b]. 515 

Although a classical view of high pollution episodes invokes a stagnant high pressure region, usually over 516 
flat terrain, the meteorology of the NCFR leads to more complex circulation regimes.  A common regime 517 
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 518 

 519 

in the winter occurs with downslope westerly warm winds from the Rocky Mountains flowing over 520 
colder air drawn from the east toward a low pressure trough along the foothills or due to lee-cyclogene-521 
sis located over southeast Colorado [Neff, 1997].   During the summer, the ‘Denver Cyclone’ is often ob-522 
served.  These conditions provide a similar opportunity for trapping pollutants near the surface [Wilczak 523 
and Glendening, 1988; Wilczak and Christian, 1990; Szoke, 1991]: In this case, the Denver Cyclone occurs 524 
nearer the surface with warmer air aloft from the south that originated over the Palmer Divide, a ridge 525 
extending to the east and south of Denver.  As the air from the east (underlying the warmer air aloft) 526 
carries pollutants and precursors from the eastern plains, the air can stagnate as it encounters the topo-527 
graphic barrier to the west.  This circulation pattern can cause pollution to circulate and accumulate for 528 
several days, leading to increases of secondary pollutants.   Vu et al. [2016] demonstrate an up to an 529 
80% increase in aerosol constituents during a cyclone episode during FRAPPE. 530 

The frequency and prominence of high ozone occurrences is correlated with high pressure systems that 531 
promote high temperatures, stagnant air circulation, and sunny weather, conditions that combined are 532 
favorable for photochemical ozone production.  Reddy and Pfister [2016] investigated this relationship 533 
and proposed a method in which monthly 500-mbar pressure heights were used for correcting the year-534 
to-year variability in the fourth highest 8-hour ozone average. Further, these conditions promote cyclic 535 
terrain-driven circulations that reduce pollution transport away from sources.  The authors recommend 536 
correcting annual MDA8 data using monthly 500-mbar pressure heights for reducing weather influences 537 
on ozone trends. 538 

Inventories 539 

Emission inventories have been developed by state and national regulatory agencies in support of air 540 
quality modeling and for directing policy development.  These bottom-up inventories are based on emis-541 
sions estimates of facility types and operations with regional/basin-wide scaling using best available fa-542 

Figure 5: Polar histograms 
showing wind direction at BAO 
for the summer months (June 
1 – August 31), broken up into 
four diurnal time windows 
(times are in MST) [Evans and 
Helmig, 2017].  Colors repre-
sent the ozone distribution 
within each sector according to 
the scale provided in the leg-
end.  The dotted line is an ap-
proximate illustration of the 
sectors with O&NG activities 
(NW to SE), with the O&NG 
sectors the ones located in the 
NNW – ESE portion of the wind 
roses. 
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cility counts.  Evaluation of the bottom-up inventory estimates has mostly been accomplished by univer-543 
sity and NOAA scientists through comparing with top-down flux estimates that were developed from 544 
aircraft and surface data.  Experimental capabilities for basin-wide, top-down flux determinations have 545 
improved remarkably over recent years.  Emissions have been estimated by determining the enhance-546 
ment in the basin outflow by aircraft profiling upwind and downwind of production regions, determina-547 
tion of horizontal winds and boundary layer depth [Karion et al., 2013; Karion et al., 2015; Peischl et al., 548 
2015; Peischl et al., 2018].  549 

Most of these studies have pointed out inconsistencies in inventories and a likely underestimation of 550 
O&NG inventory surface emissions. Uncertainties of bottom-up inventories can arise from the extrapo-551 
lation of limited information of facility-scale emissions from venting, flashing, and leakage, and the ne-552 
glect of differences in practices of operators.  Inventories are annual averages with little to no temporal 553 
information.  [Vaughn et al., 2018] demonstrated that this may be part of inventory uncertainties and 554 
discrepancy between bottom-up and top-down emission estimates.  Further, the lack of temporal infor-555 
mation makes source apportionment and model performance evaluation more difficult.   556 

In the most extensive evaluation of methane and VOC emissions representation in the Western Regional 557 
Air WRAP Phase III inventory [WRAP, 2009] to date, [Pétron et al., 2012] concluded that “there are nota-558 
ble inconsistencies between our results and state and national regulatory inventories”.  They further 559 
stated “Our analysis suggests that the emissions of the species we measured are most likely underesti-560 
mated in current inventories and that the uncertainties attached to these estimates can be as high as a 561 
factor of two”.  Results also showed that methane sources from natural gas industries in Colorado were 562 
most likely underestimated by at least a factor of two.  Besides methane and total VOC, the study also 563 
assessed benzene, and concluded that for this species State inventory estimates were too low by at least 564 
a factor of five.  Levi [2012] commented on the difficulties and high sensitivity of the top-down emis-565 
sions estimation based on emission ratios of VOC species.   566 

In their assessment of the National Emissions Inventory (NEI) for 2010, Tzompa-Sosa et al. [2017] found 567 
that inventory fossil fuel emissions had to be increased by 40% for the Northern Hemisphere to yield 568 
agreement with observations, except for the central U.S., including Colorado, where even the 40% in-569 
crease under-predicted observed mixing ratios in the lower troposphere.   570 

Pfister et al. [2017a], in their modeling of FRAPPE and DISCOVER-AQ data, found that they had to in-571 
crease O&NG non-ethane emissions by a factor of four over their best inventory estimate for the best 572 
match between observations and model output. 573 

The most recent evaluation, based on NOAA aircraft surveying [Peischl et al., 2018], illustrates relatively 574 
little improvement in agreement between inventories and top-down emission estimates.  The NOAA 575 
study determined a DJB-wide ethane flux of 7.0 +/- 1.1 x 103 kg hr-1, which translates to 61 +/- 10 x 106 576 
kg (kilotonnes) per year.  This ethane flux alone is higher than then current Regional Air Quality Council 577 
O&NG non-ethane total VOC bottom-up inventory flux of 56 x 106 kg yr-1 [Brimmer, 2019].  With ethane 578 
constituting approximately 30% of the total O&NG VOC flux in the regional oil and gas emissions [Gilman 579 
et al., 2013; Swarthout et al., 2013], the Peischl et al. [2018] ethane flux equates to a total O&NG VOC 580 
flux of 230 x 106 kg yr-1.  Excluding ethane yields 170 x 106 kg yr-1, which exceeds the non-ethane RAQC 581 
total VOC estimate by at least a factor of three.  582 

Taken together, these available comparison studies highlight the deviations between the bottom-up and 583 
top-town emissions estimates.  Unfortunately, there is a scarcity of top-down estimates available for 584 
this evaluation, and each of these have relatively large uncertainty windows themselves.  Nonetheless, 585 
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these disagreements diminish the confidence in the State’s bottom-up inventories, and air quality mod-586 
eling that is building on these most likely under-predicted emissions. 587 

Changes in O&NG Emissions and Atmospheric Concentrations 588 

Since 2008, Colorado has implemented regulations to reduce VOC emissions from O&NG sources, and 589 
methane-specific regulations came into place in 2014 [Ogburn, 2014; CDPHE, 2019c].  State inventories 590 
largely build on projected emissions reductions from these measures.  However, there are very few data 591 
records that allow an evaluation of the important questions, if and how actual O&NG emissions in the 592 
DJB have changed over time.  There is no published peer-review literature at this time that has ad-593 
dressed this question and presented trend results that would allow assessing basin-wide emission 594 
changes with statistically significant certainty.  Data from after the methane emissions rule adoption in 595 
2014 would be most helpful in understanding the benefits of that regulation and current emission levels. 596 

Comparing historic with modern observations of VOC data from Boulder, Thompson et al. [2014] stated 597 
“An initial look at comparisons with data sets from previous years reveals that ambient levels for oil and 598 
gas-related NMHC in Erie, as well as further downwind in Boulder, have not decreased, but appear to 599 
have been increasing, despite tightening of emissions standards for the oil and gas industries in 2008.”   600 

CDPHE has been conducting canister air sampling at Platteville since 2011 [CDPHE, 2019b].  However, 601 
inconsistencies in the sampling, uncertainties in the analysis protocols, siting of the sampling location, 602 
and the proximity of the sampling location to abundant nearby well sites make trend determinations 603 
and their interpretation for the wider region from these data uncertain.   604 

Ethane column observations conducted from 2010-2015 at the NCAR Foothills Laboratory in Boulder are 605 
presented in [Franco et al., 2016].  Their best estimate is a rate of increase of 5.0% per year.  This rate is 606 
above estimated rates for the increase of ethane in the Northern Hemisphere background atmosphere 607 
during this time window [Helmig et al., 2016], which implies a regional emissions increase. However, the 608 
uncertainty interval in this result is rather large.  Including newer data, extending the record to 2010-609 
2018, does not yield a trend in the atmospheric ethane abundance (J. Hannigan, NCAR, personal com-610 
munication, April 2019). 611 

NOAA conducted sampling of VOCs, with up to daily resolution, from 2008-2016 at 300 m height from 612 
the BAO tower.  Data for the O&NG VOC tracer propane collected during midday to afternoon hours, 613 
when boundary layer mixing is most progressed, do not show statistically significant changes, indicating 614 
stable total emissions of O&NG VOCs during this 9-year time window [Oltmans et al., 2019].   615 

Lastly, the methane flux estimates listed in Table 2, covering observations between 2008-2015, do not 616 
show any changes in the total methane flux that are outside of the uncertainty windows of the individ-617 
ual observations.  Assuming that the VOC/methane ratio has remained constant, these methane flux de-618 
terminations do not suggest changes in basin-wide VOC emissions.  Considering the large increase in 619 
natural gas production during this time period, a reduction in the fraction of emitted methane (relative 620 
to the produced quantity of natural gas) and VOCs appears probable [Peischl et al., 2018].   621 

Available VOC emissions estimates, differentiated by ethane, benzene, and total VOC, is provided in Ta-622 
ble 3.  The latest estimate in each category is based on relative observations of VOC/methane at the 623 
Boulder Reservoir during 2017-2018, scaled to the Peischl et al. [2018] methane flux estimate.  There-624 
fore, these two data sets are linked to each other.  These data are too few, and uncertainty within each 625 
data set are too large, for making any valid statement about potential changes in these emissions.   626 

  627 
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Table 3 628 
Comparison of DJB ethane, benzene, and total VOC flux estimates from published literature. 629 
 630 

 631 
Table references: [Bar-Ilan et al., 2008; Swarthout et al., 2013; Petron et al., 2014; Peischl et al., 2018] 632 

 633 

In summary, at this time, there do not appear to be observational records that allow deducing, with sta-634 
tistical significant certainty, if and how methane and/or VOC emissions may have changed in the DJB 635 
over the past 15 years.  There is no convincing evidence for an overall decrease in VOC emissions at this 636 
time.  Certainly, none of these data show increases that scale with the DJB O&NG production increase 637 
(e.g. 3.5-6.5 times for natural gas and oil, respectively, for 2010-2018).  Therefore, it appears likely that 638 
relative emissions rates have declined, likely due to the implementation of stricter emission controls.  639 
However, the growth of the number of operations has probably counteracted those relative emissions 640 
reductions, resulting in overall basin-wide stable total emissions. 641 

Oil and Natural Gas Emissions and Air Quality  642 

Air quality impacts from O&NG emissions arise from acute, chronic, and carcinogenic effects of primary 643 
emissions, particularly of BTEX VOC in close proximity to operations, and emissions of NOx and particu-644 
lates from equipment and on-site power generation.  These exposures are of concern for residents living 645 
within a few hundred meters to kilometers of O&NG operations.  According to the survey of McKenzie et 646 
al. [2016], in 2012, ≈ 56,000 citizens lived within a radius of 1000 feet of O&NG operations in Colorado.  647 
These populations are at greatest risks for these exposures.  Secondary products that are formed via 648 
photochemical processing of emissions during transport are another concern.  Here, the pollutants of 649 
importance are ozone and PM2.5.  These species are transported across a wide spatial scale in the NCFR, 650 
thereby affecting a much larger population.  In excess of 3.5 million people live in the NCFR ozone NAA.  651 
Approximately half of the NAA (mostly the northern part) is moderately to heavily influenced by O&NG 652 

VOC /Year VOC Best Flux Estimate  Reference
tons yr-1

Ethane
2011 29,000 Swarthout et al., 2013
2015 61,000  Peischl et al., 2018

2017/2018 36,000* Helmig et al., manusript in prep.
 

Benzene
2011 570 Swarthout et al., 2013
2012 1500 Petron et al., 2014

2017/2018 620 Helmig et al., manuscript in prep.

Total VOC
2006 64,000 Bar-Ilan et al., 2008
2011 79,000 Swarthout et al., 2013
2015 (183000) 3.5 x ethane from Peischl et al., 

2017/2018 134000* Helmig et al., manusript in prep.
2017/2018 231,000** Helmig et al., manusript in prep.

*Derived by scaling 2017/2018 relative VOC/methane O&NG ratios to the Peischl et al. year 2015 methane flux.

*Derived by scaling 2017/2018 relative VOC/ethane O&NG ratios to the Peischl et al. year 2015 ethane flux.
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emissions.  This part of the NCFR is where O&NG emissions have the greatest impact on ozone and ex-653 
ceedances of the NAAQS.  Atmospheric levels of particulates are relatively modest in the NCFR, with par-654 
ticulate air quality thresholds being exceeded only occasionally, for instance during wildfire plume 655 
transport events and wintertime inversion conditions.  Nonetheless, health impacts from particulates 656 
originating from O&NG sources are estimated to be similar as for ozone [Fann et al., 2018].  However, 657 
ozone is currently the much more recognized regional pollutant.   658 

Emissions of most primary air pollutants continue downwards trends in most of the United States. This 659 
also applies to surface ozone; implementation of pollution control measures has resulted in declining 660 
surface ozone across wide geographical scales in developed North American and European countries 661 
[Fleming et al., 2018].  For instance, the compilation of ozone trends shown in Figure 6 provides a nice 662 
testimony for decreases in ozone production across the U.S.  These downward trends are particularly 663 
remarkable in light of the population growth, increase in energy demand and production, and climate 664 
change, which is driving higher ozone production rates from the increase of ozone precursors and faster 665 
reaction rates in a warmer climate.  Assessments in the magnitude of this effect vary by study.  This 666 
ozone ‘climate penalty’ potentially can be rather significant, with some estimates predicting an up to 3-6 667 
ppb increase in surface ozone per degree of temperature increase [Rasmussen et al., 2012]. 668 

Several studies have pointed out a decline of ozone precursor emissions from other source categories 669 
(non-O&NG) in the NCFR.  Several publications have noted reductions in DMA NOx, based on CDPHE NOx 670 
surface monitoring data [Bishop and Stedman, 2008; Cooper et al., 2012; Abeleira and Farmer, 2017; 671 
Bien and Helmig, 2018].  DMA and NCFR declining NOx trends are further confirmed by satellite imaging 672 
[Witman et al., 2014; Lamsal et al., 2015], and indirectly inferred from the diurnal ozone behavior [Bien 673 
and Helmig, 2018].  Because of the distribution of measurement sites, these analyses mostly reflect NOx 674 
emissions in the DMA and not the entire NCFR, and emission reductions that have been achieved from 675 
automobiles and power generation plants.  676 

Trends in VOCs are more difficult to assess.  In downtown Denver, there is clear evidence that automo-677 
bile-associated VOC emissions have been declining [Bishop and Stedman, 2008].  Currently, there are no 678 
other publications that have reported DMA or NCFR VOC trend analyses, and there is no peer-reviewed 679 
research that supports the State agency’s conclusion of “a dramatic decline in ambient levels of oil and 680 
gas related VOCs” (Supplemental Materials).  Taken together, findings from these Colorado NOx and 681 
VOC studies from non-O&G sources mirror the national trend.   682 

Large year-to-year variations in surface ozone causes trend analyses to be sensitive to the chosen time 683 
window. Trend behavior can differ substantially for different ozone metrics, i.e. summer versus annual 684 
ozone, different percentile values in the ozone distribution, and the MDA8 or the Design Value (the 3-685 
year running mean of the 4th highest annual MDA8).   686 

Reddy and Pfister [2016] corrected the dependence of high summer ozone occurrences on the predomi-687 
nance of high pressure weather conditions in their investigation of the 1995-2013 NCFR ozone record.  688 
They report that these corrected, deemed more robust time series analyses, showed “…a general in-689 
crease for the Front Range [MDA8] since 2004, broken only by the recession of late 2008”. 690 

Lower ozone percentile values, reflecting mostly nighttime ozone, have clearly increased since 2000, 691 
most likely due to a weakening nighttime ozone sink from reaction with NO [Bien and Helmig, 2018].  692 
The increasing low percentile/nighttime ozone values are possibly contributing to the observed in-693 
creases in mean and median ozone.  During 2000-2015, 10 out of 11 DMA/NCRF sites displayed a posi-694 
tive rate of change, with for out of those being statistically significant trends (p-value < 0.05) [Bien and 695 
Helmig, 2018].  Trends in the high percentile ozone values that are most relevant for health effects and 696 
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regulatory considerations are more inconsistent.  2000-2014 Design Value time series plots for the 697 
DMA/NCFR sites Chatfield, Rock Flats North, South Boulder Creek, Fort Collins West, and the National 698 
Renewable Energy Lab in Golden [Evans and Helmig, 2017], suggest a behavior of gradually decreasing 699 
values; however, linear regression analyses do not result in statistically significant trends.  For the 2000-700 
2015 window, considering a total of 11 DMA/NCFR sites, and 28 linear regressions for summer ozone 701 
95th percentile values, MDA8, and Design Value trend analyses, 9 slope results were positive and 18 702 
were negative.  The two times higher negative values count may suggest a predominance of declining 703 
ozone behavior.  However, the only statistically significant trend results (three) were all positive, indicat-704 
ing increasing ozone.  Inclusion of 2016-2018 data in the ozone trend analysis indicates a steadily declin-705 
ing regional Design Value in the last seven years (Supplemental Materials).   706 

The DMA/NCFR ozone behavior deviates from that of most other regions in the U.S.  This is most evident 707 
in the summer daytime average ozone trends (Figure 6).  While this ozone metric has clearly (at many 708 
sites with statistical significance) been heading downwards across the U.S., increasing values were de-709 
termined for most sites in the DMA/NCFR.  Persisting elevated ozone conditions were evident during 710 
2018; ozone data collected by CDPHE in the NCRF were higher than in any of the previous five years, 711 
with a season maximum of 89 ppb and 32 exceedance days of the 8-hour 70 ppb NAAQS at the Boulder 712 
Reservoir site alone (see Figure 7 for the Boulder Reservoir July 2018 ozone record; additional exceed-713 
ance days for the ozone NAAQS were recorded in all other months from May - September).   714 

 715 

 716 

Figure 6: Regional trend analysis of surface ozone observations from monitoring in the U.S. and Canada.   
These results reflect the 2000 – 2014 changes in summer ozone [Chang et al., 2017]. The arrow direction 
indicates the sign and magnitude of the ozone trend according to the scale given in the inset (i.e. downward 
arrows are indicative of declining ozone), and the color coding shows the statistical significance of the 
ozone change, with statistical significant changes (at P>95%) indicated by the bold colors. The DMA/NCFR is 
indicated by the red circle.  This figure is a partial reproduction of Figure 1 in Chang et al. (2017). 
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There are convincing arguments that support the conclusion that the deviation in the Colorado ozone 717 
behavior with the national trend is caused by emissions from the O&NG sector, both from O&NG signa-718 
tures seen in elevated ozone episodes [Cheadle et al., 2017; Oltmans et al., 2019] and from photochemi-719 
cal modeling [Pfister et al., 2017a].  Biogenic VOC emissions have a relatively minor contribution to re-720 
gional ozone production; elevated ozone episodes are primarily associated with elevated anthropogenic 721 
VOCs [Cheadle et al., 2017; Zaragoza et al., 2017; Lindaas et al., 2019].  The effect of O&NG emissions 722 
on ozone production in the NCFR is exacerbated by the dominant summertime air circulation patterns 723 
that tend to transport pollution-enriched air from the DJB towards the foothills.  Continuing ozone pro-724 
duction in these accumulated air masses causes peak ozone values along the westerly parts of the plains 725 
stretching from Highlands, along Golden, Boulder, Longmont to Fort Collins and westwards a few miles 726 
into the mountain slopes.  Boulder County is particularly vulnerable, being the closest and most directly 727 
downwind located area of the DJB.  This conclusion was stated in the NCAR FRAPPE summary report: 728 
“On average, oil and gas emissions show a stronger influence in the northern part of the NFRMA and the 729 
northern foothills, while mobile emissions dominate farther south and in the southern foothills. Both 730 
sectors contribute, on average, 30-40% each to total NFRMA ozone production on high ozone days.”  731 

 732 
Peer-reviewed literature is consistent in emphasizing that NCFR ozone exceedances are caused by the 733 
locally produced ozone that is added to the ozone background that is transported into the State.  For 734 
Denver, this background is up to 14 ppb higher in comparison to other U.S. cities [EPA, 2008], which low-735 
ers the amount of ozone that can be added locally to reach exceedance of the standard.  This margin is 736 

Figure 7: Record of the ozone monitoring by CDPHE at the Boulder Reservoir for July 2018.  Data are plotted 
at the 1-min resolution of the data acquisition, as hourly values, and as 8-hour running mean, which is the 
regulatory metric.  Also shown is the current U.S. ozone NAAQS and, for comparison, 8-hour ozone air qual-
ity standards in other selected nations.  Shown values are the maximum permitted values to be in compli-
ance.  The U.S. and Canada standard applies to the 3-year running mean of the MDA8.  *China, the Euro-
pean Union (EU), and the World Health Organization (WHO) list their ozone standards in concentration 
units.  Those were converted to mole fraction values for conditions of 1 atm and 25oC.  The WHO value is a 
guideline. 
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smaller than for other U.S. NAA, making meeting the standard more challenging.  However, the local 737 
ozone production is mostly within the control of the State.  Meeting the standard is calling for a con-738 
certed and aggressive effort in curbing regional ozone precursor emissions.    739 

 740 

Recommendations 741 

O&NG emissions are impacting air quality in the NCFR in multiple ways and at several scales. Exposures 742 
in close proximity arise from primary emissions. Current assessments indicate that the most concerning 743 
health impacts are from aromatic VOCs (BTEX), and for citizens living within a 1000 feet radius of wells 744 
and O&NG operations.  On the order of 3.5 million Colorado residents live in the NCFR ozone NAA.  De-745 
spite efforts to reduce ozone precursor emissions, and gains made in certain important emission sec-746 
tors, including transportation and electrical power generation, the region is still subjected to an abun-747 
dance of elevated ozone occurrences and exceedances of the NAAQS every year.  This calls for con-748 
certed efforts for better characterizing emissions and air quality impacts of O&NG emissions and for 749 
emissions regulation.  Specific recommendations are: 750 

- The lack of long-term NOx monitoring within the DJB hampers the assessment of the contribu-751 
tion of O&NG emissions to regional NOx.  NOx monitoring should be implemented at key loca-752 
tions upwind, within, and downwind of the DJB.  More research is needed to better define NOx 753 
point emissions from O&NG facilities.  Remote sensing tools and data should be included in the 754 
evaluation of O&NG NOx sources and emission trends.  755 

- Very little research has been done on evaluating and quantifying the contribution of O&NG 756 
emissions to atmospheric particulates.  The prospect of 25-49 premature annual human deaths 757 
in Colorado from exposure to particles caused by O&NG emissions under current industry 758 
growth scenarios by 2025 [Fann et al. 2018] should motivate a concerted effort to investigate 759 
and better define particulates pollution, and to regulate particulates and secondary aerosol pre-760 
cursor emissions from the industry. 761 

- VOCs data, mostly from occasional and campaign-type data, as well as the CDPHE monitoring at 762 
Platteville, clearly show a strong contribution from O&NG operations on total VOCs and the 763 
ozone-producing VOC reactivity in the region.  VOC monitoring is crucial for assessing O&NG air 764 
quality impacts.  The current distribution of monitoring sites has a number of shortcomings for 765 
evaluating and monitoring changes of O&NG emissions.  VOC monitoring is needed near opera-766 
tions to assess facility emissions and exposure risks of nearby residencies.  This monitoring 767 
needs to be expanded to activities such as flowback, liquid unloading, and wastewater separa-768 
tion, which appear to be associated with high emissions and which have been mostly neglected 769 
or been underrepresented in previous assessments.  In order to capture the high variability of 770 
these emission, this monitoring should be at high time resolution, ideally in real time.  VOC mon-771 
itoring needs to be tailored for characterizing emission trends, representative for a wide re-772 
gional footprint.  This can, for instance, be achieved by sampling at elevated sites or/and from 773 
inlets high above the surface, and best during mid-day to afternoon hours, when chances to 774 
sample mixed boundary layer air are highest.  This monitoring would be most promising if it is 775 
conducted continuously, and at highest possible accuracy.  Continuous, concurrent, and coordi-776 
nated monitoring at strategically selected sites upwind and downwind of the DJB would allow 777 
assessing changes in basin-wide emissions. 778 
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- VOCs emitted from O&NG sources constitute the majority of the OH reactivity in the DJB north 779 
of the DMA.  These emissions contribute to a temporal and locally variable ozone production.  780 
Summertime elevated ozone occurrences show a high correlation to transport from O&NG ex-781 
traction regions and atmospheric O&NG influences.  Due to the ozone production dynamics and 782 
air circulation patterns, the daytime peak maximum ozone values are often observed along the 783 
NCFR foothills, tens of kilometers downwind of the O&NG emissions source regions, and 784 
thereby impacting communities outside of the production regions.  These downwind air quality 785 
impacts from O&NG industries should be a strong consideration in the design of monitoring net-786 
works and decision-making on regulating existing and new O&NG development in the region.   787 

- Several independent measurements near O&NG operations have shown spikes with highly ele-788 
vated concentrations of BTEX compounds that exceed health risks thresholds for nearby resi-789 
dents.  Highest concentrations have been reported downwind of disposal facilities, rather than 790 
from well pads.  Available data are mostly from short episodic measurements.  This clearly 791 
demonstrates that characterization of BTEX emissions warrants more attention.  This needs to 792 
include continuous monitoring and consideration of the diverse types of O&NG facilities.  Thus 793 
far, health assessments have predominantly focused on well pads.  Further research is needed 794 
on incorporating these other emissions sources given the growing body of literature showing 795 
their significant emissions and resulting elevated downwind concentrations.   796 

- Bottom-up inventories have large uncertainties, neglect temporal variation, and consistently ap-797 
pear to be lower than top-down emissions determinations.  The increase in well sites, the size 798 
and number of wells per pad, changes in operational practices, and new regulations make bot-799 
tom-up emission inventories an ever changing challenge.  Inconsistencies between national and 800 
state inventories persist.  There appears to have been little progress in improving agreement 801 
between bottom-up inventory estimates and top-down estimates during the past decade.  Ex-802 
perimental tools for aircraft basin-wide top-town emissions determination have improved re-803 
markably during the past five years.  A concerted effort building on these capabilities by regu-804 
larly (e.g. monthly) light aircraft profiling, could, within a short time frame, yield significant im-805 
provements of the basin-wide total emissions characterization.    806 

- Assessments of ozone contribution from O&NG emissions will have high uncertainty, and will 807 
under-predict the true ozone production as long as they rely on underestimated O&NG inven-808 
tory emissions.  Ozone impact studies need to be revisited with consideration on the most real-809 
istic NOx and VOC emissions from the industry.  810 

- Ozone pollution in the NCFR is well within the range where ecosystem impacts and production 811 
yield losses in agriculture are predicted.  Given the size of the agricultural industry, and from 812 
available literature on ozone effects on crops, it is expected that the economic loss to the State’s 813 
farming industry from the O&NG-contributed ozone may be quite significant.  A quantification 814 
of the actual revenue loss is needed for evaluating these adverse economic impacts of O&NG 815 
industry emissions.   816 

- There has been a remarkable growth in the number of peer-review studies on air quality im-817 
pacts from O&NG emissions.  Consideration of the findings from these resources, and closer 818 
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communication and collaboration between academic and federal researchers with state regula-819 
tors will likely be beneficial for directing Colorado’s O&NG policy development, guiding policy 820 
implementation, and for monitoring and assessing policy effectiveness. 821 
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Determination of Colorado Summer Background Ozone 1343 

Background ozone was estimated from the data presented in Table 2 [Bien and Helmig, 2018].  We con-1344 
sidered the median summer ozone values for sites that are not located within large cities, and at < 2000 1345 
m elevation.  Below is a partial reproduction of that table, with those considered sites highlighted in tur-1346 
quoise. For comparison, the same analysis is also provided for DMA/NCFR suburban sites.   Coordinates, 1347 
elevation, and a map showing all sites are available in [Bien and Helmig, 2018]. 1348 

 1349 

SM_Table 1 1350 
Reproduction of Table 2 from Bien and Helmig.   Overview of the median and 95th percentile summer O3, and the 1351 
daily median and 95th percentile summer amplitude of every site with data available for 2011 – 2015.  1352 
 1353 

Site 
No 

Site Name Median Sum-
mer O3  
[ppbv] 

95th Percentile 
Summer O3  

[ppbv] 
1 Welby 37 69 
2 Highland Reservoir 49 73 
3 Aurora East  49 68 
4 Eldora Ski Area 58 76 
5 South Boulder Creek 43 71 
6 Boulder Fire Station 32 57 
7 Longmont 36 72 
8 Trout Creek Pass 50 65 
10 Goliath Peak 54 70 
11 Mount Evans 62 77 
12 Mines Peak 49 65 
13 Denver - Camp 35 62 
14 Denver - Carriage 41 72 
15 Denver - Animal Shelter 38 67 
16 La Casa 35 66 
18 Chatfield Reservoir  46 75 
19 U.S. Air Force Acad. 45 68 
20 Manitou Springs 47 68 
21 Rifle - Health Dept. 35 59 
23 Flattops #3 52 64 
24 Ripple Creek Pass 51 64 
25 Sunlight Mountain 58 73 
26 Wilson 50 65 
27 Battlement Mesa 43 62 
28 Glenwood Springs 33 55 
29 Carbondale 32 54 
30 McClure Pass 48 60 
31 Gothic 41 59 
32 Walden - Chandler Ranch 37 57 
33 Arvada 40 74 
34 Welch 44 71 
35 Rocky Flats  50 76 
36 Golden - NREL  48 75 
38 Aspen Park 46 67 
39 Shamrock Station 48 65 
40 Ignacio 37 64 
41 Bondad 39 64 
42 RMNP - Long's Peak 51 70 



56 
 

43 Fort Collins - West 45 73 
44 Rist Canyon 46 68 
45 Fort Collins - CSU  37 66 
46 RMNP - Collocated  49 68 
47 Palisade  45 62 
48 Grand Mesa 53 64 
49 Silt - Collbran 50 64 
50 CO Nat. Mon. 49 64 
51 Lay Peak 44 61 
52 Elk Springs 41 56 
53 Cortez  40 61 
54 Mesa Verde NP 50 64 
56 Kenosha Pass 49 63 
57 Fairplay 43 60 
58 Ajax Mountain 54 66 
59 Aspen  40 58 
61 CO Plant Science Bldg. 41 58 
62 Rangely  44 61 
64 Norwood 44 62 
67 Greeley - Weld Cty Twr 43 71 
68 Briggsdale 41 64 
69 Pawnee Buttes 47 65 
70 Boulder - INSTAAR 39 65 
71 Sugar Loaf Fire Dept. 40 65 
72 Coughlin Meadows 45 64 
73 Lyons 45 71 
74 Dawson School 40 67 
75 Lost Angels Fire Dept. 46 66 
76 Boulder Atmos. Obs.  41 68 
77 Niwot Ridge - Tundra  59 74 
78 Niwot Ridge - C1 48 66 
79 Niwot Ridge - Soddie 47 62 
80 Dinosaur Nat. Mon. 45 64 

 1354 

Background Sites (turquoise):  1355 
 1356 
Range of highlighted sites:        32-49 ppb      54-65 ppb 1357 

Median of highlighted sites:           41 ppb          62 ppb 1358 
Mean of highlighted sites:            41 ppb          61 ppb 1359 

 1360 

Suburban Front Range Sites (yellow): 1361 

Range of highlighted sites:        43-50 ppb      71-76 ppb 1362 

Median of highlighted sites:           46 ppb          73 ppb 1363 
Mean of highlighted sites:            46 ppb          73 ppb 1364 
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