VIA EMAIL

June 8, 2020

Colorado Air Quality Control Commission

Colorado Department of Public Health and Environment
4300 Cherry Creek Drive South, EDO-AQCC-A5
Denver, Colorado 80246
cdphe.agcc-comments@state.co.us

RE:  Marginal Nonattainment Area requirements for the 2015 Ozone National Ambient
Air Quality Standard

Dear Commissioners:

On behalf of the thousands of our members and supporters who are harmed by ozone
pollution in the Denver Metro / North Front Range area, the Center for Biological Diversity,
WildEarth Guardians, Public Employees for Environmental Responsibility (PEER), and Sierra
Club are writing to submit comments on the Colorado Air Quality Control Commission’s
(Commission) consideration of approving the emissions statement, 2017 baseline year emissions
inventory and SIP compliance certifications to be submitted to the EPA, satisfying Marginal
Nonattainment Area requirements for the 2015 Ozone National Ambient Air Quality Standard.
These comments focus on the 2017 baseline year emission inventory underreporting emissions,
especially with regard to the oil and gas sector. While these comments cover the emissions
inventory for the 2015 ozone national ambient air quality standard (NAAQS) marginal
nonattainment area, the problem of undercounting emissions is also very relevant to the serious
nonattainment SIP for the 2008 ozone NAAQS, which the Commission will be addressing in the
future.

l. INTRODUCTION

In evaluating these comments, it is important to understand the context of the
Commission’s and the Air Pollution Control Division’s (Division) repeated failure to bring the
Denver-Boulder-Greeley-Ft. Collins-Loveland, CO area (“Metro-Denver”) into attainment with
the ozone NAAQS. This failure has resulted in death, disease and lost of fundamental freedoms
for Coloradans, damage to our majestic natural areas like Rocky Mountain National Park, and
millions of dollars in costs to the state economy in the form of lost wages and worker
productivity, medical bills, decreased agriculture production, and tourism. These failures were
due in part to emission inventories which undercounted emissions.

EPA designated the Metro-Denver area as nonattainment for the 1997 ozone NAAQS. 69
Fed. Reg. 23,858, 23,868 (Apr. 30, 2004). The nonattainment area included Boulder, Denver,
Jefferson, Douglas, Broomfield, Adams, and Arapahoe Counties and parts of Larimer and Weld
Counties. Id.
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EPA deferred the effective date of Metro-Denver’s nonattainment designation for the
1997 ozone NAAQS under a program, later deemed illegal, called the Early Action Compact.
The Early Action Compact required areas to not violate the ozone NAAQS. Metro-Denver
failed to comply with the Early Action Compact because it continued to violate the 1997 ozone
NAAQS and thus EPA allowed the nonattainment designation to become effective. 74 Fed. Reg.
2,936, 2,944, ftnt. b (Jan. 16, 2009).

EPA designated Metro-Denver as a marginal nonattainment area for the 2008 ozone
NAAQS. 77 Fed. Reg. 30,088, 30,110 (May 21, 2012). The area failed to attain the 2008 ozone
NAAQS by its marginal attainment date. It was thus “bumped up” to a moderate nonattainment
area. 81 Fed. Reg. 26,697, 26,699 (May 4, 2016).

The area then failed to attain the 2008 ozone NAAQS by its moderate attainment date. 83
Fed. Reg. 56,781, 56,784 (Nov. 14, 2018). The area was thus bumped up again, this time to a
serious nonattainment area. 84 Fed. Reg. 70,789 (Dec. 26, 2019).

It is very likely that the Metro-Denver area will fail to attain the 2008 ozone NAAQS by
its serious attainment date. To avoid this failure, the Chatfield Park ozone monitor would have
to have a fourth highest value this year of 67 parts per billion. This is lower than the values in
past years. The only reason this failure would be avoid is because of the global COVID-19
pandemic and oil pricing, which is forcing much of the Denver Julesburg oil out of the market.

EPA designated Metro-Denver as a marginal nonattainment area for the 2015 ozone
NAAQS. 83 Fed. Reg. 25,776, 25,792 (June 4, 2018). It only took until February 27, 2020 for
ozone levels to be high enough so that we knew, once again, that the Metro-Denver area failed to
attain the ozone NAAQS. Thus, Metro-Denver will be bumped up to a moderate nonattainment
area for the 2015 ozone NAAQS.

The path to reversing this deplorable string of failures is not to keep doing the same thing
over and over. Rather, to succeed, the Commission must take a new approach. This new
approach should include creating an emission inventory that accurately depicts air pollution.

1. TOP DOWN “INVENTORIES,” OR FLUX ESTIMATES DEMONSTRATE THAT
THE DIVISION’S BOTTOM UP EMISSION INVENTORY UNDERCOUNTS
EMISSIONS. THUS, THE COMMISSION SHOULD ADJUST THE EMISSION
INVENTORY BASED ON THE TOP DOWN EMISSION INVENTORY.

The scientific literature shows that bottom up emission inventories, like the one before
the Commission, underestimate oil and gas emissions. Helmig, D. 2020. Air Quality Impacts
from Oil and Natural Gas Development in Colorado, Elem Sci Anth, 8: 4, Attached as Ex. 1 at
20. This literature is based on actually measuring pollution by “aircraft profiling upwind and
downwind of production regions, determination of horizontal winds and boundary layer depth
[Karion et al., 2013; Karion et al., 2015; Peischl et al., 2015; Peischl et al., 2018].” Id.

Problems with the bottom up inventories include “extrapolation of limited



information of facility-scale emissions from venting, flashing, and leakage, and the neglect of
differences in practices of operators.” Id. Also, the bottom up inventories are annual averages
with little to no temporal information. Id. In fact, the Final Technical Support Document for the
current emission inventory states: “Emissions data that were on an annual basis were apportioned
to a daily rate by dividing by 365.” Final TSD at 4.

The underestimation is significantly. Petron et al., [2012] found that “uncertainties
attached [to bottom up regulatory] estimates can be as high as a factor of two.” I1d. Benzene, a
known human carcinogen, “were too low by at least a factor of five.” Id.

Tzompa-Sosa et al., [2017] found that even increasing the fossil fuel emission inventory
by 40% in the Central U.S., including Colorado, was not enough to yield agreement with
observations. Id. “Pfister et al. [2017a], in their modeling of FRAPPE and DISCOVER-AQ
data, found that they had to increase O&NG non-ethane emissions by a factor of four over their
best inventory estimate for the best match between observations and model output.” Id. The
most recent study mentioned in the Helmig paper, Peischl et al., 2018, found that Regional Air
Quality Council VOC estimate undercounted by a factor of approximately three when compared
to data from NOAA aircraft surveying.

In light of the above, the Commission should not approve the emissions inventory.
Rather, the Commission should charge the Division to work with the outstanding research
community we have in Colorado and elsewhere to come up with an adjustment factor for the
Division to have its emission inventory more closely match actual observed levels of pollution,
or another defensible approach. Again, this is critical not only for this emission inventory but
also for future emission inventories that create consequential regulatory actions like setting
values for reasonable further progress reductions and motor vehicle emission budgets.

I1. NUMEROUS FLAWS EXIST IN THE DIVISION’S BOTTOM UP INVENTORY
WHICH NEED TO BE CORRECTED.

As explained above, considering the long history of failure to attain the ozone standards
by the required date, and the fact that bottom up emission inventories are not supported by actual
measurements of pollution, the Commission cannot rationally approve the emission inventory
before it. Furthermore, as explained below, there are numerous specific shortcomings with this
emission inventory.

Clean Air Act 8182(a)(1) mandates that the emission inventory be a comprehensive,
accurate, current inventory of actual emissions from all sources. Unfortunately, the current
emission inventory does not meet this mandate.

It appears that the emission inventory does not comprehensively include all sources of
emissions. The technical support document appears to include some pre-production emissions,
but some is not all. See Final TSD at 9, Table 4.



The emission inventory includes zero NOx emissions from agricultural area sources.
Emission Inventory at 7. But agricultural soils, including those which have fossil fuel derived
fertilizers, are a huge source of NOx emissions. One study on this topic is by Maya Almaraz,
who is at University of California at Davis, a school noted for its work on agriculture. See
Almaraz, M. et al, Agriculture is a major source of NOx pollution in California, Sci. Adv. 2018,
attached as Exhibit 2. In this study, two methods were used: a bottom-up spatial model of soil
NOx emissions and a top-down approach from airborne observations. 1d. at 1. This study found
that cropland soil increased the NOx budget by 20 to 51%. Id.

In additional residential fuel combustion is excluded from the emission inventory.
Emission Inventory at 2. The Emission Inventory claims this is “because emissions from this
category are negligible in the summer.” Id. But residential fuel combustion occurs in hot water
heaters and cooking stoves, as well as furnaces. While people may not use their furnaces in the
summer, they certainly use their hot water heaters and cooking stoves. There is no evidence in
the record that emissions from hot water heaters and cooking stoves are negligible. So it is
arbitrary to exclude this source of NOx and VOC emissions.

It is worth noting that natural gas and propane burning cook stoves are a source of serious
indoor air pollution.! The Commission could obtain significant co-benefits for public health by
regulating these sources. But the first step in regulating them should be including them in the
emissions inventory.

Furthermore, all of the information in the inventory for point sources, oil and gas industry
included, come from the APENs. However, by exclusively using the APENSs as the only source
of information, the inventory is excluding the emissions from sources that are APEN-exempt.
These APEN-exempt sources maybe small or of short duration, but they are numerous and many
of them are routine part of oil and gas activities.

Colorado Regulation 3 Part A.11.D includes a list of all the APEN-exempt sources. The
most notable are sources with less than 1 ton/year of emissions inside the ozone nonattainment
area (or less than 2 ton/year outside the nonattainment area), internal combustion engines rated
below 5 MMBTUY/hr, construction activities with less than 6 months of duration, and oil and gas
operations (well site and associated equipment) during the exploration and/or production drilling,
workovers, completions and testing.

Most, if not all the above are part of any oil and gas site both in their initial stage and/or
later during their production phase; from clearing and grading the terrain, building roads,
transporting material, drilling, using small power generators engines, small heaters, and small
flares. Because APENS are not submitted per facility but per individual piece of equipment,
many of these units are small enough to be exempt and therefore are not accounted for in the
inventory.

One of these individual sources may be insignificant, but when counted by the hundreds
or the thousands, their emissions are relevant enough to warrant including them in the inventory.

1 See for example https://rmi.org/insight/gas-stoves-pollution-health
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Notably, APEN-exempt sources are required to be reported to the Division even if no permit is
issued to them, so the Division could and should calculate those emissions and include them in
the inventory.

As for mobile sources, there is no indication that the emission inventory includes
“cheating” diesel engines like Volkswagens. The Division is well-aware of the widespread
diesel engines which use defeat devices to pass tailpipe tests, as the state got significant money
from the settlement. But in this emission inventory, the Divisions appears to have ignored this
issue.

Also, it does not appear that the mobile source inventory considered “collector cars”
which are exempt from emission testing, or cars which have obtained a repair waiver. These old
cars can have emissions which are an order of magnitude, or more, higher than modern cars.
And the current regulations do not in any way prohibit people from using these cars as their
primary means of transportation on a daily basis.

As to non-road sources, which include heavy duty equipment used in mining,
construction, and oil & gas exploration and production, they are underestimated because the
Division does not regulate them, these types of vehicles do not require license plates, and only
some of them require registration at a county office. As a result, the Division does not know
with certainty how many of them are there operating at a given time inside the ozone
nonattainment area. Yet many of these units have very large engines that generate
significant amounts of NOx and other pollutants. To accurately account for these emissions the
Commission should require a general APEN and permit for the emissions of all equipment, non-
road vehicles included, associated with the exploration phase of oil and gas activities inside the
0zone nonattainment area.

Similarly, the mobile source emission inventory does not appear to address Colorado’s
unusually high “cut points” for its emission testing for vehicles. Using generic emission factors
rather than one’s specific to Colorado is not accurate.

As to the requirement that the emission inventory be accurate and reflect actual
emissions, this emission inventory fails in this regard also. For point sources, the emission
inventory uses APENs. Emission Inventory at 5. Especially for power plants, which tend to
operate and thus emit more in the summer, the emission inventory should use emission data from
continuous emissions monitoring systems (CEMS). This would be accurate information about
actual emissions and is readily available.

In fact, it does not appear that there is any actual emissions data in the inventory at all.
Rather, the emissions inventory is based on the use of generic emission factors. There is no
evidence to support a claim that these generic emission factors reflect actual emissions.

For example, the emission inventory says that condensate tanks are the largest source of
VOC emissions. Many of these condensate tanks are controlled by an enclosed flare. Although
the transparency is so lacking that we are forced to assume, we assume that the emission



inventory assumes that all of these enclosed flares reduce VOCs by 95 or even 98%. But the
Division, and thus the Commission, has no evidence that actual emissions reflect 95% or higher
removal efficiency. This is because there are no requirements for testing or monitoring
emissions from enclosed flares. The Emission Inventory’s assumption that regardless of how old
the flare is, what condition it is, and what operating conditions it faces, it will always achieve at
least 95% removal efficiency without any data to support this is arbitrary.

For area sources, the emissions inventory states it used data from the 2014 NEI and
adjusted to 2017. Colorado saw a 39% growth in oil production between 2014 and 2017. See
EIA Data, attached as Exhibit 3. The documents provided do not provide enough transparency
to determine if the emission inventory reflects this substantial increase in actual production, and
thus emissions. The Commission cannot approve the emission inventory unless it knows that the
emission inventory does reflect this 39% increase in oil production.

Finally, the TSD explains that the “values for CE and RE were selected to account for
changes observed in the 6 am to 9 am precursor levels at the CDPHE VOC monitoring site in
Platteville, Colorado from 2012 to 2018. Final TSD at 8.

However, inconsistencies in the sampling, uncertainties in the analysis protocols
[Hood, 2019], siting of the sampling location, and the proximity of the sampling
location to abundant nearby well sites make trend determinations and their
interpretation for the wider region from these data uncertain.

Ex 1 at 21.

In contrast to the Platteville data, the Boulder reservoir VOC monitoring does not have
these problems. Thus, the emission inventory should use the Boulder reservoir data which is
much more reliable.

In conclusion, for the reasons explained above, the Commission should not approve the
emission inventory.

Sincerely,

Robert Ukeiley

Senior Attorney — Environmental Health
Center for Biological Diversity

1536 Wynkoop St., Ste. 421

Denver, CO 80202
rukeiley@biologicaldiversity.org

(720) 496-8568

Jeremy Nichols

Climate and Energy Program Director
WildEarth Guardians

(303) 437-7663
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Chandra Rosenthal

Rocky Mountain Director

Public Employees for Environmental Responsibility
crosenthal@peer.org

(202) 265-7337 x501

Ramesh Bhatt

Chair, Conservation Committee
Colorado Sierra Club

1536 Wynkoop Street, Suite 200
Denver, CO 80202
303-861-8819
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POLICY BRIDGE

Air quality impacts from oil and natural gas development
in Colorado

Detlev Helmig™t

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

and monitoring gaps, and 5. Recommendations for future research and policy.

Keywords: Air quality; Oil; Natural gas

Introduction

The development of hydraulic fracturing techniques has
made it profitable to extract petroleum hydrocarbons
from geologic shale formations. The application of this
technology has caused a surge in new oil and natural gas
(O&NGQG) drilling in shale basins across the United States,
including in Colorado, where most of the activity has been
in the Denver Julesburg Basin (DJB). In 2017, there were
over 53,000 active O&NG wells in Colorado (Figure 1).
The O&NG development is concentrated in a number of
lower elevation basins, with 24,000 wells (January 2018)
located in Weld County in the DJB, which in 2017 pro-
duced ~90% of the oil in Colorado [Swain, 2018]. From
2010-2018, annual natural gas production in Weld County
increased by a factor of 3.5, and annual oil production by a
factor of 6.5 [Drilling-Edge, 2019].

Some of the growth of the O&NG industry has occurred
within the periphery of urban and residential areas, rais-
ing concerns within communities. Proximity to O&NG
operations has been associated with human health effects,
with atmospheric emissions being a primary pathway of
exposure. Types and causes of emissions are dependent
on multiple variables and stages of the well development,
and can arise, for instance, from heavy equipment use

*Institute of Arctic and Alpine Research, University of Colorado
Boulder, Colorado, US

T Boulder A.LR. L.L.C., Boulder, Colorado, US
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at the site and vehicle traffic, power generation, drilling
operation, spillage and evaporation of fracking fluid, flow-
back of the extracted petroleum products, flaring, and
fugitive or controlled hydrocarbon emissions during load-
ing and transportation [Adgate et al., 2014]. Fracking fluid
is a mixture of a multitude of synthetic chemicals, with
the composition typically kept proprietary by operators.
Silica, added to the fracking fluid, dust, and soot/particles
from diesel engines contribute to particulate exposure.
Gaseous emissions arise from fracking fluid additives, con-
trolled venting, flaring, and leakage of equipment, storage
tanks, and pipelines. Directly emitted gaseous pollutants
of concern for human health are hydrogen sulfide and
petroleum constituents, including aromatic and polycy-
clic aromatic hydrocarbons. Combustion processes cause
emissions of carbon monoxide, nitrogen oxides, volatile
organic compounds (VOCs), and soot/particulates [Adgate
etal, 2014].

O&NG VOC emissions are a complex mixture of hydro-
carbons. Some of the VOCs identified have the potential
to affect the human endocrine system [Colborn et al.,
2014]. Enhanced levels of VOCs have been observed in
air near O&NG wells, including the known human car-
cinogen benzene [Verma et al., 2000; Macey et al., 2014;
Sovacool, 2014; Halliday et al, 2016]. Human health
risk assessments based on measured and modeled VOC
concentrations near O&NG sites indicate increased risks
for respiratory, neurological, and hematological health
effects, as well as excess lifetime cancer risk above the U.S.
Environmental Protection Agency (EPA) de minimis risk
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Figure 1: (a) Distribution of oil and gas well sites (purple dots) within the State of Colorado {COGCC, 2017 #1478).
(b) Air monitoring sites in Colorado that report ozone, nitrogen oxides, and PM2.5 data to the EPA Air Quality Sys-
tem archive (map downloaded from https://www.epa.gov/outdoor-air-quality-data/interactive-map-air-quality-mon-
itors). Additional sites operated by NOAA and regional municipalities, and sites where methane and volatile organic
compounds (VOCs) are measured were also added to the map. The blue area indicates the Northern Colorado Front
Range (NCFR) ozone nonattainment area (NAA) east of the Rocky Mountains, encompassing the counties of Adams,
Arapahoe, Boulder, Broomfield, Douglas, and Denver, as well as portions of Weld and Larimer counties. (c) Location
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of one in a million for people living nearest to O&NG sites
[McKenzie et al., 2012; McKenzie et al., 2018; McMullin
et al., 2018; Holder et al, 2019]. Associations between
proximity to O&NG sites and health effects, including
congenital heart defects, childhood leukemia, asthma,
low birth weight, and preterm births have been reported
[HEI, 2019]. In Colorado, children with congenital heart
defects and leukemia are more likely to be born or living
in the areas with the densest O&NG activity [McKenzie
et al., 2014; McKenzie et al., 2017, McKenzie et al., 2019].
While these studies indicate that VOC emissions from
O&NG activities have the potential to and may be affect-
ing the health of nearby residents, further study will be
necessary to elucidate causality [HEI, 2019].

Furthermore, atmospheric oxidation of O&NG VOC emis-
sions contribute to the photochemical formation of ozone
and secondary aerosols, which pose additional health con-
cerns. A recent EPA study estimated 1000 and 970 added
premature deaths from particulates (PM2.5) and ozone
exposure caused by O&NG pollutants in the U.S. by 2025,
with 37 (from PM2.5) and 34 (from ozone) of those pre-
dicted to occur in Colorado [Fann et al., 2018]. Polluted
air from the Northern Colorado Front Range (NCFR) can
be lofted during upslope flow conditions on the eastern
Rocky Mountain slopes to high elevation where it can
impact alpine ecosystems, including Rocky Mountain
National Park [Brodin et al., 2010; Thompson et al., 2015;
Benedict et al., 2018]. Up to =20 ppb of additional ozone
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in air transport associated with O&NG emission has been
measured at the Rocky Mountain National Park Longs
Peak monitoring station [Benedict et al., 2019]. For south-
western Colorado, including Mesa Verde National Park, an
maximum ozone enhancement of 9.6 ppb was estimated
for the maximum daytime average 8-hour ozone (MDAS)
from O&NG influences [Rodriguez et al., 2009].

Increased surface ozone, at times exceeding health
safety standards, have been observed in the NCFR for
some 20 years. After 10 years of repeated exceedances
of the 75 ppb U.S. ozone National Ambient Air Quality
Standard (NAAQS), the Denver Metro Area (DMA) and
NCFR, including the seven counties of Adams, Arapahoe,
Boulder, Broomfield, Douglas, and Denver, as well as por-
tions of Weld and Larimer counties, were designated as a
‘Marginal’ ozone nonattainment area (NAA) for the 2008
NAAQS. Because of a lack of progress in lowering ambi-
ent ozone, the area was bumped up from a “Marginal” to
a “Moderate” NAA for the 2008 ozone standard in early
2016 [CDPHE, 2019a], and in December 2019, the EPA
reclassified the area to a “Serious” NAA for the 2008 stand-
ard [EPA, 2019]. In consideration of new health exposure
findings, the NAAQS was lowered from 75 to 70 ppb in
2015 to provide a stronger protection to communities.
This lower threshold will make it even more challeng-
ing for the NCFR to reach compliance with the standard.
Note, that even the 70 ppb standard is higher, and less
protective than the ozone standard in many other nations,
including Canada and the European Union, as well as
the recommended guideline value by the World Health
Organization (WHO, [WHO, 2019a]).

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

Resources utilized and published work
This review and policy bridge provides an overview of the
evolution of the understanding of atmospheric impacts
and the current state of knowledge of O&NG emissions
in Colorado. A comprehensive review and evaluation of
health effects of atmospheric O&NG emissions in Colo-
rado is intentionally not included. This review primarily
builds on peer-reviewed journal articles. Included were
all articles that were identified using various search strat-
egies, regardless of the reputation of the journal or rec-
ognition of the published work by the community. There
has been remarkable growth of literature over the past
ten years (Figure 2). A good fraction of publications
have arisen from the FRAPPE (Front Range Air Pollution
and Photochemistry Experiment [FRAPPE, 2013]) and
DISCOVER-AQ (Deriving Information on Surface Condi-
tions from COlumn and VERtically Resolved Observations
Relevant to Air Quality [DISCOVER-AQ, 2013]) campaigns
that, in the summer of 2014, brought researchers from
a wide array of disciplines and institutes to Colorado to
study air pollution sources and chemistry in the NCFR.
Outcomes of these studies are evident in the increase in
published papers in subsequent years (Figure 2). Most
research on O&NG impacts on air quality has centered in
the NCFR, except a few studies that investigated methane
emissions in the Four Corners region (region of the U.S.
consisting of the southwestern corner of Colorado, south-
eastern corner of Utah, northeastern corner of Arizona,
and northwestern corner of New Mexico). This review will
focus on the NCFR research. A summary of published
work arranged by publication year is provided in Table 1.
It is noteworthy that the majority of this work has
been published in well recognized/high impact factor
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14

Cummulative Growth of Publications
60

12

10

~

8

6

4 |I |
o I 1

2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

50

40

30

20

10

0
2007 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020

Figure 2: 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. DOI: https://doi.org/10.1525/elementa.398.f2
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peer-reviewed science journals. Lead and contributing
authors are from federal laboratories (i.e. NCAR, NOAA)
and Colorado and out-of-state universities. The journal
count is led by the Journal of Geophysical Research (18),
followed by seven publications in Atmospheric Chemistry
and Physics, and five articles each in Environmental
Science and Technology and Elementa. This publication
record can be deemed as a testimony of the recognized
importance of this research, having attracted leading sci-
entists from top U.S. research institutions.

Monitoring networks

Air quality monitoring and air sampling is conducted by the
CDPHE, NOAA, the National Park Service, Boulder County,
and the City of Longmont. A map showing the distribu-
tion of monitoring sites and measured species is shown in
Figure 1. Ozone is monitored at the highest number of
sites, followed by PM2.5, and nitrogen oxides. There cur-
rently is only one location with continuous VOCs monitor-
ing (Boulder Reservoir [Helmig et al., 2020], Boulder County
site in Figure 1); however, two more sites are anticipated
to begin VOCs monitoring within the next year (Longmont
Union Reservoir (the eastern of the City of Longmont sites
in Figure 1) and Rocky Flats North (CDPHE site south of
Boulder, Figure 1)). Continuous methane monitoring is
currently conducted at the Boulder Reservoir and Long-
mont airport (the western of the City of Longmont sites in
Figure 1); continuous methane monitoring at the Long-
mont Union Reservoir is planned to start in early 2020.
Besides this real-time monitoring, methane and VOCs are
also quantified in flasks and canisters samples collected at
Niwot Ridge (NOAA) and at Platteville and downtown Den-
ver (CAMPS) by CDPHE. There is a relatively high density
of sites in the DMA, but a relatively sparse network within
and along the periphery of the DJB O&NG area.

Nitrogen oxides

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

Methane

Methane is emitted by a variety of sources, with wetlands,
landfills, feedlots, seepage from geological reservoirs,
and O&NG extraction, distribution, and industries being
the most significant ones on a global scale. Methane is a
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potent greenhouse gas. The methane background in the
global atmosphere has more than doubled since preindus-
trial [Kirschke et al., 2013]. The increase of methane from
anthropogenic sources is the second ranked contribution
(after CO,) to radiative forcing from anthropogenic green-
house gases. The oxidation of methane in the atmosphere
is also a pathway for ozone production, which constitutes
another climate forcing pathway. Ozone exerts stress on
the natural and agricultural ecosystems and human and
animal life (see below). It has been estimated that a reduc-
tion of global methane emission by 20% would reduce the
ozone MDA8 by ~1 ppb in the background atmosphere
[West and Fiore, 2005; West et al., 2006]. The benefits of
methane reductions are shared internationally. The 20%
emissions reduction was estimated to avoid ~30,000 pre-
mature deaths by 2030 globally [West et al., 2006)].

The O&NG industry is the single most significant source
of methane in Colorado [Pétron et al., 2012]. Quantifying
the methane flux from the O&NG industry has been chal-
lenging as the geographic area of the O&NG activities over-
laps with agricultural, beef, and dairy production, which
all constitute significant methane sources. Methane to
non-methane hydrocarbon (NMHC) relationships, in par-
ticular those with ethane and propane, and the stable iso-
topic signature of methane, have been used to decipher
the O&NG contribution to the total methane flux. Point
source measurements near emission sources, mobile lab
ground surveying, and aircraft observations, in combina-
tion with inventory information, have been used to derive
basin-wide O&NG methane flux estimates. Three NOAA
studies, covering observations during three short time
windows within the 2008-2015 period, are summarized
in Table 2. Data in this table are scaled to annual flux esti-
mates. As all these experiments relied on relatively short
observation periods, there is an inherent uncertainty from
the lack of knowledge if, and how representative these
shorter observations were for year-round conditions.
Further, variability in parameterizations and uncertain-
ties in assumptions that go into these flux estimates cause
relatively large uncertainty ranges in the results (column
3). The best estimate values of the three studies are rela-
tively consistent, nonetheless, spanning 130-169 Gg yr.
According to the U.S. Energy Information Administration,
Colorado households consume an average of 103 million
BTU of natural gas per year [EIA, 2009], which converts
to =2 tons of household natural gas consumption per
year. Therefore, the Peischl et al. [2018] O&NG methane

Table 2: Basin-wide O&NG methane flux estimates for the
DJB. DOL: https://doi.org/10.1525/elementa.398.t2

Time Period Methane Flux Reference
Ggyr’
mean range
Summer 2008 130 72-252 Petron et al., 2012
May 29, 2012; 169 109-229 Petron et al., 2014
May 31, 2012
March 2015 158 88-228 Peischl et al., 2018
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emissions estimate corresponds to the natural gas con-
sumed by ~84,000 Colorado households.

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

Methane emissions result in atmospheric concentra-
tion increases in the source regions and downwind. Due
to the relatively long atmospheric lifetime of methane (9
years) in comparison to NMHCs, at #1900 ppb the meth-
ane background is 3—4 orders of magnitudes higher, and
methane enhancements are moderate (~10%) on a rela-
tive scale. The slow atmospheric oxidation of methane
causes relatively little of the regionally emitted methane
to be oxidized locally. Modelling work [Lindaas et al.,
2019] estimated a 2% contribution from DJB-wide emit-
ted methane oxidation to the regional ozone production.

The Four Corners area is another Colorado region that
has received attention because of its recognized meth-
ane emissions. Based on satellite data analyses, Kort et al.
[2014] reported “.. the largest anomalous CH, levels view-
able from space over the conterminous U.S. are located
at the Four Corners region in the Southwest U.S." Their
work primarily pointed out discrepancies between inven-
tory and these satellite data derived methane flux esti-
mates. Follow-up studies have confirmed an abundance
of fossil methane sources in the Four Corners regions,
with contribution from coal shaft venting, natural seep-
age, and O&NG well and distribution sites [Frankenberg et
al., 2016]. The methane flux estimate for the Four Corners
region of 540 = 200 Gg yr! (1o) [Smith et al, 2017]
exceeds the methane O&NG flux estimates for the DJB by
a factor of 3.

Volatile organic compounds

Petroleum NMHC are the dominant constituents of VOC
emissions from O&NG sources. Atmospheric VOCs in the
DJB are highly elevated, largely due to O&NG emissions.
NMHC and the combined atmospheric carbon from all spe-
cies exceeds those in major urban areas [Swarthout et al.,
2013]. Relative abundances of VOC species scale inversely
with molecular size; ethane is typically the NMHC emitted
at the highest flux, followed by propane, then the butanes,
and so forth. There are dozens of individual VOCs that
have been listed in O&NG emissions. However, the bulk of
the mass is contributed by a narrower count. For instance,
in O&NG plumes identified in continuous monitoring at
the Boulder Reservoir, the 16 most abundant VOC species
account for approximately 90% of the total O&NG emit-
ted VOC mass [Helmig et al., 2020]. O&NG VOC emissions
also contain aromatic constituents, such as the BTEX spe-
cies (benzene, toluene, ethylbenzene, xylenes) [Pétron et
al., 2012; Gilman et al., 2013; Swarthout et al., 2013; Koss et
al., 2017]. While these are relatively low, sub-1% constitu-
ents, they have received notable attention because of their
recognized health impacts on humans.

Helmig: Air quality impacts from oil and natural gas development in Colorado

Over the past five years, ethane has become an increas-
ingly utilized tracer for natural gas VOC emissions. This
increased attention to ethane has also been fostered by
new instrumentation that has recently become available
for sensitive and fast response ethane detection [Richter
et al., 2015; Yacovitch et al., 2015; Yacovitch et al., 2017,
Barkley et al., 2019; Kostinek et al., 2019]. Ethane has rela-
tively weak non-O&NG source emissions, which makes
it a sensitive tracer for identifying O&NG plumes and
influences. The ethane to methane enhancement ratio
has been used to characterize emissions from particular
basins, and for scaling the VOCs flux to methane. In the
DJB, natural gas on average has an ethane/methane molar
ratio of 12-16% (ppb/ppb), equivalent to a 23-30% mass
ratio [Peischl et al., 2018; Kille et al., 2019; Helmig et al,
2020], which is close to the estimated mean of all U.S.
O&NG basin emissions [Helmig et al., 2016].

Atmospheric monitoring data show highly variable
VOC concentrations. Large VOC enhancements can occur
in air plumes originating from O&NG source regions
[Swarthout et al, 2013; Rossabi et al., 2017; Helmig et
al., 2018]. This effect is also evident in the large rela-
tive standard deviation of statistical analyses of the
region’s VOCs data [Rossabi et al., 2000]. At the Boulder
Atmospheric Observatory (BAO, Figure 3a), located in
Erie at the transition between the more densely popu-
lated and industrialized DMA to the south, and the DJB
O&NG and agricultural areas to the north, air composi-
tion was found to have variable urban and O&NG sig-
natures from significant mixing and recirculation of air
influenced by these different sources [McDuffie et al,
2016]. As with any surface-emitted source, VOC concen-
trations also vary significantly between day and night,
with typically higher nighttime concentrations due to the
nighttime absence of dilution of surface air from convec-
tive mixing [Swarthout et al., 2013; Halliday et al., 2016].
Concentrations drop with height [Swarthout et al., 2013],
indicating that releases occur at the surface.

Several studies have demonstrated spatial gradients
with increasing mean VOC concentrations and increas-
ing variability with decreasing distance to O&NG wells
and operations. Total alkanes concentrations increased
by a factor of 10 from distances >1600 m to distances
of <152 m [McKenzie et al, 2018]. Even higher gradi-
ents (up to a factor of ~30) were found for BTEX spe-
cies. The significance of O&NG sources to ambient BTEX
was demonstrated in continuous surface measurements
conducted at a site near Platteville (Figure 3a) during
FRAPPE [Halliday et al., 2016]. Benzene values exceed-
ing 10 ppb, with a maximum of 29.3 ppb, were observed
on multiple occasions, particularly at night when emis-
sions were trapped near the surface. The mean night-
time value (0.73 ppb) for August 2014 was above the
1:100,000 increased lifetime cancer risk threshold (0.5
ppb) listed by the World Health Organization [WHO,
2019b]. Benzene values above 10 ppb were also reported
in nine canister samples collected from a mobile surface
platform downwind of different O&NG facilities, includ-
ing operations labelled as “waste water disposal well”
and ‘“oil waste dumping facility” [Pfister et al, 2017a].
Newer observations from mobile platforms presented by
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Fort Collins
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Figure 3: Comparison of geographical distribution of O&NG well locations with elevated ozone source region.
(a) The Colorado Northern Front Range with major urban cities Fort Collins, Boulder, and Denver, as well as the
study sites Boulder Atmospheric Observatory (BAO) in Erie 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 monitoring sites. This figure is a repro-
duction 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 concentra-
tions 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). DOI: https://doi.org/10.1525/elementa.398.f3

NOAA and University of Wyoming scientists point to even
larger BTEX enhancements downwind of drilling opera-
tions and produced wastewater facilities: Madronich et al.
[2019] found an abundance of benzene mixing ratios in
the 10-50 ppb range near Greeley in the center of Weld
County. Mielke-Maday et al. [2019], in their analysis of
correlating wind with benzene data, found the highest
benzene enhancements when winds originated from the

direction of a nearby multi-well pad. Thus far, the high-
est concentrations were recorded in proximity of oil and
gas wastewater disposal facilities in eastern Weld County,
with maximum BTEX plume values approaching 500 ppb
downwind of these facilities [Edie et al., 2019].
Horizontal gradients in VOCs have also been demon-
strated on a larger regional scale along transects from the
periphery towards the center of the DJB. This behavior



Art. 4, page 16 of 33

A I Derver
250 4 [ Erie
- I Platiaville
g 200
5
5 150 4
©
w
o 1004
2
50 4
0- f , *_
Ethane Propane n-Butane n-Pentane

Mde Fraction (ppbv)

& &5 i

1 1 1
m

0.0

Berzens Toluens Ethylbenzens

Mole Fraction (ppbv)

Ethene

trans-2-Butene

Acetylens Propeane

Figure 4: Statistical comparison of 2013 atmospheric
monitoring data for twelve VOCs from downtown Den-
ver, Erie, and Platteville [Thompson et al., 2014]. DOI:
https://doi.org/10.1525/elementa.398.f4

has been seen in surface [Thompson et al., 2014; Helmig
et al., 2015; Rossabi et al., 2017; Rossabi et al., 2019] and
aircraft data [Richter et al., 2015]. A representative exam-
ple is illustrated in Figure 4, comparing data from a site
in downtown Denver, data from Erie (southern border of
the DJB), and from Platteville (Figure 3a). Mean mole frac-
tions for the alkane NMHC are a factor of 10-50 higher
at Platteville than in Denver, with Erie values falling in
between. The Platteville ethane and propane values are
among the highest ambient concentration values for
these species ever published in the literature. For higher
molecular weight NMHC and aromatic compounds, spa-
tial gradients are less pronounced, indicating that emis-
sion sources for these compounds have a more even
geographical distribution. Besides health concerns from
direct exposure, these emissions are a major culprit for
the regional photochemical ozone production that will be
discussed in the next section.

Ozone

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

Through plant respiration and surface uptake, ozone is
also damaging to vegetation [Mills et al., 2018]. The stress
on vegetation from ozone reduces plant growth and pro-
ductivity, causing significant loss to U.S. and global farm-
ing industries and food supply [Van Dingenen et al., 2009;
Lapina et al., 2016)].

Ozone is not a directly emitted pollutant, but is formed
in the atmosphere through a series of photochemical
reactions that are fueled by emission of VOCs and NO_ in
the presence of sunlight. The efficiency of this chemistry
is rather complex, depending on other variables, includ-
ing the ratio of VOC/NO,, VOC speciation and reactivity,
solar radiation, temperature, wind speed and dispersion
conditions. This causes rates of ozone production to vary
substantially, from single digits to tens of ppb h=' during
mid-day hours.

Background ozone is generally higher in the western
U.S. overall than in the eastern U.S. [Zhang et al,, 2011,
Cooper et al., 2012; Jaffe et al,, 2018], causing air mov-
ing into the NCFR being on average higher in ozone than
in many other parts of the country. An analysis by the
U.S. EPA estimates the non-U.S. background contribution
on days when ozone is relatively high (>60 ppb) at 38
ppb, which is the highest among 12 included compari-
son sites [EPA, 2008], and more than half of the current
ozone NAAQS. The contribution of ozone from long-
range transport is on average contributing more to the
background in spring than during the primary summer
ozone season [Cooper et al., 2012; Lin et al., 2017]. During
2000-2015, the resulting summer ozone background
(range of median ozone during summer at Colorado
rural, non-mountain monitoring stations) was 32-49
ppb, with mean and median values of 41 ppb ([Bien and
Helmig, 2018]; Supplemental Materials). Downward fold-
ing of high troposphere/lower stratosphere air has been
observed on a few occasions to bring elevated ozone to
the surface. These conditions depend on the strength
and location of the polar jet, are irregular, and have been
reported exclusively for the spring [Langford et al., 2009;
Lin et al., 2015]. Emissions from wildfires can contribute
to ozone production, with the rate and total amount of
ozone produced being sensitive to the fire and plume
conditions [Jaffe and Wigder, 2012; Jaffe et al, 2013].
Overall, fire emissions are a minor contribution compared
to the role of anthropogenic emissions to the larger geo-
graphic scale ozone buildup [Lin et al., 2017]. This influ-
ence is highly variable, and estimated to enhance the
Intermountain West regional summer MDAS8 by 0.3-1.5
ppb [Lu et al., 2016]. Regional ozone production is fur-
ther promoted by the dry and sunny climate. Combined,
these conditions make it more challenging for regions in
the western U.S., including the NCFR, to control ozone,
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as it leaves less room than in other regions for local
ozone production to exceed the standard [Cooper et al.,
2015]. Notably, background ozone at remote high eleva-
tions sites across the western U.S. during summer has
been declining during the most recent decade [Bien and
Helmig, 2018; Jaffe et al., 2018], which should constitute
favorable conditions for the NCFR on its path towards
lowering surface ozone.

A compelling case demonstrating the influence of
O&NG emissions on surface ozone in the NCFR was first
published in the Denver Metropolitan Area and North
Front Range 8-Hour Ozone State Implementation Plan
in 2008 [CDPHE, 2008]. Combining summer ozone
data from four sites along the NCFR with air transport
back trajectory analyses showed that for elevated ozone
events during mid-May to mid-August 2006, air trans-
port from the center of the DJB was associated with the
highest ozone values, whereas transport from surround-
ing areas, including the DMA, brought in air with lower
ozone levels (Figure 3b). The geographical overlap of
the source footprint with highest ozone with the area
of highest O&NG well density (Figure 3a), provided cre-
dence to the argument that O&NG industry emissions
played an important role in ozone production and high
ozone occurrences. Daytime summer ozone produc-
tion rates of 7-8 ppb hr' have been seen in ambient
diurnal ozone data [CDPHE, 2008; Cheadle et al., 2017].
Direct measurements of the ozone production capacity
in Golden during FRAPPE found maximum late morning
ozone production rates about two times that high [Baier
et al., 2017]. Assessing the relative benefit of VOCs ver-
sus NO_ controls is extremely challenging in the NCFR.
VOC/NO, ratios vary widely across the region, with lower
ratios present in the DMA, and higher ratios in the VOC-
rich DJB. These different air masses can mix during trans-
port and recirculation, causing a wide range of spatial
and temporal differing conditions and ozone production
regimes.

Two studies estimated the contribution of O&NG VOCs
to the total reactivity with the OH radical using VOC spe-
ciation and atmospheric concentrations at the BAO. This
variable can serve as a metric for the chemical reactivity of
air and its potential for producing ozone. A NOAA study
estimated that 55 +/— 18% of the reactivity was attribut-
able to O&NG emissions [Gilman et al., 2013]. Swarthout
et al. [2013], using a similar approach but with indepen-
dently collected data, determined a value of 57%. While
OH reactivity does not directly translate to ozone produc-
tion, based on these results, both groups predicted that
O&NG VOC emissions would enhance and play a signifi-
cant role in the regional ozone budget. It should be noted
that these measurements were conducted in the late win-
ter, when ozone production is relatively moderate in the
NCFR. Therefore, these findings represent, for example,
lower influence from biogenic VOCs.

A NOAA study, i.e. McDuffie et al. [2016], went a step
further and incorporated VOC speciation and VOCs reac-
tivity in a photochemical model. Their findings showed
“that O&NG alkanes contribute over 80% to the observed
carbon mixing ratio, roughly 50% to the regional VOC
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OH reactivity, and approximately 20% to regional pho-
tochemical ozone production.” Using observations from
BAO for correlation analyses and modeling of oxidation
chemistry, Lindaas et al. [2019] stipulated that O&NG
emissions contribute to ozone production on high ozone
days; however, that study fell short of providing a quanti-
tative estimate. Another modeling study by NCAR scien-
tists [Pfister et al., 2017b], building on FRAPPE data for the
wider NCFR area, concluded that on average, O&NG emis-
sions contribute 30-40% to the local ozone production
on high ozone days. It needs to be emphasized that all of
these studies derived estimates for the ozone produced
regionally, not the total ozone, which is also determined
by the background that is transported into the region (see
above).

These predictions from reactivity consideration and
modeling are backed by a series of observational stud-
ies: Evans and Helmig [2017], using a correlation analy-
sis of ambient ozone and wind data from BAO and the
South Boulder Creek regulatory monitor, found that
during 2009-2012, 65% (average between both sites)
of elevated ozone events were associated with transport
from O&NG production regions. Cheadle et al. [2017],
analyzing selected cases of observations near Greeley
during FRAPPE, estimated that O&NG emissions con-
tributed up to =20 ppb to ozone production on high
ozone days. Oltmans et al. [2019] conducted an in depth
analysis of the conditions on high ozone days at BAO.
Their analysis showed an association of high ozone days
with transport from sectors with intense O&NG produc-
tion towards the northeast. The authors concluded that
O&NG emissions were an important source of ozone
precursors and are crucial in producing peak ozone
events in the NCFR. The ozone production chemistry is
primarily driven by VOCs of anthropogenic origin; bio-
genic emissions appear to have a minor contribution to
the NCFR ozone production chemistry [Cheadle et al.,
2017; Lindaas et al., 2019].

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

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

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

O&NG operations are sources of atmospheric aerosol in
several ways. Heavy equipment operation, soot emissions
from diesel engines and power generation, unloading and
handling of silica that can be added as a fracking fluid
constituent, and soot from oil and gas flaring, are some
of the important primary emissions sources. There is also
potential of secondary aerosol formation from the atmos-
pheric oxidation of gaseous emissions, such as H.,S, SO,,
NO,, and VOCs. These gases are known to produce less
volatile chemicals during their atmospheric oxidation,
which can serve as aerosol nuclei or add to existing aero-
sol. Comparatively few published studies have addressed
aerosol from O&NG operations in Colorado. The reason
may lie in the difficulty of attribution, which is more diffi-
cult for PM2.5 relative to ozone, whose formation mecha-
nism is better defined.

Continuous vertical profiles of aerosol and gaseous com-
ponents were measured during the NACHTT (Nitrogen,
Aerosol Composition, and Halogens on a Tall Tower) cam-
paign at the BAO [Brown et al., 2013]. The aerosol mass
was dominated by nitrate, which was mostly from sources
within the region. Other significant contributions were
from organics and sulfate, with sulfate primarily being
transported long-range. While the composition of organic
gas phase compounds was noted to have a strong O&NG
influence, the study conclusions do not specify O&NG
influences on the aerosol composition. An investigation
onaerosol dependency on circulation patterns in the NCFR
found that cyclone conditions promoted the transport of
aerosol constituents from the northern Front Range into
the DMA, increasing aerosol mass loadings and reducing
visibility [Vu et al,, 2016]. The circulation pattern would be
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expected to cause air to become enriched in O&NG emis-
sions while passing over the DJB, before circling back into
the DMA. The organic fraction made the largest compo-
nent of total aerosol. The study, however, did not specify if
the high organic aerosol loading was associated to O&NG
precursor emissions.

Two publications report on the O&NG contribution
to the NCFR aerosol loading in the context of FRAPPE.
Dingle et al. [2016] determined extinction enhancements
relative to the amount of the combustion tracer carbon
monoxide. They found an increase in the extinction coef-
ficient with the aging of air masses that was accompanied
by formation of secondary organic aerosol; the extinc-
tion was strongest correlated with organic aerosol in
O&NG-influenced air, and with nitrate aerosol in O&NG
and agriculture emissions. Bahreini et al. [2018] reported
a significant contribution of non-combustion organic
aerosol. Organic aerosol was on average 40% higher in
plumes with a high O&NG influence, and the organic
aerosol was dominated by secondary constituents, sug-
gesting that they may be products of O&NG VOCs oxida-
tion. The study concluded that O&NG sector emissions
contribute up to 38% to the secondary organic aerosol
in the region.

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

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

The upslope flow paths are somewhat segregated, such
that there is a separation of air masses that are more
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Figure 5: Polar histograms showing wind direction at BAO for the summer months (June 1-August 31, 2009-2012),
broken up into four diurnal time windows (times are in Mountain Standard Time (MST)) [Evans and Helmig, 2017].
Colors represent the ozone distribution within each sector according to the scale provided in the legend. The dotted
line is an approximate 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. DOI: https://doi.org/10.1525/elementa.398.f5

heavily influenced by O&NG emissions to the north of
the DMA, whereas air masses south of North Denver are
more strongly influenced by urban emissions [Pfister et
al, 2017a]. Air enriched with emissions from urban, traf-
fic, O&NG, and other regional sources can get ‘trapped’
along the mountain slopes during late afternoon. This
is reflected by highest ozone levels being observed at
monitoring sites nearest to the mountain slopes [Bien and
Helmig, 2018] and at the lower elevations in the foothills
[Brodin et al, 2010]. In upslope flow, polluted air from
the NCFR regularly reaches high elevation zones on the
eastern side of the Rocky Mountain Continental Divide
[Brodin et al., 2010; Benedict et al., 2019]. On days with
particularly strong flow conditions, NCFR pollution can
“spillover” into the valleys to the west of the Continental
Divide [Pfister et al., 2017b].

Although a classical view of high pollution episodes
invokes a stagnant high pressure region, usually over flat
terrain, the meteorology of the NCFR leads to more com-
plex circulation regimes. A common regime in the win-
ter occurs with downslope westerly warm winds from the
Rocky Mountains flowing over colder air drawn from the
east toward a low pressure trough along the foothills, or
due to lee-cyclogenesis located over southeast Colorado

[Neff, 1997]. During the summer, the ‘Denver Cyclone' is
often observed. These conditions provide a similar oppor-
tunity for trapping pollutants near the surface [Wilczak
and Glendening, 1988; Wilczak and Christian, 1990; Szoke,
1991]. In this case, the Denver Cyclone occurs nearer the
surface with warmer air aloft from the south that origi-
nated over the Palmer Divide, a ridge extending to the east
and south of Denver. As the air from the east (underly-
ing the warmer air aloft) carries pollutants and precursors
from the eastern plains, the air can stagnate as it encoun-
ters the topographic barrier to the west. This circulation
pattern can cause pollution to circulate and accumulate
for several days, leading to increases of secondary pol-
lutants. Vu et al. [2016] demonstrate an up to an 80%
increase in aerosol constituents during a cyclone episode
during FRAPPE.

The frequency and prominence of high ozone occur-
rences is correlated with high pressure systems that
promote sunny weather, high temperatures, stagnant
air circulation, which are conditions that are favorable
for photochemical ozone production. Reddy and Pfister
[2016] investigated this relationship and proposed a
method in which monthly 500-mbar pressure heights
were used for correcting the year-to-year variability in the
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fourth highest MDA8 ozone. Further, these conditions
promote cyclic terrain-driven circulations that reduce
pollution transport away from sources. The authors rec-
ommend correcting annual MDA8 data using monthly
500-mbar pressure heights for reducing weather influ-
ences on ozone trends.

Inventories

Emission inventories have been developed by state and
national regulatory agencies in support of air quality
modeling and for directing policy development. These
bottom-up inventories are based on emissions estimates
of facility types and operations with regional/basin-wide
scaling using best available facility counts. Evaluation
of the bottom-up inventory estimates has mostly been
accomplished by university and NOAA scientists through
comparing with top-down flux estimates that were
developed from aircraft and surface data. Experimental
capabilities for basin-wide, top-down flux determina-
tions have improved remarkably over recent years. Emis-
sions have been estimated by determining the enhance-
ment in the basin outflow by aircraft profiling upwind
and downwind of production regions, determination of
horizontal winds and boundary layer depth [Karion et al.,
2013; Karion et al., 2015; Peischl et al., 2015; Peischl et al.,
2018].

Most of these studies have pointed out inconsisten-
cies in inventories and a likely underestimation of O&NG
inventory surface emissions. Uncertainties of bottom-up
inventories can arise from the extrapolation of limited
information of facility-scale emissions from venting, flash-
ing, and leakage, and the neglect of differences in practices
of operators. Inventories are annual averages with little to
no temporal information. Vaughn et al, [2018] demon-
strated that this may be part of inventory uncertainties
and discrepancy between bottom-up and top-down emis-
sion estimates. Further, the lack of temporal information
makes source apportionment and model performance
evaluation more difficult.

In an extensive evaluation of methane and VOC emis-
sions representation in the Western Regional Air WRAP
Phase 11l inventory [WRAP, 2009], Pétron et al., [2012]
concluded that “there are notable inconsistencies
between our results and state and national regulatory
inventories”. They further stated “Our analysis suggests
that the emissions of the species we measured are most
likely underestimated in current inventories and that
the uncertainties attached to these estimates can be as
high as a factor of two". Results also showed that meth-
ane sources from natural gas industries in Colorado were
most likely underestimated by at least a factor of two.
Besides methane and total VOC, the study also assessed
benzene, and concluded that for this species State inven-
tory estimates were too low by at least a factor of five. Levi
[2012] commented on the difficulties and high sensitivity
of the top-down emissions estimation based on emission
ratios of VOC species.

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

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

The most recent evaluation, based on NOAA aircraft
surveying [Peischl et al., 2018], illustrates relatively little
improvement in agreement between inventories and top-
down emission estimates. The NOAA study determined a
DJB-wide ethane flux of 7.0 +/— 1.1 x 10° kg hr, which
translates to 61 +/— 10 x 10° kg (kilotonnes) yr'. This
ethane flux alone is higher than then current Regional Air
Quality Council O&NG non-ethane total VOC bottom-up
inventory flux of 56 x 10° kg yr~! [Brimmer, 2019]. With
ethane constituting approximately 30% of the total O&NG
VOC flux in the regional oil and gas emissions [Gilman et
al., 2013; Swarthout et al., 2013], the Peischl et al. [2018]
ethane flux equates to a total O&NG VOC flux of =230 x
10° kg yr! (Table 3). Excluding ethane yields ~170 x 10°
kg yr~', which exceeds the non-ethane Regional Air Quality
Council (RAQC) total VOC estimate by a factor of ~three.

Taken together, these available comparison studies
highlight the deviations between the bottom-up and
top-down emissions estimates. Unfortunately, there is a
scarcity of top-down estimates available for this evalua-
tion, and each of these have relatively large uncertainty
windows themselves. Nonetheless, these disagreements
diminish the confidence in the bottom-up inventories,
and air quality modeling that is building on these most
likely under-predicted emissions.

Changes in O&NG emissions and atmospheric
concentrations

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

Comparing historic with modern observations of VOC
data from Boulder, Thompson et al. [2014] stated “An
initial look at comparisons with data sets from previous
years reveals that ambient levels for oil and gas-related
NMHC in Erie, as well as further downwind in Boulder,
have not decreased, but appear to have been increasing,
despite tightening of emissions standards for the oil and
gas industries in 2008."
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CDPHE has been conducting canister air sampling at
Platteville since 2011 [CDPHE, 2019b]. However, incon-
sistencies in the sampling, uncertainties in the analysis
protocols [Hood, 2019], siting of the sampling location,
and the proximity of the sampling location to abun-
dant nearby well sites make trend determinations and
their interpretation for the wider region from these data
uncertain.

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

NOAA conducted sampling of VOCs, with up to daily
resolution, from 2007-2016 at 300 m height from the
BAO tower. Data for the O&NG VOC tracer propane col-
lected during midday to afternoon hours, when boundary
layer mixing is most progressed, do not show statistically
significant changes, indicating stable total emissions of
O&NG VOCs during this 9-year time window [Oltmans et
al, 2020].

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

Available VOC emissions estimates, differentiated by
ethane, benzene, and total VOC, are provided in Table 3.
The latest estimate in each category is based on relative
observations of VOC/methane at the Boulder Reservoir
during 2017-2018, scaled to the Peischl et al. [2018] year
2015 methane flux estimate. Therefore, these two data
sets are linked to each other.

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

Table 3: Comparison of DJB ethane, benzene, and total VOC flux estimates. DOI: https://doi.org/10.1525/elementa.

398.t3
VOC/Year VOC Best Flux Reference
Estimate
tons yr™*
Ethane
2011 29,000 Swarthout et al., 2013
2015 61,000 Peischl et al., 2018
2017/2018 36,000* Helmig et al., 2020
Benzene
2011 570 Swarthout et al., 2013
2012 1500 Petron et al., 2014
2017/2018 620* Helmig et al., 2020
Total VOC
2006 64,000 Bar-Ilan et al., 2008
2011 79,000 Swarthout et al., 2013
2015/2017/2018 134,000* Helmig et al., 2020
2015/2017/2018 231,000  Helmig et al., 2020

* Derived by scaling 2017/2018 relative VOC/methane ratios observed in O&NG plumes at the Boulder Reservoir to the Peischl et al.

[2018] year 2015 DJB methane flux estimate.

** Same as above, but applying the 2017/2018 relative VOC/ethane ratios observed in O&NG plumes at the Boulder Reservoir to the

Peischl et al. [2018] year 2015 DJB ethane flux estimate.
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Oil and natural gas emissions and air quality
Air quality impacts from O&NG emissions arise from
acute, chronic, and carcinogenic effects of primary emis-
sions, particularly of BTEX VOC in close proximity to
operations, and emissions of NO_and particulates from
equipment and on-site power generation. These expo-
sures are of concern for residents living within a few hun-
dred meters to kilometers of O&NG operations. According
to the survey of McKenzie et al. [2016], in 2012, ~56,000
citizens lived within a radius of 1000 feet of O&NG opera-
tions in Colorado. These populations are at greatest risks
for these exposures. Secondary products that are formed
via photochemical processing of emissions during trans-
port are another concern. Here, the pollutants of impor-
tance are ozone and PM2.5. These species are transported
across a wide spatial scale in the NCFR, thereby affecting
a much larger population. In excess of 3.5 million people
live in the NCFR ozone NAA. Approximately half of the
NAA (mostly the northern part) is moderately to heavily
influenced by O&NG emissions. This part of the NCFR
is where O&NG emissions have the greatest impact on
ozone and exceedances of the NAAQS. Atmospheric lev-
els of particulates are relatively modest in the NCFR, with
particulate air quality thresholds being exceeded only
occasionally, for instance during wildfire plume transport
events and wintertime inversion conditions. Nonetheless,
health impacts from particulates originating from O&NG
sources are estimated to be similar as for ozone [Fann et
al., 2018]. However, ozone is currently the much more rec-
ognized regional pollutant.

Emissions of most primary air pollutants continue
downwards trends in most of the United States. This

Helmig: Air quality impacts from oil and natural gas development in Colorado

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

Several studies have pointed out a decline of ozone
precursor emissions from other source categories (non-
O&NG) in the NCFR. Several publications have noted
reductions in DMA NO, based on CDPHE NO, surface
monitoring data [Bishop and Stedman, 2008; Cooper et al.,
2012; Abeleira and Farmer, 2017; Bien and Helmig, 2018|.
DMA and NCFR declining NO_ trends are further con-
firmed by satellite imaging [Witman et al., 2014; Lamsal et
al., 2015], and indirectly inferred from the diurnal ozone
behavior [Bien and Helmig, 2018]. Because of the distribu-
tion of measurement sites, these analyses mostly reflect
NO, emissions in the DMA and not the entire NCFR, and
emission reductions that have been achieved from auto-
mobiles and power generation plants.

Trends in VOCs are more difficult to assess. In downtown
Denver, there is clear evidence that automobile-associated
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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 declin-
ing 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). DOIL: https://doi.org/10.1525/elementa.398.f6
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VOC emissions have been declining [Bishop and Stedman,
2008]. Currently, there are no other publications that have
reported DMA or NCFR VOC trend analyses, and there is
no peer-reviewed research that supports the State agen-
cy's conclusion of “a dramatic decline in ambient levels of
oil and gas related VOCs" (Supplemental Materials). Taken
together, findings from these Colorado NO_and VOC stud-
ies from non-O&NG sources mirror the national trend.

Large year-to-year variations in surface ozone causes
trend analyses to be sensitive to the chosen time window.
Trend behavior can differ substantially for different ozone
metrics, i.e. summer versus annual ozone, different per-
centile values in the ozone distribution, and the MDAS8 or
the Design Value (the 3-year running mean of the 4" high-
est annual MDAS).

Reddy and Pfister [2016] corrected the dependence of
high summer ozone occurrences on the predominance of
high pressure weather conditions in their investigation
of the 1995-2013 NCFR ozone record. They report that
these corrected, deemed more robust time series analyses,
showed “..a general increase for the Front Range [MDAS]
since 2004, broken only by the recession of late 2008".

Lower ozone percentile values, reflecting mostly night-
time ozone, have clearly increased since 2000, most likely
due to a weakening nighttime ozone sink from reaction
with NO [Bien and Helmig, 2018]. The increasing low per-
centile/nighttime ozone values are possibly contributing
to the observed increases in mean and median ozone.
During 2000-2015, 10 out of 11 DMA/NCREF sites dis-
played a positive rate of change, with four out of those
being statistically significant trends (p-value < 0.05)
[Bien and Helmig, 2018]. Trends in the high percentile
ozone values that are most relevant for health effects
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and regulatory considerations are more inconsistent.
2000-2014 Design Value time series plots for the DMA/
NCFR sites Chatfield, Rock Flats North, South Boulder
Creek, Fort Collins West, and the National Renewable
Energy Lab in Golden [Bien and Helmig, 2018], suggest a
behavior of gradually decreasing values; however, linear
regression analyses do not result in statistically signifi-
cant trends. For the 2000-2015 window, considering a
total of 11 DMA/NCEFR sites, and 28 linear regressions for
summer ozone 95" percentile values, MDAS8, and Design
Value trend analyses, 9 slope results were positive and 18
were negative. The two times higher negative values count
may suggest a predominance of declining ozone behav-
ior. However, the only statistically significant trend results
(three) were all positive, indicating increasing ozone.
Inclusion of 2016-2018 data in the ozone trend analysis
indicates a steadily declining regional Design Value in the
last seven years (Supplemental Materials).

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

100
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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 met-
ric. Also shown is the current U.S. ozone NAAQS and, for comparison, 8-hour ozone air quality standards in other
selected nations. Shown values are the maximum permitted values to be in compliance. The U.S. and Canada standard
applies to the 3-year running mean of the MDAS. *China, the European Union (EU), and the World Health Organiza-
tion (WHO) list their ozone standards in concentration units. Those were converted to mole fraction values for condi-
tions of 1 atm and 25°C. The WHO value is a guideline. DOI: https://doi.org/10.1525/elementa.398.f7



Art. 4, page 24 of 33

There are convincing arguments that support the con-
clusion that the deviation in the Colorado ozone behavior
with the national trend is caused by emissions from the
O&NG sector, both from O&NG signatures seen in elevated
ozone episodes [Cheadle et al.,, 2017; Oltmans et al., 2019]
and from photochemical modeling [Pfister et al., 2017a].
As already pointed out above, biogenic VOC emissions
have a relatively minor contribution to regional ozone
production; elevated ozone episodes are primarily asso-
ciated with elevated anthropogenic VOCs [Cheadle et al.,
2017; Zaragoza et al., 2017; Lindaas et al., 2019]. The effect
of O&NG emissions on ozone production in the NCFR is
exacerbated by the dominant summertime air circula-
tion patterns that tend to transport pollution-enriched
air from the DJB towards the foothills. Continuing ozone
production in these accumulated air masses causes peak
ozone values along the westerly parts of the plains stretch-
ing from Highlands, along Golden, Boulder, Longmont to
Fort Collins and westwards a few miles into the mountain
slopes. Boulder County is particularly vulnerable, being
the closest and most directly downwind located area of
the DJB. This conclusion was stated in the NCAR FRAPPE
summary report: “On average, oil and gas emissions show
a stronger influence in the northern part of the NFRMA
and the northern foothills, while mobile emissions domi-
nate farther south and in the southern foothills. Both sec-
tors contribute, on average, 30-40% each to total NFRMA
ozone production on high ozone days.”

Peer-reviewed literature is consistent in emphasizing
that NCFR ozone exceedances are caused by the locally
produced ozone that is added to the ozone background
that is transported into the State. For Denver, this back-
ground is up to 14 ppb higher in comparison to other U.S.
cities [EPA, 2008], which lowers the amount of ozone that
can be added locally to reach exceedance of the standard.
This margin is smaller than for other U.S. NAA, making
meeting the standard more challenging. However, the
local ozone production is mostly within the control of
the State. Meeting the standard is calling for a concerted
and aggressive effort in curbing regional ozone precursor
emissions.

Recommendations

O&NG emissions are impacting air quality in the NCFR
in multiple ways and at several scales. Exposures in close
proximity arise from primary emissions. Current assess-
ments indicate that the most concerning health impacts
are from aromatic VOCs (BTEX), and for citizens living
within a 1000 feet radius of wells and O&NG operations.
On the order of 3.5 million Colorado residents live in the
NCFR ozone NAA. Despite efforts to reduce ozone pre-
cursor emissions, and gains made in certain important
emission sectors, including transportation and electrical
power generation, the region is still subjected to an abun-
dance of elevated ozone occurrences and exceedances of
the NAAQS every year. This calls for concerted efforts for
better characterizing emissions and air quality impacts of
O&NG emissions and for emissions regulation. Specific
recommendations are:
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— The lack of long-term NO_monitoring within the DJB
hampers the assessment of the contribution of O&NG
emissions to regional NO . NO_monitoring should be
implemented at key locations upwind, within, and
downwind of the DJB. More research is needed to bet-
ter define NO_point emissions from O&NG facilities.
Remote sensing tools and data should be included in
the evaluation of O&NG NO_sources and emission
trends.

— Very little research has been done on evaluating and
quantifying the contribution of O&NG emissions to
atmospheric particulates. The prospect of 25-49 pre-
mature annual human deaths in Colorado from ex-
posure to particles caused by O&NG emissions under
current industry growth scenarios by 2025 [Fann et
al. 2018] should motivate a concerted effort to inves-
tigate and better define particulates pollution, and to
regulate particulates and secondary aerosol precursor
emissions from the industry.

— VOC data, mostly from occasional and campaign-type
observations, as well as the CDPHE monitoring at Plat-
teville, clearly show a strong contribution from O&NG
operations on total VOCs and the ozone-producing
VOC reactivity in the region. VOC monitoring is cru-
cial for assessing O&NG air quality impacts. The cur-
rent distribution of monitoring sites has a number of
shortcomings for evaluating and monitoring changes
of O&NG emissions. VOC monitoring is needed near
operations to assess facility emissions and exposure
risks of nearby residencies. This monitoring needs
to be expanded to activities such as flowback, liquid
unloading, and wastewater separation, which appear
to be associated with high emissions and which have
been mostly neglected or been underrepresented in
previous assessments. In order to capture the high
variability of these emission, this monitoring should
be at high time resolution, ideally in real time. VOC
monitoring needs to be tailored for characterizing
emission trends, representative for a wide regional
footprint. This can, for instance, be achieved by sam-
pling at elevated sites or/and from inlets high above
the surface, and best during mid-day to afternoon
hours, when chances to sample mixed boundary layer
air are highest. This monitoring would be most prom-
ising if it is conducted continuously, and at highest
possible accuracy. Continuous, concurrent, and coor-
dinated monitoring at strategically selected sites up-
wind and downwind of the DJB would allow assessing
changes in basin-wide emissions.

— VOCs emitted from O&NG sources constitute the ma-
jority of the OH reactivity in the DJB north of the DMA.
These emissions contribute to a temporal and locally
variable ozone production. Summertime elevated
ozone occurrences show a high correlation to trans-
port from O&NG extraction regions and atmospheric
O&NG influences. Due to the ozone production dy-
namics and air circulation patterns, the daytime peak
maximum ozone values are often observed along the
NCFR foothills, tens of kilometers downwind of the
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O&NG emissions source regions, and thereby impact-
ing communities outside of the production regions.
These downwind air quality impacts from O&NG in-
dustries should be a strong consideration in the de-
sign of monitoring networks and decision-making on
regulating existing and new O&NG development in
the region.

— Several independent measurements near O&NG
operations have shown spikes with highly elevated
concentrations of BTEX compounds that exceed
health risks thresholds for nearby residents. High-
est concentrations have been reported downwind of
disposal facilities, rather than from well pads. Avail-
able data are mostly from short episodic measure-
ments. This clearly demonstrates that characteriza-
tion of BTEX emissions warrants more attention.
This needs to include continuous monitoring and
consideration of the diverse types of O&NG facilities.
Thus far, health assessments have predominantly fo-
cused on well pads. Further research is needed on
incorporating these other emissions sources given
the growing body of literature showing their sig-
nificant emissions and resulting elevated downwind
concentrations.

— Bottom-up inventories have large uncertainties, ne-
glect temporal variation, and consistently appear to
be lower than top-down emissions determinations.
The increase in well sites, the size and number of
wells per pad, changes in operational practices, and
new regulations make bottom-up emission invento-
ries an ever changing challenge. Inconsistencies be-
tween national and state inventories persist. There
appears to have been little progress in improving
agreement between bottom-up inventory estimates
and top-down estimates during the past decade. Ex-
perimental tools for aircraft basin-wide top-down
emissions determination have improved remarkably
during the past five years. A concerted effort building
on these capabilities by regularly (e.g. monthly) light
aircraft profiling, could, within a short time frame,
yield significant improvements of the basin-wide to-
tal emissions characterization.

— Assessments of ozone contribution from O&NG emis-
sions will have high uncertainty, and will under-pre-
dict the true ozone production as long as they rely on
underestimated O&NG inventory emissions. Ozone
impact studies need to be revisited with considera-
tion of the most realistic NO,_ and VOC emissions
from O&NG industry sources.

— Ozone pollution in the NCFR is well within the range
where ecosystem impacts and production yield losses
in agriculture are predicted. Given the size of the ag-
ricultural industry, and from available literature on
ozone effects on crops, it is expected that the eco-
nomic loss to the State's farming industry from the
O&NG-contributed ozone may be quite significant. A
quantification of the actual revenue loss is needed for
evaluating these adverse economic impacts of O&NG
industry emissions.
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— There has been a remarkable growth in the number
of peer-review studies on air quality impacts from
O&NG emissions. Consideration of the findings from
these resources, and closer communication and col-
laboration between state regulators and academic
and federal researchers will likely be beneficial for di-
recting Colorado’s O&NG policy development, guid-
ing policy implementation, and for monitoring and
assessing policy effectiveness.

Supplemental file
The supplemental file for this article can be found as fol-
lows:

- Text S1. CDPHE Comment Letter to EPA. Determina-
tion of Colorado Summer Background Ozone. DOI:
https://doi.org/10.1525/elementa.398.s1
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APPLIED ECOLOGY

Agriculture is a major source of NO, pollution
in California

Maya Almaraz,'*' Edith Bai, " Chao Wang,? Justin Trousdell," Stephen Conley,’
lan Faloona," Benjamin Z. Houlton™*

Nitrogen oxides (NO, = NO + NO,) are a primary component of air pollution—a leading cause of premature death in
humans and biodiversity declines worldwide. Although regulatory policies in California have successfully limited
transportation sources of NO, pollution, several of the United States’ worst-air quality districts remain in rural re-
gions of the state. Site-based findings suggest that NO, emissions from California’s agricultural soils could contribute
to air quality issues; however, a statewide estimate is hitherto lacking. We show that agricultural soils are a dominant
source of NO, pollution in California, with especially high soil NO, emissions from the state’s Central Valley region.
We base our conclusion on two independent approaches: (i) a bottom-up spatial model of soil NO, emissions and
(i) top-down airborne observations of atmospheric NO, concentrations over the San Joaquin Valley. These ap-
proaches point to a large, overlooked NO, source from cropland soil, which is estimated to increase the NO, budget
by 20 to 51%. These estimates are consistent with previous studies of point-scale measurements of NO, emissions
from the soil. Our results highlight opportunities to limit NO, emissions from agriculture by investing in manage-
ment practices that will bring co-benefits to the economy, ecosystems, and human health in rural areas of California.

Copyright © 2018

The Authors, some
rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
NonCommercial
License 4.0 (CC BY-NCQ).

INTRODUCTION

Nitrogen oxide (NO, = NO + NO,) gases are among the most im-
portant components of air pollution, which, according to the World
Health Organization, is responsible for one in eight premature deaths
worldwide (). These nitrogen (N) gases have been linked to upper
respiratory disease, asthma, cancer, birth defects, cardiovascular dis-
ease, and sudden infant death syndrome (2, 3). Global studies have
pointed to similarities in the magnitude of NO,, emissions from fossil
fuel combustion and soil, with the largest soil emissions from regions
with heavy N fertilizer applications (4-7). Despite the significance of
soil microbial NO,, emissions at the global scale, policies have focused
largely on limiting NO, from mobile and stationary fossil fuel sources
(8, 9). Where agriculture is an important source of NO,, strategies to
reduce nonpoint emissions will need to incorporate soil manage-
ment approaches and policies that are fundamentally different from
fossil fuel sources.

California is considered the world’s sixth largest economy in
terms of gross national product and supports 12.2% of the U.S. food
economy (10). The state has instituted policies to reduce NO, pollu-
tion from fossil fuel sources, resulting in NO, declining by 9% per
year in Los Angeles, San Francisco, and Sacramento over the period
0f 2005 to 2008 (11). Recent findings have suggested that agriculture
is one of the dominant sources of NO, in the United States, partic-
ularly in the midwest region, where fertilizer inputs are substantial
(6, 12). In California, local field measurements have similarly as-
cribed high NO, emissions to agricultural soil (13). Matson et al.
(14) provided some of the first evidence of substantial NO, produc-
tion from agricultural soils in California’s Central Valley; however, a
statewide assessment, which is needed to drive new policies for NO,,
pollution, is hitherto lacking. The California Air Resources Board

1Departmermt of Land, Air and Water Resources, University of California, Davis, Davis, CA
95616, USA. >CAS Key Laboratory of Forest and Management, Institute of Applied Ecol-
ogy, Chinese Academy of Sciences, Shenyang 110016, China. 3School of Geographical
Sciences, Northeast Normal University, Changchun 130024, China. 4John Muir Institute
of the Environment, University of California, Davis, Davis, CA 95616, USA.
*Corresponding author. Email: AlImaraz@ucdavis.edu

tThese authors contributed equally to this work.
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(CARB) estimates that ~3.8% of the state’s NO, budget can be at-
tributed to cropland soils, but these estimates are based on data limited
to farms located within 200 km of Sacramento and miss many of the
most heavily fertilized areas in the state (15). Moreover, CARB does not
include these estimated emissions in their official statewide database
for air quality modeling (16).

Here, we provide the first large-scale quantification of soil NO,
emissions for California through two different approaches: integra-
tive “bottom-up” spatial modeling and “top-down” airborne NO, mea-
surements. This two-pronged approach allows us to independently
examine the contribution of biogenic NO,, emissions in California while
comparing these estimates to local empirical data. Our overarching hy-
pothesis is that biogenic emissions of NO, from agricultural areas are
much higher than we used to believe and could be a major source of
atmospheric NO, statewide. Alternatively, if agricultural sources are
of minor significance, then we would expect to find uniformly low emis-
sions throughout natural and agricultural ecosystems.

RESULTS AND DISCUSSION

Our combined bottom-up and top-down estimates uniformly point to
high NO, emissions from California’s agricultural soil, revealing a sig-
nificant unrecognized source of N pollution statewide. Our bottom-up
model reveals that 161,100 metric tons of NO,-N year " is emitted
from California soil with croplands accounting for 79% of total emissions.
When combined with data on existing mobile and stationary fossil fuel
sources (16), our results indicate that fertilized croplands account for 20 to
32% of total NO,-N emissions from all sectors of the state, whereas
natural soils account for 5 to 9% (Fig. 1). A meta-analysis of soil NO,
emissions from the existing literature demonstrates quantitative
coherence between our model-based estimates and empirical measure-
ments from different areas of the state (Table 1). Mean NO,, emissions
from California cropland soils were 19.8 (+27.3 SD) kg of N ha™" year ™"
and ranged from 0 to 276 kg of N ha™' year " (Fig. 2), with '/, quartile
and */, quartile values of 4.3 and 24.9 kg of N ha™' year ", respectively.
NO, emissions were largest from agricultural soils where N fertilizer
applications can reach >600 kg of N ha™" year ' (average N fertilizer
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Fig. 1. Contribution of soils to statewide NO, emissions. Based on CARB emission estimates and IMAGE-modeled emission estimates for cropland and natural eco-
systems (A) without vegetation scavenging (gross rates) and (B) with 50% of NO, emissions scavenged by vegetation (net rates).

rates for fertilized soils, 131.8 kg of N ha™" year '; Fig. 3). A spatial max-
imum hot spot of soil NO, emissions is identified for southern reaches
of the state, where climate is relatively hot and arid (17). The model also
predicts local maxima in the Sacramento Delta region, the Salinas Valley,
and the San Joaquin Valley, with the latter being confirmed by aircraft
measurements (see below).

Modeled NO, emissions track N fertilizer applications

Our findings support the hypothesis that biogenic sources represent
a significant fraction of NO, emissions in California, particularly in
areas with high N fertilizer applications. Although we report gross
soil emission estimates, NO, uptake by vegetation can cut atmo-

Almaraz et al., Sci. Adv. 2018;4:eaa03477 31 January 2018

spheric NO, emissions in half (4, 18). We thereby provide a more
conservative estimate that attributes 25% of statewide NO,, to the soil
(Fig. 1B), which assumes that half of the soil NO, is lost to dry dep-
osition within nearby vegetation canopies. Reducing uncertainty re-
garding the soil contribution of NO, to the statewide budget will
require spatial and temporal assessments that can distinguish between
sources.

Our findings for California are consistent with previous global-
scale estimates given the tremendous agricultural productivity of the
state: Yienger and Levy (4) used a model to demonstrate that soils ac-
count for 50% of the total NO, budget in remote agricultural regions
of the Northern Hemisphere, Jaeglé ef al. (6) found that soils were
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Table 1. Modeled values and observed values collected from the literature of NO emissions in California. LAT, latitude; LONG, longitude; SFREC, Sierra

Foothill Research and Extension Center.

Modeled NO

Site LAT LONG

(kg of N ha™" year™)

Observed NO
(kg of N ha™" year™)

Observed NO range

(kg of N ha~' year™) Reference

Imperial Valley 32.8476 —115.5694 20.6

36.1382 —119.5099 104

Waukena

responsible for 22% of worldwide NO, emissions, Wang et al. (7)
estimated that agricultural soils were responsible for 20 to 30% of
global NO, sources, and Davidson et al. (5) estimated that soils were
responsible for 10% of emissions in the Southeastern United States,
with agriculture contributing to 75% of total soil NO, emissions.
Furthermore, our soil NO, emission estimates are on par with those
from agrarian areas in Europe (24 to 62%) (19) and during the crop-
growing season in the midwestern United States (15 to 40% in June
and July) (12).

In contrast to high mean efflux from agricultural soils (average,
19.8 kg of N ha™" year™'), NO, emissions from natural ecosystems were
much lower (average, 1.0 kg of N ha™ year_l). This points to the im-
portance of N inputs (in fertilizer) in accelerating NO,, emissions from
soil microbial communities (20). Our model-based estimates compared
favorably with published literature values for California and beyond,
which range from 0 to 25 kg of N ha™' year™" (Table 1). Likewise, in
the southern and midwestern regions of the United States, empirically
measured NO, emissions from cultivated soils are on the order of 3 to
14 kg of N ha™" year " versus 0.1 to 3 kg of N ha™" year ' from nearby
unfertilized grasslands (21-25). Other studies have also demonstrated

Almaraz et al., Sci. Adv. 2018;4:eaao03477 31 January 2018

that cultivated land produces NO, emissions an order of magnitude
larger than forest soils in the same biome (26).

Emission estimate variability

Modeled soil NO, emissions produced ranges that were similar to
those reported in the literature (Table 1). Both modeled and ob-
served (in situ chamber measurements) emissions were typically less
than 5 kg of N ha™' year™', with larger values in the Imperial Valley
(located in Southern California between the Salton Sea and Mexico;
Fig. 2). Whereas most observed values were similar to those of the
model, NO,, emissions showed marked variability, consistent with
spatial heterogeneities of soil microbial processes. Biogenic NO,
emissions can also vary temporally, with the largest emissions spik-
ing when fertilizers are applied (12). The timing of fertilization in
California varies regionally, considering the variety of crop species
grown and the different management practices used. Our model val-
idation was restricted to a handful of empirical studies (13, 14, 27-30),
which demonstrate the need for more ground measurements through-
out California to better assess the local impact and spatial distribu-
tion of soil NO, emissions.
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Fig. 2. Estimates of NO, emissions from California soils (natural and cropland)
generated by using stable isotopic modeling and IMAGE model.

Surface emissions estimates from airborne NO, observations
We used airborne measurements of NO,, concentrations to estimate
regional emissions in the San Joaquin Valley. This allows us to fur-
ther verify our model and determine how NO, emissions from the
soil might affect regional compliance with ambient air quality stan-
dards, which are based on 1-hour and annual average concentration
thresholds (31). Our top-down approach involved repeated airborne
measurements of NO, made between Fresno and Visalia during the
summer of 2016 (fig. S3) in conjunction with the California Baseline
Ozone Transport Study (CABOTS) coordinated by CARB. Careful
accounting of the height of the atmospheric boundary, coupled with
direct measurements and some judicious estimates of all the terms in
the NO, concentration budget equation, allowed us to estimate sur-
face emissions (32) of NO, in the region of the flight experiment (see
the Supplementary Materials). The average of six flight days (three at
the end of July and three at the beginning of August) over a region of
~720,000 ha yielded a NO, emission estimate of 190 + 130 metric
tons day™'. According to the CARB California Emissions Projection
Analysis Model (CEPAM) (33), which includes fossil fuel but not
natural sources, the sum of average summertime NO, emissions over
all three counties in the surrounding area (Fresno, Tulare, and Kings
covering over 3.1 million ha) amounts to 100 metric tons day ™. Al-
though the exact area and diurnal timing of the emissions from the
CEPAM inventory cannot be precisely compared to the spatial and
temporal footprint of our airborne sampling, the comparison be-
tween the CEPAM inventory and airborne sampling shows that soil
emissions are likely a very important source of atmospheric NO,,
especially in the agriculturally intensive San Joaquin Valley. In this
case, the agricultural soil source would need to account for at least

Almaraz et al., Sci. Adv. 2018;4:eaao03477 31 January 2018
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Fig. 3. Nitrogen fertilizer inputs to California soils. Fertilizer application rates
are generated based on crop type, using crop-specific data provided by the DWR
of California and USDA fertilizer consumption database for 1964 to 2006.

47% of the total NO, emissions or a regional flux of 12.4 kg of N ha™"
year’1 (table S4). We consider this to be a conservative estimate be-
cause the county inventories make up a much larger area than the flight
domain. Furthermore, the flights did not span either commuter rush
hour, when NO, emissions are at their daily peak. We conclude that
soils most likely contribute a majority of all NO, emissions to the atmo-
sphere in the agriculturally intensive central San Joaquin Valley.

Comparing emissions estimates between methods
We compared surface emissions estimates for the San Joaquin Valley
with soil model estimates for the same region (fig. S3 and table $4).
Using year-round mean emissions for both natural and cropland
soils, our model generated an annual flux of 24 kg of N ha™" year '
for the central San Joaquin Valley, between Fresno and Visalia, and
as high as 36 kg of N ha™' year™" during the season of the airborne
measurements (July to August), which yielded fluxes ranging from
14 to 39 kg of N ha™! year . The correspondence between the bottom-
up and top-down estimates builds robustness into our estimates for
statewide NO, emissions and confirms our working conclusion for sub-
stantial NO,, emissions from fertilized croplands in the Central Valley.
Our soil model estimates are slightly higher than, although com-
parable with, the few number of empirical measurements of NO, emis-
sions from the San Joaquin Valley’s cropland soils (made between July
and September of 1995) (14), which ranged from 0.1 to 14 kg of N ha™
year_1 (Table 1). That we estimate higher soil NO,, fluxes via the top-
down and bottom-up approaches is consistent with more recent em-
pirical measurements (13), suggesting that increases in N fertilizer
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use and population growth have likely accelerated soil NO, emis-
sions since the last time empirical measurements were reported for
the region, some 20 years ago (14).

Controls on soil NO, emissions
Previous studies have demonstrated that NO, emissions are controlled
by water-filled pore space (influenced by precipitation, irrigation, and soil
texture) (34), N availability (20), and temperature (13), all of which were
fundamental parameters in our model-based estimate of soil NO,, emis-
sions in California (that is, the model relies on functions related to
soil organic carbon, soil texture, drainage, temperature, and precip-
itation). We performed a model sensitivity analysis by evaluating the
response of cropland denitrification rates to model input parameters
at the £10% level and examined the effect size of this parameter varia-
tion on NO,, emissions. We found that soil NO, emissions were least
sensitive to changes in soil carbon and were much more responsive
to changes in soil texture, soil drainage, and climate (fig. S2).
Nitrogen input rates and climate were primary determinants of
soil NO, emissions in our model. The largest chamber-based measure-
ments of soil NO, emissions come from the Imperial Valley in South-
ern California (Table 1) (12), which was accurately predicted by our
model, implying that our model is capable of detecting hot spot emis-
sions. High emissions in the Imperial Valley are likely explained by
three factors. First, a biogenic source in these soils suggests a kinetic
response to high temperatures that occur in this region. Second, arid
soils not only produce more NO, relative to N,O and N, but also allow
for the build-up of inorganic N via nitrification; N that will then be
released in large quantities when soils are irrigated and microbial de-
nitrification is triggered. Third, high fertilizer inputs that increase N
availability in the soil may help soils to develop a healthy community
of nitrifying bacteria, providing a positive feedback to N availability
and subsequent loss.

Implications for California

The CARB emission inventory provides an assessment of air pollu-
tion magnitudes and sources in California. Sources are inventoried
based on four main categories: mobile, stationary, area-wide, and
natural. In the current CARB NO, inventory, mobile emissions are
thought to predominate (83%), whereas soil emissions are currently
considered negligible (16). Here, we show that agricultural soils con-
tribute a substantial amount of NO, to the atmosphere. We can ex-
pect to see the significance of biogenic NO,, emissions increase as N
fertilizer inputs increase to keep pace with food demands (35) and
automotive NO, controls continue to attenuate mobile fossil fuel
sources. Our findings suggest the need to reconsider the role of soil
NO, sources and provide a pathway to constrain these diffuse pathways
into CARB inventory analyses. Recent climate changes in California
have caused pronounced heat waves and drought, factors which could
exacerbate biogenic NO,, emissions, leading to increased air pollution
and N deposition rates in natural ecosystems (8). Considering the
limited number of field-based NO, measurements and the difficulty
involved with partitioning soil versus fossil fuel sources through satellite
imagery, a more robust field sampling strategy of soil NO, emissions
throughout the state could aid in efforts to understand agricultural im-
pacts on air pollution in the Central Valley.

Several existing approaches could be used to reduce soil NO,
emissions from fertilized croplands. There are many strategies to im-
prove fertilizer efficiencies, which would minimize the unwanted
risks of N fertilizer spillovers into the environment and benefit farmers
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by reducing fertilizer costs. Where mineral fertilizers are used exclu-
sively, for example, applying different forms of fertilizer (for exam-
ple, slow-release fertilizers) (36) or lowering N applications and
using precision agriculture to target developmental stages (37), have
been shown to cut N fertilizer losses from cropland soil. Where or-
ganic amendments are applied, separating the application timing of
mineral N and organic fertilizer has been shown to reduce N emis-
sions (38). Precision fertilization, as opposed to broadcasting, can also
increase N uptake and minimize losses (39). Cover crops that consume
residual N, which can subsequently be incorporated into the soil, are
another option for reducing N fertilizer application rates (40). A
complementary institutional strategy would be to incentivize plant
production for human versus livestock consumption because live-
stock manure and the N used to grow livestock feed are major sources
of N pollution in the air and water (3). Another strategy would be to
promote the reduction of NO, to an environmentally benign gas such
as dinitrogen (N,), which can be achieved by installing riparian zones
to collect fertilizer runoff or introducing nitrification inhibitors to
stem denitrification rates (3, 41). The ratio in which harmful (NO, and
N,O) and inert (N,) gases are emitted from soils depends heavily on N
availability, soil moisture, and temperature; thus, irrigation strategies
are another important step to reduce N losses from agriculture.

These and many other strategies can help to reduce potentially
harmful N losses from agriculture (3, 42, 43). Losses of N fertilizer
are not only costly to farmers but can also create economic costs to
the greater United States on the order of $210 billion dollars per year
in health and environmental damages (43, 44). Reducing NO, emis-
sions therefore offers a win-win situation for farmers, environmental
health, and the economy.

CONCLUSIONS

This study builds on local point-scale measurements (14) to provide
the first spatially explicit evidence of substantial NO, emissions from
agricultural soils in California, a previously unrecognized source that
is estimated to contribute 20 to 51% of the state’s total NO, budget.
These soil NO, emissions are sourced to N fertilizer applications in
Central Valley croplands. The effect of large soil NO, emissions on
air quality and human health remain unclear, but the magnitude of
the flux alone raises concern about its potential impact, particularly
in rural California. Where biogenic sources affect air quality and health,
the implementation of strategies to reduce these emissions will be im-
perative. A better understanding of the sources, distribution, and impact
of biogenically produced NO, will improve our ability to mitigate emis-
sions in the future.

MATERIALS AND METHODS

To model the spatial distribution of soil NO, emissions, we used an
N isotope model (17, 45) in natural areas and an Integrated Model for
the Assessment of the Global Environment (IMAGE) (46) in cropland
areas to estimate total N losses from soils based on the surplus of N in
the environment [see the study of Wang et al. (7) for model details]. The
N surplus was a function of N inputs (deposition, fixation, fertilizer, and
irrigation) minus N outputs besides denitrification and leaching (crop
harvest and ammonia volatilization). Manure and grazing were not in-
cluded as inputs/outputs; instead, we considered them as recycling
functions of internal N cycling. Surplus N was then partitioned be-
tween leaching and gaseous losses based on temperature, precipitation
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(irrigation), evapotranspiration, soil texture, soil drainage, soil or-
ganic carbon content, soil total available water content, and land cover
(see the Supplementary Materials). Gaseous losses were partitioned
between NO, N,0, and N, based on water-filled pore space (fig. S1).
The resulting NO flux in California was between 0 and 276 kg of N ha™"
year " with one outlier (525.7 kg of N ha™! year ') being removed.

All data sets were transformed to 4000-m x 4000-m spatial grids
before model runs. We used the California Augmented Multisource
Land Cover Map published by the Information Center for the Envi-
ronment, University of California, Davis (UC Davis). Temperature and
precipitation data (mean from 1971 to 2000) were from the PRISM
(Parameter-elevation Regressions on Independent Slopes Model) Cli-
mate Group, Oregon State University, created on 4 June 2010 (47). Ni-
trogen deposition data were based on the Community Multiscale Air
Quality model by Tonnesen et al. (48). Nitrogen fertilizer application
rates were from the Department of Water Resources (DWR) of California
and U.S. Department of Agriculture (USDA) fertilizer consumption
database for 1964 to 2006. Nitrogen harvest was calculated by multiply-
ing crop production by percent dry matter by percent N for each crop
type at each year. We then used the mean value for each crop type from
1980 to 2007. The data were from the USDA National Agricultural Sta-
tistics Service (2012) and the UC Davis Agricultural and Resource Ec-
onomics. Nitrogen irrigation data were from the DWR irrigation
database for 2001, assuming that N content in irrigation water was
1 mg of N liter " water. We used a fixed N fixation rate for different
crops: rice, 2.5 kg of N'ha™! year '; beans, 40 kg of N ha™" year™'; alfalfa,
400 kg of N ha™" year™'; clover, 15 kg of N ha™" year™'; and natural veg-
etation, 5 kg of N ha™" year™' (10). The ammonia volatilization rate was
estimated to be 3.6% of N fertilizer, as reported in the California Depart-
ment of Food and Agriculture Fertilizer Research and Education Pro-
gram, and to be 15 kg of N ha™' year™" in manure applied areas and
1.6 kg of N'ha™ year™" in urban areas (49). Soil properties data, includ-
ing soil texture, soil drainage, SOC (soil organic carbon) content, and total
available water content, were from the USDA Soil Survey. We collected
data from the literature, which we then compared to our model generated
fluxes. Data were collected using Google Scholar and some combination
of the following search terms: “NO,,” “nitrogen oxides,” “nitric oxide,”
“emissions,” “trace gas,” “California,” and “site name.” References were
then followed from papers that were found to be useful.

The airborne NO measurements were made with an Eco Physics
(model CLD 88) chemiluminescence instrument with a stabilized
photomultiplier tube and reaction chamber temperatures and other
operating parameters to ensure a steady calibration point and high
reproducibility. A blue-light light-emitting diode photolytic converter
(Model 42i BLC2-395 manufactured by Air Quality Design Inc.) was
used to selectively convert NO, to NO for alternating measurements
of NO, (= NO + NO,). Further, a Teflon prereaction chamber was
installed to run the chemiluminescence reaction to completion before
the detection cell to keep track of any interferences or changes in the
background signal, thereby increasing the confidence in the measure-
ments and lowering the detection limit generally to less than 0.05 parts
per billion by volume. The instrument was cycled through the three states
of NO and NO,, and background measurements were done every 20 s.
Calibrations were performed by O; titration with a National Institute of
Standards and Technology traceable NO standard (Scott-Marrin Inc.)
certified to within 5%. Full calibrations were performed before and after
the entire flight series, with zero and span checks run routinely before and
after each flight. The aircraft used to conduct the experiment is operated
by Scientific Aviation Inc. (http:/scientificaviation.com/overview/).
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Emission estimates were made using a simple boundary layer
budget equation for NO, (see the Supplementary Materials). This
technique was outlined in the study of Lenschow et al. (50), can be
generalized to any scalar (51-54), and was recently used to estimate
regional methane emissions in the San Joaquin Valley (32). The tech-
nique involves thoroughly probing the atmospheric boundary layer
(ABL) over a particular region via aircraft, horizontally and verti-
cally, to determine the time rate of change, horizontal advection, and
vertical mixing for various scalars, as well as the boundary layer
height and its growth. This technique permits the calculation of resid-
ual terms within the scalar budgets for the region of interest (32).
See the Supplementary Materials and Trousdell et al. (32) for greater
details of the budget method, error estimates, and the other aircraft
measurements.

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/4/1/eaa03477/DC1

Supplementary Methods

table S1. Crop classification and fertilizer rate data (mean for 1964 to 2006) collected from the
DWR of California and USDA fertilizer consumption database.

table S2. ABL heights, z, and budget terms for the six flights.

table S3. NO, budget table and the consequent total regional emissions for each flight.
table S4. Flight estimates of total NO, and soil NO, and model estimates of soil NO,

for the flight area in fig. S3 [Coordinates box: (36°51'52.09"N, 120°43'19.65"W), (37°0'6.85" N,
119°50'53.87"W), (35°57'49.03"N, 120°1'37.93"W), and (36°527.03"N, 118°58'2.91"W)
compared with CARB inventory of total NO,].

fig. S1. Model of how nitrogen oxide (NO), nitrous oxide (N,0), and dinitrogen (N,) partitioning
varies with water-filled pore space.

fig. S2. Sensitivity of NO emission from croplands to different input parameters: soil organic
carbon (fsoc), soil texture (ftxt), soil drainage (fdrain), and climate (fclim).

fig. S3. Airborne NO, observation sampling area.
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Colorado Field Production of Crude Oil
https://www.eia.gov/dnav/pet/hist/LeafHandler.ashx?n=PET&s=MCRFPCO1&f=M
15:06:43 GMT-0600 (Mountain Daylight Time)
Source: U.S. Energy Information Administration
Month Colorado Field Production of Crude Oil Thousand Barrels
Mar-20 15224
Feb-20 14611
Jan-20 16117
Dec-19 16692
Nov-19 16904
Oct-19 17234
Sep-19 15494
Aug-19 16190
Jul-19 15791
Jun-19 15562
May-19 15432
Apr-19 14568
Mar-19 14556
Feb-19 13624
Jan-19 15516
Dec-18 16775
Nov-18 16487
Oct-18 16890
Sep-18 15951
Aug-18 16075
Jul-18 13986
Jun-18 13119
May-18 14215
Apr-18 13924
Mar-18 13966
Feb-18 12467
Jan-18 13962
Dec-17 13918
Nov-17 13095
Oct-17 12951
Sep-17 12187
Aug-17 12039
Jul-17 10980
Jun-17 10147
May-17 10487
Apr-17 9841
Mar-17 9568
Feb-17 8386
Jan-17 9297
Dec-16 9417
Nov-16 9595
Oct-16 11183



Sep-16
Aug-16
Jul-16
Jun-16
May-16
Apr-16
Mar-16
Feb-16
Jan-16
Dec-15
Nov-15
Oct-15
Sep-15
Aug-15
Jul-15
Jun-15
May-15
Apr-15
Mar-15
Feb-15
Jan-15
Dec-14
Nov-14
Oct-14
Sep-14
Aug-14
Jul-14
Jun-14
May-14
Apr-14
Mar-14
Feb-14
Jan-14
Dec-13
Nov-13
Oct-13
Sep-13
Aug-13
Jul-13
Jun-13
May-13
Apr-13
Mar-13
Feb-13
Jan-13
Dec-12
Nov-12

9742
10042
9965
9285
9667
9505
9906
9484
10326
10320
10271
10735
10252
10866
10676
10156
10572
10164
10335
9163
9865
9629
8853
9025
8335
8709
8394
7895
7833
7123
7192
6017
6554
6492
6448
6478
5682
5842
5554
5080
5156
5053
5074
4526
4839
5000
4791



Oct-12
Sep-12
Aug-12
Jul-12
Jun-12
May-12
Apr-12
Mar-12
Feb-12
Jan-12
Dec-11
Nov-11
Oct-11
Sep-11
Aug-11
Jul-11
Jun-11
May-11
Apr-11
Mar-11
Feb-11
Jan-11
Dec-10
Nov-10
Oct-10
Sep-10
Aug-10
Jul-10
Jun-10
May-10
Apr-10
Mar-10
Feb-10
Jan-10
Dec-09
Nov-09
Oct-09
Sep-09
Aug-09
Jul-09
Jun-09
May-09
Apr-09
Mar-09
Feb-09
Jan-09
Dec-08

4775
4177
4107
4034
3794
4089
3683
3927
3551
3717
3639
3551
3558
3406
3440
3296
3226
3286
3208
3234
2748
2898
3020
2897
2950
2870
2876
2564
2574
2773
2650
2725
2473
2681
2531
2552
2515
2488
2555
2519
2503
2552
2445
2662
2448
2625
2588



Nov-08
Oct-08
Sep-08
Aug-08
Jul-08
Jun-08
May-08
Apr-08
Mar-08
Feb-08
Jan-08
Dec-07
Nov-07
Oct-07
Sep-07
Aug-07
Jul-07
Jun-07
May-07
Apr-07
Mar-07
Feb-07
Jan-07
Dec-06
Nov-06
Oct-06
Sep-06
Aug-06
Jul-06
Jun-06
May-06
Apr-06
Mar-06
Feb-06
Jan-06
Dec-05
Nov-05
Oct-05
Sep-05
Aug-05
Jul-05
Jun-05
May-05
Apr-05
Mar-05
Feb-05
Jan-05

2619
2662
2648
2540
2518
2471
2521
2434
2472
2224
2250
2235
2295
2361
2157
2303
2231
2187
2308
2225
2191
1802
1890
1969
2073
2171
2026
2096
2097
2015
2136
2022
2098
1830
1968
1931
1967
2016
1930
2016
1933
1912
2035
1873
1962
1760
1893



Dec-04
Nov-04
Oct-04
Sep-04
Aug-04
Jul-04
Jun-04
May-04
Apr-04
Mar-04
Feb-04
Jan-04
Dec-03
Nov-03
Oct-03
Sep-03
Aug-03
Jul-03
Jun-03
May-03
Apr-03
Mar-03
Feb-03
Jan-03
Dec-02
Nov-02
Oct-02
Sep-02
Aug-02
Jul-02
Jun-02
May-02
Apr-02
Mar-02
Feb-02
Jan-02
Dec-01
Nov-01
Oct-01
Sep-01
Aug-01
Jul-01
Jun-01
May-01
Apr-01
Mar-01
Feb-01

1894
1831
1879
1839
1919
1885
1899
1943
1901
1939
1773
1832
1892
1778
1850
1830
1801
1788
1779
1813
1766
1780
1633
1800
1815
1701
1770
1716
1715
1668
1643
1730
1709
1740
1581
1733
1349
1314
1367
1333
1387
1397
1362
1418
1383
1440
1291



Jan-01
Dec-00
Nov-00
Oct-00
Sep-00
Aug-00

Jul-00

Jun-00

May-00

Apr-00
Mar-00
Feb-00

Jan-00
Dec-99
Nov-99
Oct-99
Sep-99
Aug-99

Jul-99

Jun-99

May-99

Apr-99
Mar-99
Feb-99

Jan-99
Dec-98
Nov-98
Oct-98
Sep-98
Aug-98

Jul-98

Jun-98

May-98

Apr-98
Mar-98
Feb-98

Jan-98
Dec-97
Nov-97
Oct-97
Sep-97
Aug-97

Jul-97

Jun-97
May-97
Apr-97
Mar-97

1479
1523
1480
1536
1495
1553
1555
1510
1568
1521
1615
1494
1631
1538
1484
1561
1483
1540
1532
1539
1513
1484
1659
1464
1672
1852
1700
1670
1785
1849
1838
1836
1949
1930
2044
1873
2038
2293
2069
2055
2062
2096
2113
2138
2135
2189
2275
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Jun-96
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Jun-94
May-94
Apr-94
Mar-94
Feb-94
Jan-94
Dec-93
Nov-93
Oct-93
Sep-93
Aug-93
Jul-93
Jun-93
May-93
Apr-93

2023
2169
2023
1945
2107
2039
2029
2152
2063
2085
2135
2138
2054
2183
2339
2269
2207
2179
2256
2273
2162
2421
2421
2573
2311
2566
2407
2255
2326
2315
2379
2396
2381
2562
2381
2533
2283
2395
2526
2452
2433
2347
2426
2429
2369
2870
2239



Mar-93
Feb-93
Jan-93
Dec-92
Nov-92
Oct-92
Sep-92
Aug-92
Jul-92
Jun-92
May-92
Apr-92
Mar-92
Feb-92
Jan-92
Dec-91
Nov-91
Oct-91
Sep-91
Aug-91
Jul-91
Jun-91
May-91
Apr-91
Mar-91
Feb-91
Jan-91
Dec-90
Nov-90
Oct-90
Sep-90
Aug-90
Jul-90
Jun-90
May-90
Apr-90
Mar-90
Feb-90
Jan-90
Dec-89
Nov-89
Oct-89
Sep-89
Aug-89
Jul-89
Jun-89
May-89

2573
2280
2454
2418
2335
2557
2468
2434
2477
2458
2561
2546
2532
2435
2566
2716
2557
2623
2551
2643
2646
2634
2720
2608
2664
2418
2602
2417
2505
2598
2528
2552
2561
2514
2659
2557
2646
2349
2567
2451
2478
2580
2424
2557
2546
2553
2666



Apr-89
Mar-89
Feb-89
Jan-89
Dec-88
Nov-88
Oct-88
Sep-88
Aug-88
Jul-88
Jun-88
May-88
Apr-88
Mar-88
Feb-88
Jan-88
Dec-87
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Oct-87
Sep-87
Aug-87
Jul-87
Jun-87
May-87
Apr-87
Mar-87
Feb-87
Jan-87
Dec-86
Nov-86
Oct-86
Sep-86
Aug-86
Jul-86
Jun-86
May-86
Apr-86
Mar-86
Feb-86
Jan-86
Dec-85
Nov-85
Oct-85
Sep-85
Aug-85
Jul-85
Jun-85

2622
2680
2368
2730
2675
2649
2758
2671
2789
2796
2760
2753
2719
2743
2510
2528
2520
2307
2492
2423
2465
2468
2396
2409
2349
2422
2169
2382
2391
2322
2431
2316
2410
2406
2393
2529
2473
2640
2358
2640
2527
2457
2552
2455
2539
2486
2462



May-85
Apr-85
Mar-85
Feb-85
Jan-85
Dec-84
Nov-84
Oct-84
Sep-84
Aug-84
Jul-84
Jun-84
May-84
Apr-84
Mar-84
Feb-84
Jan-84
Dec-83
Nov-83
Oct-83
Sep-83
Aug-83
Jul-83
Jun-83
May-83
Apr-83
Mar-83
Feb-83
Jan-83
Dec-82
Nov-82
Oct-82
Sep-82
Aug-82
Jul-82
Jun-82
May-82
Apr-82
Mar-82
Feb-82
Jan-82
Dec-81
Nov-81
Oct-81
Sep-81
Aug-81
Jul-81

2608
2569
2626
2301
2664
2424
2343
2424
2346
2368
2395
2433
2500
2435
2522
2288
2367
2343
2459
2557
2473
2447
2634
2321
2400
2313
2384
2218
2501
2387
2401
2534
2469
2554
2600
2621
2654
2639
2725
2352
2609
2708
2630
2774
2464
2495
2523



Jun-81
May-81
Apr-81
Mar-81
Feb-81
Jan-81

2445
2498
2478
2527
2255
2506
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