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HIGHLIGHTS

e Oil & natural gas (O&NG) contributions to air pollution were less in 2015 than 2013.
e Vehicular contributions were most substantial in Denver and changed less over time.
e Estimated ozone-related mortality was greatest from O&NG and vehicular emissions.

ARTICLE INFO ABSTRACT

Keywords: Recently, oil and natural gas (O&NG) production activities in the Denver-Julesburg Basin have expanded rapidly.
Oil and natural gas Associated nonmethane hydrocarbon (NMHC) emissions contribute to photochemical formation of ground-level
Nonmethane hydrocarbon ozone and include benzene as well as other hazardous air pollutants. Using positive matrix factorization (PMF)

Ground-level ozone
Premature mortality
Source apportionment
Adjoint sensitivity analysis

and chemical mass balance (CMB) methods, we estimate how much O&NG activities and other sources
contribute to morning NMHC mixing ratios measured from 2013 to mid-2016 at a site in Platteville, CO, in the
Denver-Julesburg Basin, and at a contrasting site in downtown Denver. A novel adjoint sensitivity analysis
method is then used to estimate corresponding contributions to ozone and ozone-linked mortality in the Denver
region. Average 6-9 am NMHC mixing ratios in Platteville were seven times higher than those in Denver in 2013
but four times higher in 2016. CMB estimates that O&NG activities contributed to the Platteville (Denver) site an
average of 96% (56%) of NMHC on a carbon basis while PMF indicated 92% (33%). Average vehicle-related
contributions of NMHC are estimated as 41% by CMB and 53% by PMF in Denver. Estimates of the fractional
contribution to potential ozone and ozone-linked mortality from O&NG activities are smaller while those from
vehicles are larger than the NMHC contributions. CMB (PMF) indicate that greater than 78% (40%) of annual
average benzene in Denver is attributable to vehicle emissions while greater than 75% (67%) of benzene in
Platteville is attributable to O&NG activities.

1. Introduction activities in the Denver-Julesburg (DJ) Basin have emerged as a signif-
icant air pollution source in northeastern Colorado, where summertime
Over the past decade, oil and natural gas (O&NG) production levels of ground-level ozone exceed federal air quality standards (Air
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Pollution Control Division, 2017). O&NG production activities
contribute emissions of nonmethane hydrocarbons (NMHC) and nitro-
gen oxides (NOx), which are both ozone precursors (Schnell et al.,
2009). Exposure to ambient ozone is associated with human mortality
(Turner et al., 2016) with Vos et al. (2020) estimating that 0.43% of
deaths by all causes in the United States were attributable to this risk
factor in 2019. Rapid growth in oil and gas production in close proximity
to residential areas has also prompted increased research into hazardous
air pollutant emissions, including benzene, toluene, ethylbenzene, and
xylenes (BTEX) (McKenzie et al., 2018).

The Denver Metro/North Front Range ozone nonattainment area
(NAA) is comprised of Adams, Arapahoe, Boulder, Broomfield, Denver,
Douglas, and Jefferson counties along with parts of Larimer and Weld
counties (Regional Air Quality Council, 2016). The total population in
the area from the 2010 census was 3.35 million, with additional growth
since then (U. S. EPA, 2018). Oil production in the nine NAA counties
increased by a factor of eight from 2006 to 2016, with 106 million
barrels produced in 2016 (COGCC, 2017). Natural gas production
increased by a factor of three over the same period, with 641 billion
cubic feet produced in 2016 (COGCC, 2017). For both commodities,
about 98% of this production was in Weld County, to the northeast of the
Denver Metro area. The emissions inventory developed by the state of
Colorado for the year 2017 estimates that O&NG sources emitted 154
tons per day (TPD) of volatile organic compounds (VOC) in the NAA,
representing 44% of the area’s anthropogenic VOC emissions (Wells,
2017).

In response to increasing O&NG activity and concerns about ozone
nonattainment, in 2004, 2008, 2014, and 2017 Colorado adopted a
sequence of increasingly stringent control requirements for sources in
the O&NG sector (CDPHE, 2017; Milford, 2014; Wells, 2017). The U.S.
Environmental Protection Agency (EPA) adopted nationally applicable
new source performance standards for O&NG sources in 2012 (U. S.
EPA, 2012) with additional regulations adopted in 2016 (U. S. EPA,
2016a). At the same time, operators in northeastern Colorado have
updated their equipment and practices. As a result, while production has
continued to increase, the state of Colorado estimates of VOC emissions
per unit of oil or gas produced have declined (Wells, 2017).

Emissions inventory estimates, such as those of Wells (2017), are
developed using engineering estimation techniques, involving sampling
or modeling a subset of sources to develop emissions factors; operator
surveys to estimate equipment counts and other activity factors; and use
of engineering judgment to estimate the effectiveness of emissions
control requirements. Accordingly, these estimates are subject to a
number of uncertainties, including the representativeness of sampling
and survey results, unanticipated gaps in implementation of control
requirements, and changing practices that are not reflected in the
original estimates. These uncertainties have motivated a number of past
efforts to evaluate or constrain NMHC emissions or source contribution
estimates using observations and statistical analysis or modeling.

As one of the earlier investigations of O&NG contributions in the
region, Pétron et al. (2012) analyzed hydrocarbon mixing ratio data
measured from 2007 to 2010 at the Boulder Atmospheric Observatory
(BAO) tower near Erie, CO (40.05°N, 105.00°W) together with flask
samples obtained around northeastern Colorado in June-July 2008.
They concluded that available inventories underestimated emissions of
methane, n-butane, isomers of pentane, and benzene, all of which are
likely associated with O&NG activities (Shah et al., 2015; U. S. EPA,
1998). Subsequently, Gilman et al. (2013) performed source appor-
tionment by applying multivariate regression to in-situ hydrocarbon
measurements made at the BAO tower from February 18 — March 7,
2011. They estimated that O&NG emissions contribute 70% or more of
measured C;, — C; alkanes and about 20-30% of benzene, toluene, and
xylene. By weighting with hydroxyl radical reaction rate constants
(kon), they estimated O&NG sources contributed an average of 55% to
the reactivity of the NMHC mixture. For the same time period in 2011,
Swarthout et al. (2013) determined through wind profile analysis that
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natural gas production was the main source of elevated alkane mixing
ratios measured in canister samples at the BAO tower, and that urban
combustion emissions were more likely to have contributed to elevated
alkene mixing ratios.

Measurements conducted in 2012 and 2013 were the basis for
additional studies. Pétron et al. (2014) applied mass balance methods
and multivariate regression to methane and NMHC measurements from
aircraft flights on May 29 and 31, 2012, to make “top down” estimates of
O&NG emissions in a 70 km by 85 km region roughly centered on
Platteville, CO. Their analysis suggested that the state’s inventory un-
derestimates C3 — Cs alkane emissions from O&NG sources by a factor of
two and that O&NG emissions of benzene equal or exceed the contri-
bution from mobile sources. McDuffie et al. (2016) estimated the
contribution of O&NG to ozone formation using a photochemical box
model, with mixing ratios of Cy — C1¢ hydrocarbons, C, — C4 oxygenated
VOC, and NOx measured at the BAO tower in July and August 2012 as
model inputs. They estimated that O&NG VOC emissions contributed
just under 20% of locally produced ozone, even though they contributed
over 70% of the total nonmethane organic compounds on a carbon
mixing ratio basis. Thompson et al. (2014) measured NMHC mixing
ratios between March and June 2013 at seven locations near residences
or farms in Erie and Longmont, CO. They attributed the elevated levels
of ethane, benzene, and other light alkanes they observed to O&NG
activities, in part because the ratio of i-pentane to n-pentane closely
matched the ratio from raw natural gas.

Multiple studies conducted as part of the FRAPPE and DISCOVER-AQ
field campaign conducted in summer 2014 addressed O&NG contribu-
tions to NMHC and ozone (Flocke et al., 2020). Of particular relevance
here, at a site 9 km southeast of Platteville, Halliday et al. (2016)
observed elevated benzene mixing ratios during the field campaign, and
found that benzene was highly correlated with the O&NG tracers pro-
pane, pentanes, and n-butane, and weakly correlated with the com-
bustion tracers carbon monoxide and acetylene. Pfister et al. (2017)
applied the WRF-CMAQ atmospheric chemistry and transport model to
evaluate the CO, NOx and VOC inventories for the North Front Range
metropolitan area (NFRMA) by comparing model results to aircraft and
surface observations made in July and August 2014. They found that the
prior estimates of VOC emissions from O&NG sources were too low to
account for observed levels of compounds other than ethane and rec-
ommended a factor of two (or greater) adjustment. They also concluded
that mobile sources and oil and gas emissions were the largest contrib-
utors to local ozone production in the region.

Using VOC mixing ratios measured at the BAO tower during spring
and summer 2015, Abeleira et al. (2017) identified source contributions
with Positive Matrix Factorization (PMF). They identified the main PMF
factors as long-lived O&NG emissions, short-lived O&NG, traffic, back-
ground, secondary, and biogenics (summer only). The long-lived O&NG
factor accounted for 36%-100% of the observed C,—Cg alkanes. The
short-lived O&NG factor was comprised largely of C; and Cg alkanes,
while the traffic factor accounted for most of the ethyne (acetylene),
aromatics, and larger alkanes. The O&NG factors accounted for more
than 70% of the observed benzene, 30-40% of the toluene, and about
40-70% of the koy-weighted VOC reactivity (including both NMHC and
oxygenated VOCs).

In this study, we use PMF and chemical mass balance (CMB) methods
to estimate how much O&NG sources contribute to 6-9 am measure-
ments from January 2013 to June 2016 of total NMHC, benzene, and
toluene at two contrasting locations in northeastern Colorado. The first
site is in Platteville, a small town in southwestern Weld County that is
located in the heart of O&NG activity in the DJ Basin. The second
monitoring location is in the urban core of Denver. Use of both PMF and
CMB allows us to assess the robustness of the results to the distinct as-
sumptions made with each source apportionment technique. Con-
ducting source apportionment with these more recent measurements
over a period of years is designed to augment investigations made with
measurements from earlier time periods and to provide insight into how
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the changes of practices by Colorado O&NG producers may have influ-
enced emissions. We then use sensitivity analysis conducted with the
CMAQ adjoint to study the relative contributions each of the PMF factors
or CMB sources makes to daily maximum 8-h average (MDAS8) ozone
and ozone-related premature mortality in the 12-county Denver Com-
bined Statistical Area (CSA) (Table S.1). CMB and sensitivity analysis
with the CMAQ adjoint have not previously been applied to inform the
influence of O&NG emissions on NMHC mixing ratios nor ozone and its
health impacts in the Colorado Front Range. Furthermore, to the
knowledge of the authors, this is the first time PMF and CMB source
apportionment results have been combined with high resolution CMAQ
adjoint sensitivities to extend the source apportionment results from
direct contributions to primary NMHC to estimate contributions to a
secondary pollutant, ozone, and its associated health risks.

2. Methods
2.1. Measurements and data preparation

The Colorado Department of Public Health and the Environment
(CDPHE) began the Ozone Precursor Study (OPS) in December 2011 to
observe morning (6:00 to 9:00 am Mountain standard) mixing ratios of
organic gases at two distinct sites to help understand what sources might
be contributing to ozone formation along the Front Range. This ongoing
study collects data once every six days, year-round. The 6-9 am sam-
pling time period was selected to focus on emissions from anthropogenic
compounds during typically low mixing height conditions and prior to
significant photochemical activity. Consequently, the sampling period is
biased with respect to biogenic compounds with light and temperature
dependent emissions that typically increase later in the day. The 6-9 am
sampling period also represents relatively local influences, due to typi-
cally light winds and limited atmospheric mixing. The Denver mea-
surement site is located at the CAMP air monitoring station (Air Quality
System [AQS] #08-031-0002) at 2105 Broadway St, Denver, CO,
(39.75°N, —104.99°W) at an elevation of 1593 m. The Platteville mea-
surement site is located at Platteville Middle School at 1004 Main Street,
Platteville, CO, (40.21°N, —104.82°W) at an elevation of 1469 m. More
information about the sampling sites is provided in the Supplemental
Material, Section S.2. Hereinafter, for ease of reference these specific
locations are identified simply as “Denver” and “Platteville”. Figure S.1
provides a map showing the monitoring locations and their proximity to
O&NG well sites in the DJ Basin. From December 2011 to June 2016,
Eastern Research Group (ERG) in Morrisville, NC, was contracted to
provide the sampling supplies and conduct analyses. The study is
ongoing but has used a new analytical laboratory, Atmospheric Analysis
& Consulting (AAC), since July 2016. This study focuses on data
collected from 2013 through June 2016, to ensure consistency in sam-
pling and analysis procedures. The complete OPS data are available at
https://www.colorado.gov/airquality/tech_doc_repository.aspx#specia
L_studies.

In the OPS, time-integrated samples are collected in Summa canis-
ters. Duplicate samples are obtained with at least one-in-ten frequency
to assess method precision (CDPHE, 2018). Canisters are cleaned prior
to deployment at monitoring sites using pressure-vacuum cycling with a
humidified nitrogen purge and heat treatment, with batch blank analysis
conducted to ensure adequate cleaning (ERG, 2016). Air from the
Summa canisters was analyzed for NMHCs with EPA Compendium
Method TO-15 (U. S. EPA, 1999) following ERG’s documented quality
assurance project plan (ERG, 2015). The TO-15 method provides for the
concurrent analysis of samples by gas chromatography with mass
spectrometry as well as optional flame ionization detection and selected
ion monitoring (SIM) (GC/MS with optional FID). Samples were
analyzed within 30 days of collection, ensuring stability for most target
NMHC (Kelly and Holdren, 1995 and references therein). However,
canister losses cannot be ruled out for unsaturated NMHC such as
isoprene that can react with ozone in the air being sampled. Additional
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information on sampling and analysis methods and quality assurance is
provided in the Supplemental Material, Section S.2. Accordingly, mea-
surements of 79 NMHC and their detection limits according to the
appropriate method from January 2013 through June 2016 were
considered for inclusion in this work.

The OPS data were preprocessed before being utilized in CMB or
PMF. Time series and pairwise correlations were examined to screen for
potential outliers and artifacts (Fig. S.2-5). Data for April 10, 2013, and
February 16, 2014, in Platteville were removed from the data set due to
extremely high measurements of isobutane. No other full days were
removed, but if a species fell below the minimum detection limit (MDL)
for greater than 60% of observations at a specific site throughout the
January 2013 to June 2016 period, then the species was removed from
the data set. After preprocessing, 370 observations of 49 compounds
were ultimately included in the source apportionment analysis. Esti-
mated detection limits are provided in Table S.2 for the full set of 79
NMHC measured in the OPS, and the number of occurrences of obser-
vations below these limits are provided for compounds included in CMB
and PMF. Table S.3 shows the agreement between collocated samples for
the 49 compounds included in the source apportionment analysis. For
measurements above the MDL, the mixing ratios used in source appor-
tionment were directly from the measurements taken in the OPS. If the
reported mixing ratio was below the MDL, then the mixing ratio pro-
vided to the source apportionment models was half the value of the
MDL, which Polissar et al. (1998) recommended and Brown et al. (2007)
applied to apportionment of ozone precursors. The uncertainty was
calculated based on the MDL determined by EPA Compendium Method
TO-12 and an additional ten percent error fraction (EF) (Eq. (1)) (Norris
et al., 2014).

5
unc = {EMDL if conc <MDL, \/ (EF*conc)” + (0.5MDL)” if conc > MDL}

@

2.2. Chemical mass balance model

The CMB model has long been used to apportion particulate matter
(Watson et al., 1984) and VOCs (e.g., Fujita et al., 1995; Harley et al.,
1992; Scheff and Wadden, 1993). CMB uses a weighted least squares
solution to quantify the contribution of pre-specified sources to receptor
measurements. The CMB model solves the equation:

U
Cote =Y FpuSurs + &1 q=1,23..n )
u=1

In Eq. (2), Cq, represents the mixing ratio of species q of the n
NMHCs measured at location [ at time t; Fy, represents the fraction of
species g in emissions from source u; S, ;, represents the estimate of the
contribution from source u at location [ at time t; and ¢,;, denotes the
residual error for species g at location [ at time t. A unique solution can
be obtained for Eq. (2) when the number of species measured, n, is equal
to or greater than the number of sources, U. In this study, seven or eight
sources (architectural coatings, vehicle exhaust, diurnal evaporative
emissions, produced gas, condensate tanks, isoprene, alpha-pinene, and
propane) were used to explain the measured pollutant mixing ratios,
while 49 NMHC species were studied, which are listed in Table S2. Eq.
(2) is solved simultaneously by an effective variance weighted solution.
The weights reflect the uncertainty in both the ambient mixing ratios
and the source profiles. The EPA-CMB8.2 model was used for this study
(Coulter, 2004).

CMB requires advanced specification of sources and associated
chemical speciation profiles. To identify sources that should be included
in the CMB analysis, we used the 2011 VOC emissions inventory
developed by CDPHE for the Denver Metro/North Front Range (Wells,
2017). Candidate chemical speciation profiles for the identified sources
were obtained from EPA’s SPECIATE v4.5 repository (U. S. EPA, 2016b),
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from local studies of oil and gas emissions, and from the literature. Se-
lection of profiles took into account their completeness and relevance to
the Colorado location and the 2013-2016 timeframe. The final profiles,
which are briefly described in Table 1, were selected after extensive
testing of alternative combinations to avoid problems with collinearity
and non-convergence of CMB solutions and to maximize model perfor-
mance based on percent mass accounted for, R%, and y? metrics. Note
that seasonal variation in profiles is likely due to temperature changes
inducing different rates of evaporation for chemicals with distinct vapor
pressures. However, the vehicular source profiles are the only ones
available that include a range of temperatures whereas such sophisti-
cated profiles are not available for the O&NG activity profiles. Profiles
for isoprene, a-pinene, and propane were comprised exclusively of the
compound by which they are named. Alternative profiles considered for
oil and gas sources are compared in the Supplemental Material, Section
6. Compared to the alternatives, the chosen profiles for condensate tank
emissions and produced gas were relatively complete in speciation and
provided distinct source apportionment without excessive collinearity.
The vehicle exhaust and evaporative emission profiles used were the
most recent available for gasoline with RVP and ethanol content com-
parable to fuels used in the Colorado Front Range. Where multiple
profiles were reported in a given study, uncertainties in species carbon
fractions were estimated as the standard error of the mean. When only
aggregate profiles were reported, a relative uncertainty of 35% was
assumed for the carbon fractions as a default. Additional details about
these profiles and the basis for their selection are provided in Kurashima
(2018).

2.3. Positive matrix factorization

PMF is a multivariate factor analysis tool, initially developed by
Paatero and Tapper (1994) with further development by EPA, which
factors a speciated sample data matrix into a factor contributions matrix
and a factor profiles matrix (Norris et al., 2014). PMF has been widely
used for the source apportionment of VOCs (e.g., Brown et al., 2007;
Jorquera and Rappengliick, 2004; Leuchner and Rappengliick, 2010) as
well as particulate matter (e.g., Hasheminassab et al., 2014; Kim and
Hopke, 2004; 2008; Zhang et al., 2009). PMF finds a constrained,
weighted least squares solution to

P
Epi=> AgBi+e q=1,2, ...n ©)

=1

where Eg;, represents the predicted concentration of compound q of the
n NMHCs measured at location [ at time t; A, represents the loading of
compound q on factor r (factor profile); B,;, is the M factor score
(normalized factor contribution) for the total mixing ratio at location [ at
time t; and £, denotes the residual error for compound q at location [ at

Table 1
Source profiles used in CMB modeling.

Source Origin Note

Condensate Tanks Brantley et al. (2015) 27 canister samples representing
condensate tanks from the DJ Basin
Western Regional Air Partnership
survey of O&NG companies in the DJ
Basin (data from 2006)

San Antonio, TX; three 2008
vehicles; 10% ethanol gasoline; Reid

Vapor Pressure (RVP) 9.0 psi

Produced Gas Shah et al. (2015)

Vehicle Exhaust U. S. EPA (2009)

Diurnal Haskew (2010) San Antonio, TX. Eight vehicles,
Evaporative model years 2000-2004. RVPs 7.0
Emissions psi and 10.0 psi, Temperature

modulated from 65 °F to 105 °F

Architectural State of California Survey of aerosol coating
Solvents Air Resources Board manufacturers and marketers selling

(1997) products in California
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time t. The number of factors, p, is chosen by the user. PMF minimizes a
weighted sum of squares incorporating error estimates for the data with
factors constrained to be nonnegative. Since a large number of solutions
may satisfy the nonnegative constraint, the stability of the resulting
factors was further evaluated through rotational perturbation.

Measurements from both locations were treated as a single, unified
set of inputs to PMF. This joint analysis caused the factors identified by
PMF to be identical for Denver and Platteville. The preprocessed data
were analyzed in two stages with the U.S. EPA’s Positive Matrix
Factorization v.5 software (Norris et al., 2014). Any observations that
were missing due to the measurement techniques or preprocessing were
indicated to PMF as such in place of an observation. The sum of the
identified NMHCs was indicated to PMF as the total, so the sum is a weak
constraint.

2.4. CMAQ adjoint modeling

The Community Multiscale Air Quality (CMAQ) model is widely used
to study the relationship of secondary air pollutants such as ozone to
emissions of precursor pollutants such as NMHCs and NOx. With a
linearized approximation, the adjoint of CMAQ (Hakami et al., 2007;
Sandu and Sander, 2005; Zhao et al., 2020) provides the influence of
each input parameter on a concentration-based metric. In this version of
the CMAQ adjoint, the gas phase chemical mechanism is CB-05 (Yar-
wood et al., 2005). Emissions are based on the 2008 National Emissions
Inventory v2 projected back to 2007 (Rao et al., 2013) and the Motor
Vehicle Emission Simulator (MOVES) v2010b projected back to 2007
(U. S. EPA, 2014). Meteorology for the year 2007 is modeled with the
Weather Research and Forecasting (WRF) model v3.1 (U. S. EPA, 2011;
Skamarock et al., 2005). The model is applied to 82 rows and 132 col-
umns of 36-km by 36-km horizontal resolution grid cells over the con-
tinental U.S. with pressure-following vertical layers. Other details of the
CMAQ adjoint model configuration and evaluation of ozone perfor-
mance, which was reasonable, can be found in Lyu et al. (2019).

One way to estimate the potential contribution of ozone precursors
to ozone formation and associated health risks is to employ adjoint-
based mixing ratio gradients, #I{m, which are the species-, location-,

and time-specific sensitivities quantified by the adjoint model, where i is
the species index, [ is the grid cell index, and t is the time index. The
numerator, J, is a cost function that may be composed of any
concentration-based metric. The denominator, MR;, is the mixing ratio
of an ozone precursor at a certain location [ and time t. The calculations
of adjoint-based mixing ratio gradients are explained in Section S.3.1.

Relative influences of NMHCs on the cost function, J, for the M factor
from PMF, C, ., or for the u™ source from CMB, C,;, are estimated (Eq.
(4) and (5)).

aJ A, By
C,, =S¥y AubBu 4
YT L MR, T @
aJ F. u'Sull
Cur= — X i# 5
At ,- 0MR,-,/,m q, 7 ( )
where aM”ﬁ represents the average adjoint-based mixing ratio gradients

for the m™ month for the CB05 species i at location [ (Section S.3.2); X;
represents the matrix that relates each observed NMHC q to the corre-
sponding CBO5 species i (Section S.3.3); Ay B represents the PMF-
based contribution of factor r at location [ at time t for the observed
NMHC g; and F; S, represents the CMB-based contribution of source
u at location [ at time t for the observed NMHC q.

To estimate the relative contribution of ozone precursors to ozone
formation and associated health risks, we selected the absolute
maximum daily 8-h average (MDAS8) ozone and ozone-related prema-
ture mortality in the Denver CSA as cost functions. The Denver CSA
includes Denver, Boulder, and Weld counties, along with nine other



C. Lyu et al.

counties included in the Denver-Aurora-Lakewood Metropolitan Statis-
tical Area (Table S1). The MDAS8 ozone cost function is the temporal and
spatial average of MDAS8 ozone in the Denver CSA grid cells from March
through August, the period when monthly average MDAS are highest in
the Denver CSA for the modeled year. Average MDAS8 cost function
gradients are calculated for each month in each grid cell from March
through August (Section S.3.2). These monthly average sensitivities are
used to calculate relative influences of PMF factors C,;, and CMB
sources Cy; on each cost function (Eq. (4) and (5); Section S.3). The
ozone-related premature mortality is represented with the exposure-
response model developed by Turner et al. (2016) that has a concen-
tration response factor, f, as 0.0198 per 10 ppb. This cost function ac-
counts for the annual all-cause premature mortality in the Denver CSA
attributable to long-term ozone exposure above a theoretical minimum
risk exposure level (TMREL) (Cohen et al., 2017; Liang et al., 2018; Lim
et al., 2014), which is set at 28.9 ppb by taking the average of the two
low concentration cutoff values for North America in Malley et al.
(2017). This premature mortality cost function is the same as that used
by Lyu et al. (2019), except for its application to the smaller geographic
region of the Denver CSA rather than the continental US.

N
M= Mo (1—ePn), ©®)
=1

where N is the number of grid cells in the Denver CSA, Mo, (deaths/
year) represents the gridded annual non-accidental baseline mortality in
the Denver CSA for people age 30 or older in 2010 (U. S. EPA, 2013) and
for each grid cell, Acy is calculated as:

cqyy — TMREL, if ¢y > TMREL
A%:{ " s oo @

07 l’fC(l) < TMREL

where c(;) is the annual mean of the MDAS ozone in each grid cell. The
impacts of the mismatch in time between the CMAQ model scenario in
2007, the population data from 2010, and the observations from 2013 to
2016 are somewhat limited by assessing only the relative influences.
Additionally, the emissions of NOx and NMHC in the 2014 NEI are
within 10% of those from the 2008 NEI (Table S.4), which is smaller

Table 2
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than the 30% range within which these sensitivities are considered
useful. Furthermore, the meteorological conditions reflected in tem-
perature and precipitation reflect reasonably small differences between
2013 to 2015 and 2007 (Fig. S.6,7). These assessments suggested that
combining adjoint-based sensitivities with apportioned observations
from the OPS study was reasonable.

3. Data

The average and standard deviations of the ambient mixing ratios of
selected NMHCs for each year depict the differences between Denver
and Platteville (Table 2). On average, the ambient NMHC mixing ratios
(ppb C) at Platteville are 5.5 times greater than those in Denver. A few
species such as benzene, toluene, acetylene, ethylene, cis-2-butene, and
trans-2-butene are relatively similar in both Denver and Platteville, and
the mixing ratios for each of the aforementioned species constitutes less
than 10% of the total NMHC mixing ratio on average. Mixing ratios of
ethane, propane, and n-butane in Platteville are much larger than the
mixing ratios measured in Denver. As expected, these differences be-
tween locations are consistent with the analysis of Thompson et al.
(2014) of the 2013 CDPHE NMHC observations. The means of the total
mixing ratio are lower in both locations in January through June of 2016
compared to the same six-month period in 2013 though the 95% con-
fidence intervals overlap for the Denver site (Fig. 1). The mean NMHC
mixing ratios in Denver decreased to a minimum for January through
June of 2014; subsequently the six-month mean of the total NMHC
mixing ratio increased but remained below the 2013 six-month means
(Fig. 1). Platteville saw significantly lower (p < 0.05 for one-sided stu-
dent’s t-test) annual mean NMHC mixing ratios in 2014 and 2015
compared to 2013. Additionally, the six-month mean of the total NMHC
mixing ratio for January through June of 2016 was lower than any other
six-month period with a 95% confidence interval that does not cross the
2013a or 2013b confidence intervals (Fig. 1). Not all individual species
have lower mixing ratios in the final six-month period of observations.

Statistical description of the CDPHE data used in this study. The number of samples, N, as well as the average and standard deviation of NMHC mixing ratios (ppb C(v))

at the Denver site and the Platteville site, by year or six-month period.

Site Denver Platteville
Year 2013 2014 2015 2016a* 2013 2014 2015 2016a*
N 56 58 48 31 45 56 48 28
Total 164.4 128.5 143.9 137.5 1129.6 + 813.4 751.9 688.8 572.6
+97.3 +72.7 +67.5 +98.9 +563.2 +457.1 +392.6
benzene 2.9 2.2 2.2 2.4 5.1 3.7 3.7 3.8
+1.7 +1.6 +1.0 +1.9 +3.4 +2.4 +2.1 +3.2
toluene 9.0 8.7 8.2 7.3 8.5 7.1 7.1 6.3
+4.8 +6.5 +4.8 +5.4 +4.8 +4.7 +4.2 +3.9
ethane 29.6 22.8 28.2 32.9 250.5 160 155 137
+23.5 +16.5 +18.5 +25.4 +204.1 +121.6 +108.9 +93.4
propane 21.5 16.5 16.6 14.6 284.5 190.5 173.2 145.2
+17 +12.2 +11.9 +9.6 +210.7 +144.7 +117.1 +105.8
n-butane 14 10.9 11.8 12.1 186.2 122.2 107.4 87.3
+11.3 +8.5 +8.9 +11.8 +140.2 +94.4 +71.8 +61.4
isobutane 5.8 4.6 5.5 4.8 78.9 49.7 43.7 37.1
+4.5 +3.3 +4.6 +4.3 +60.6 +38.9 +30.1 +26.9
n-hexane 3.6 3.3 3.8 3.3 23 20 18.2 14.2
+2.0 +1.7 +1.7 +1.9 +16.3 +14.3 +11.3 +9.2
acetylene 4.8 3.8 3.7 3.8 2.9 2.1 2.8 3.3
+4.2 +3.6 +2.5 +3.7 +2.7 +1.8 +25 +2.9
ethylene 7.4 6.2 6.2 5.9 6.0 4.4 4.7 4.5
+5.3 +4.2 +3.6 +4.9 +3.9 +2.4 +3.7 +3.3
cis-2-butene 0.3 0.2 0.2 0.2 0.3 0.1 0.2 0.2
+0.2 +0.2 +0.1 +0.2 +0.3 +0.2 +0.2 +0.2
trans-2-butene 0.4 0.3 0.4 0.3 0.4 0.2 0.2 0.3
+0.3 +0.3 +0.7 +0.3 +0.3 +0.2 +0.2 +0.2

Note: “Total” represents the sum of the 49 compounds included in the study. *2016a indicates that the measurements in 2016 concluded at the end of June.
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Fig. 1. Summary statistics for six-month periods of
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Fig. 2. Speciation profiles of each CMB source. Profiles of the percent of each NMHC species grouped by chemical family within which they are ordered by
increasing carbon number by carbon (ppb C) in source profiles used with CMB. Note that the scale is logarithmic and that profiles for gasoline with two distinct Reid
Vapor Pressures (RVP) are represented in the evaporative emissions in accordance with Table 1 but in the same color because they are a combined as a single source
in the remainder of the figures. Profiles for sources consisting of a single species are not shown. (For interpretation of the references to color in this figure legend, the
reader is referred to the Web version of this article.)
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4. Results
4.1. CMB results

Numerous source profiles and combinations were run in CMB in
order to arrive at the final list of source profiles (Table 1) used in the
CMB calculations. After each CMB run the number of non-convergent
runs and diagnostic statistics were examined in order to determine if
the selected source profiles were appropriate. Fig. 2 shows the final set
of profiles used in the CMB modeling. The source profiles for condensate
tanks and produced gas, which constitute the O&NG sources, are
dominated by straight chain alkanes though the profile for condensate
tanks also includes more than 1% of some branched and cyclic alkanes as
well as the toxic species benzene and toluene. The other anthropogenic
source profiles (i.e., evaporative, exhaust, and solvents) each are
constituted of more than 10% toluene. The evaporative emissions at
either Reid Vapor Pressure have more branched alkenes than any other
source profile though they also include straight chain, branched, and
cyclic alkanes. The exhaust source profile is dominated by alkenes and
BTEX compounds though some alkanes also contribute. Finally, solvents
are almost entirely constituted of BTEX compounds.

With seven sources (represented by the five profiles shown in Fig. 2
plus isoprene and a-pinene), the CMB calculations resulted in 8 non-
convergent samples out of 195 samples for Denver, and one non-
convergent sample out of 177 samples for Platteville. The average
percent mass accounted for, R2, and y? were 86%, 0.75, and 6.83,
respectively for the Denver samples, and 88%, 0.83, and 6.13, respec-
tively, for Platteville. For both locations, the average percent mass
accounted for falls within the target range of 80%-120%. The average
RZin Platteville is above the target of 0.8, but the Denver value is slightly
below it. Although the average y? at both locations exceeds the target of
a maximum 2 of 4.0, the results shown correspond to the best fit of the
attempted source selections. Results obtained with the addition of pro-
pane as a single-compound source did not improve the model perfor-
mance so are not included here.

A time-series graph of the estimated mixing ratios by source (Fig. 3)
provides insight into how each source contribution varies over time in
Denver and Platteville. The condensate tanks and produced gas profiles
dominate the source contributions at Platteville and are significantly
smaller at Denver. Mixing ratios contributed by anthropogenic sources
show winter peaks due to greater contributions from vehicles at cold
temperatures and, perhaps, stronger temperature inversions that pre-
vent pollutants from dispersing. The O&NG contributions decline
somewhat over time in Platteville. As expected, the vehicle emissions
profiles (i.e., exhaust and evaporative) have higher contributions in
Denver than Platteville. The vehicle contributions appear to be rela-
tively stable over the duration of the study. Biogenic contributions are
not shown in Fig. 3 because they are generally low. As expected, they
show pronounced seasonality with summer peaks.

4.2. PMF results

First, through exploratory analysis, the appropriate number of fac-
tors were selected for the unified data set. The number of factors, p, was
varied from three to six using 100 runs for each p. Each solution was
assessed for the degree to which the factors were consistent with a
physically meaningful interpretation. The stability of the solution was
characterized by the displacement technique, which quantifies rota-
tional ambiguity or the dependence of the minimization of the correla-
tion metric, Q, on the factor composition, by assessing the impact of
slight adjustments to each factor on the value of the correlation metric,
Q. Additionally, the stability of the solution was assessed with boot-
strapping, which quantifies random errors and some effects of rotational
ambiguity by determining the number of times that withholding a subset
of the data would lead to misidentification, or swapping, of a factor
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resulting from factorization of the full dataset. The bootstrap analysis
used 100 bootstrap runs with the default block size and a minimum
correlation R-value of 0.6. In the exploratory analysis, the five-factor
solution was most physically meaningful. It also had the greatest sta-
bility in the bootstrap runs with the factors swapping only 9 of 500
possible times, whereas the three-factor solution swapped 27 of 300
potential times, the four-factor solution swapped 40 out of 400 possible
times, and the six-factor solution swapped 36 of 600 possible times. The
displacement analysis showed that the three-, four-, and six-factor so-
lutions had no sensitivity to displacement whereas the five-factor solu-
tion had a negligible decrease in the correlation metric, Q, with
displacement but no swapping of factors.

Based on the results of the exploratory analysis, the five-factor so-
lution, which was most stable, was selected for more comprehensive
analysis. With the 100-run base solution and corresponding bootstrap
and displacement error estimation in mind, the stability of the five-
factor solution in rotational space was evaluated with F-peak analysis
with F-peak values of [-1.0, —0.5, 0.5, 1.0]. The sum of the residuals
increased less than 1% for each of the perturbations, which is well
within the guidance that the run is acceptable if the increase is less than
5% of the robust sum of the residuals from the base run (Norris et al.,
2014). The speciation profiles of the five factors as carbon fractions of
the sum of NMHCs show the differentiation between factors in terms of
contribution by each chemical family (Fig. 4), which can be compared
against the CMB profiles (Fig. 2) (Section 4.3).

The apportionment of each compound to the five factors and the
associated error estimates from the bootstrap technique help differen-
tiate the sources with which the factors are likely to be associated
(Fig. S8). The likely source, which is noted in the legend, was inferred
from the key constituents of each factor and the time series of the
contribution of each factor to the total NMHC mixing ratios (Fig. 5).

The chemical composition and temporal contribution of each factor
supported its association with a source type. Unless otherwise noted, the
statistics are drawn from the base case speciation profiles (Fig. S8). More
than 40% by carbon mass of each of the C¢—Cg straight alkanes are
associated with the heavy oil and gas factor. Additionally, some of the
larger branched or cyclic alkanes are more than 50% by carbon mass
associated with this factor, including 2- and 3-methylheptane, and 80%
by carbon mass of methylcyclohexane. Of note, 31% by carbon mass of
benzene is associated with the heavy oil and gas factor. This factor might
also be associated with diesel activity (Baldasano et al., 1998), which
helps explain the relatively substantial contributions from this factor to
observations in Denver. The annual contributions of this factor are 3-10
times higher in Platteville than in Denver without an identifiable tem-
poral trend.

The light oil and gas factor contains more than 65% of the observed
carbon mass of each of the C>-C4 straight alkanes as well as approxi-
mately 40% of the observed carbon mass of each of the C¢ branched
alkanes. Associations of alkenes and ringed species with this factor are
less than 20% by carbon mass. The annual contribution of this factor to
observations at Denver are approximately 5-11% of those at Platteville
with the smallest difference occurring in 2016 (Fig. 5), which may
reflect declining contributions from the light oil and gas factor with
time.

The traffic factor contains 74% and 55% of the observed carbon mass
of acetylene and ethylene, respectively, which are indicative of traffic
emissions (Bon et al., 2011; Gentner et al., 2013; Salameh et al., 2016).
More than 40% by carbon mass of propylene (55%) and four branched
alkenes are also associated with this factor. Between 20% and 40% of the
BTEX and branched BTEX compounds are also associated with the traffic
factor. This factor peaks in the winter months at similar levels for Denver
and Platteville, though the annual contribution from this factor can be
up to two times greater at the Denver site than at Platteville.

The urban factor represents approximately 40% by carbon mass of
the BTEX and branched BTEX compounds and Cs alkenes. More than
40% of the observed carbon mass of the branched Cg alkanes are also
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Carbon-based Concentration Contribution (ppb C)
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Fig. 3. CMB-based source contribution to each observation. Mixing ratio-based contribution (ppb C) of each CMB source at each observation. Observations made at
the Denver (Platteville) site are indicated by squares (hourglass). Note the differing scales on the y-axes between each source, which are cutoff at zero even though
some negative contributions result from the analysis.
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Fig. 4. PMF factors represented by the percent contribution of each species with variability. Profiles of each PMF factor by the percent contribution of each NMHC
species by carbon (ppb C), which was determined from joint analysis of observations from Denver and Platteville, grouped by chemical family within which they are
ordered by increasing carbon number. The sum across species for each factor is ~100%. The likely source associated with each factor is labeled in the legend, which
is ordered with the sets of axes. The base symbol indicates the value that is used in the rest of the analysis for each species in each PMF factor. The percentiles reflect
the variability of the factor solutions from the bootstrap runs. Note the logarithmic scale.

contained in this factor. Approximately 20% by carbon mass of the
smaller alkenes are also associated with this factor. Included in this
factor are also 63% and 40% by carbon mass of a-pinene and isoprene,
respectively, which are emitted from vegetation (Guenther et al., 2006),
yet these emissions are likely underestimated in these 6-9 am observa-
tions. Emissions of a-pinene and isoprene alongside other urban emis-
sions cannot be expected to be entirely disentangled from other
emissions types and, though likely a small fraction of the total emissions,
isoprene has been observed in vehicular combustion emissions (Borbon
et al., 2001; Reimann et al., 2000). The presence of BTEX compounds,
branched BTEX compounds, Cs alkenes, and branched Cg alkanes in this
factor indicate likely contributions from anthropogenic activity, perhaps
including evaporative emissions, which differ from traffic emissions in
that fuel is not combusted, and industrial activities, which may include
chemical processing. Wildfires may have occasionally contributed to
this factor, but no persistent influence was observed likely because of the
intermittent nature of these events. The annual contributions of this
factor are 3.5-7 times greater at Denver than at Platteville with slightly
greater amounts in the fall and winter months than the spring and
summer.

The factor labeled as biogenic contains 40% by carbon mass of
isoprene, which is emitted from vegetation (Guenther et al., 2006).

Greater than 30% by carbon mass of cyclohexane and larger branched
alkanes are also associated with this factor. The peak contribution of this
factor is typically in the summer, though the winter months from 2015
to 2016 consistently show a higher contribution. Since this factor’s
contribution changes with time, the annual contribution from it is
greater in Platteville during the first two years but not during the last
year and a half. The identification of this factor is uncertain due to the
combination of compounds present, the seasonal timing, and the limi-
tations of the OPS sampling and analysis protocol for biogenic
compounds.

4.3. Comparison of CMB and PMF results

Comparing the carbon fraction CMB source profiles (Fig. 2) to the
carbon fraction PMF factors (Fig. 4) reveals that the CMB condensate
tanks profile is most similar to the PMF heavy and light oil and gas factor
profiles, and the CMB vehicle exhaust profile is similar to the PMF traffic
profile. The similarities are not complete, however. The PMF factor for
heavy oil and gas compares well to the CMB tanks factor for alkanes and
Ce — Cg aromatics, but the former includes higher fractions of trime-
thylbenzenes and alkenes than the CMB source profile. The presence of
alkenes in this factor may be due to combustion sources that are
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Carbon-based Concentration Contribution (ppb C)
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Fig. 5. PMF-based source contribution of each factor to each observation. Contributions are in terms of carbon (ppb C). Observations made at the Denver (Platteville)
site are indicated by squares (hourglass). Note the differing scales on the y-axes between each factor. The source of which each factor is likely to be indicative is
labeled in the legend, which is ordered with the pairs of axes.
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associated or co-located with O&NG activities. The PMF factor identified
as light oil and gas has more branched and cycloalkanes than the pro-
duced gas source profile used with CMB. The PMF traffic factor has
significant carbon fractions for isobutane, n-pentane, and 2-methylhex-
ane, which are not seen in the CMB vehicle exhaust profile. These dis-
crepancies may be due to incompleteness of the CMB exhaust profile.
Conversely, the CMB vehicle exhaust profile has higher carbon fractions
of n-hexane, cyclohexane, and isoprene than are seen in the PMF traffic
factor. The other profiles are more difficult to match between PMF and
CMB. This is likely because PMF cannot clearly separate sources whose
emissions are highly correlated, with factorization results reflecting
correlations induced by chemical processing and meteorology as well as
the sources of origin.

The observation-based factors extracted from the OPS data provide
the opportunity to evaluate the emissions speciation profiles employed
in CMB as well as those that are recommended for use in regional
chemical transport modeling. Section S.6 presents a more detailed
comparison of PMF factors with emissions speciation profiles from other
studies, including profiles for emissions from condensate tanks, liquids
load-out, and produced natural gas (Fig. S.9-10).

Figs. 3 and 5 show full time series of the CMB and PMF results,
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respectively. When comparing the CMB and PMF results, the magnitudes
and time patterns of the corresponding source and factor are roughly
similar. CMB estimates for condensate tanks are slightly higher than the
PMF estimates for heavy oil and gas. The PMF light oil and gas estimates
are slightly higher than the CMB produced gas estimates. The PMF
traffic estimates are similar to the sum of the CMB vehicle exhaust and
diurnal evaporative emissions estimates. However, there is a large dif-
ference between the two remaining categories. First, the urban PMF
factor and the CMB solvent source differ in their relative contributions to
each site, which is to be expected given that they represent different
sources. Secondly, the biogenic factor contributes more significantly
than the isoprene and a-pinene sources. The PMF biogenic factor esti-
mates maximum mixing ratios of 80 ppb C, while the isoprene and
a-pinene sources estimate a maximum mixing ratio of 3 and 2 ppb C,
respectively. CMB treats isoprene and a-pinene as isolated biogenic
species, whereas the PMF factor includes other species that are not
biogenic in origin but are correlated with the biogenic compounds as
sometimes occurs when the coincident concentrations and the number
of factors are insufficient to differentiate biogenic influences completely
(Kim et al., 2005; Sarkar et al., 2017).

b) & g
g 150 —
o
Lo
E g 100 —
EO
28 50
=
z
& 0
% 2013 2014 2015
d

factors in Denver 5
grid on MDAS (%) S
3,
()]
E

2013

2014 2015

B heavy oil &gas [ light oil & gas

I traffic B urban [ biogenic
* measurement average

Fig. 6. Location-specific, CMB- and PMF-based contributions to NMHC and estimated MDA8 ozone. Annual average contributions to NMHC (ppb C) (rows 1 and 3)
and MDAS ozone in relative sense (%) (rows 2 and 4) for Denver (a-d) and Platteville (e-h) as estimated by CMB (left panel) and PMF (right panel).
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4.4. Location-specific annual average contributions to NVIHC, MDA8
ozone, and premature mortality with the CMAQ adjoint

Average source or factor contributions to 6-9 am NMHC mixing ra-
tios at Denver and Platteville, respectively, were estimated with both
CMB and PMF (Fig. 6a,b,e,f). For Denver (Platteville), the CMB model
indicates that the sum of produced gas and condensate tanks contributes
a yearly average of 63-77 (452-894) ppb C of NMHC with the contri-
bution declining modestly from 2013 to 2015. The contribution esti-
mated by PMF for the sum of the light and heavy O&NG factors ranges
from 40.0 to 54.9 (384-837) ppb C of NMHC for Denver (Platteville).
The sum of the vehicle exhaust and evaporative source contributions
from CMB is relatively constant over time, averaging 40 (18) ppb C
NMHC in Denver (Platteville). For comparison, the sum of vehicle
exhaust and urban factor contributions from PMF is about 78 (35) ppb C
NMHC in Denver (Platteville) and, again, is relatively constant over
time.

To investigate ozone-related influences of emissions sources,
location-specific sensitivities from the CMAQ adjoint are used to weight
the results of the source apportionment models. Ozone impacts of the
NMHCs are modulated by the abundance of both NMHCs and NOx.
Typically, the potential ozone impact is estimated by using results from
box modeling not specific to the local atmospheric conditions such as the
maximum incremental reactivity scale (Carter, 2010) (e.g., Capps et al.,
2010) or by calculating contributions to OH-reactivity (Gilman et al.,
2013). Sensitivities that quantify the relationship of ozone metrics such
as MDAS8 and health impacts to location-specific emissions from the
CMAQ adjoint are advantageous over these approaches. First, specific
spatial and temporal metrics that are more relevant to policy or health
outcomes can be quantified with the selection of a cost function for the
adjoint than is possible with a generic box modeling approach. Addi-
tionally, the transport of emissions through space over time with vari-
able ratios of NMHCs and NOx as well as light for photolysis is
represented in the CMAQ adjoint. Representation of these processes is
likely to lead to a more accurate estimate of the influence of NMHCs on
ozone-related metrics that could not be quantified with the more typical
approaches. Furthermore, this approach leverages empirical observa-
tions in a way that source apportionment conducted entirely within a
modeling framework cannot; specifically, in this combined approach,
the modeled emissions do not primarily dictate the relative influence of
sources.

Relative contributions across sources or factors shift when adjoint
weighting is used to estimate contributions to ozone instead of NMHC
(Fig. 6¢,d,g,h). The absence of coincident NOx measurements limits
opportunities to consider the NOx influences observationally
throughout this time frame, but the adjoint sensitivities of ozone with
respect to NMHCs take into account the variations of modeled NOx
levels in space and time. The modeled NOx-limited conditions across
most of the Denver CSA with some conditions closer to VOC-limited in
the urban core (Fig. S.11) are consistent with interpretations of obser-
vations during the FRAPPE and DISCOVER-AQ campaigns in the Front
Range in 2014 (Pfister et al., 2017). The relative value of these
location-specific contributions are very small because they represent a
single 36 km x 36 km grid cell corresponding to either Denver or
Platteville monitoring site, averaged over 3 h in the mornings. Also, the
NMHCs include only the 49 species that were differentiated sufficiently
for use in CMB and PMF, not total NMHCs; therefore, the relative in-
fluence estimates are smaller than those of total NMHC would be.
Nevertheless, the temporal variation and relative source- or
factor-specific contribution information provide useful insight for
considering emissions control strategies.

Compared to their contributions to NMHC, O&NG sources or factors
contribute a substantially smaller fraction to the adjoint-weighted
mixing ratios for MDA8 ozone, while the shares estimated for vehicle
emissions increase with adjoint-weighting. The CMB results indicate
that between 2013 and 2015 vehicle exhaust and evaporative emissions
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accounted for an average of 69% (11%) of the MDAS8 ozone contribution
in Denver (Platteville), even though it accounts for only 41% (3%) of the
NMHC contribution. The reactivity of NMHCs emitted in this process is
likely the primary reason traffic has an increased contribution to ozone
formation than the carbon-based fraction, but the simultaneous emis-
sion of NOx with vehicle exhaust may also contribute to the increased
effectiveness of this source. In contrast, condensate tanks and produced
gas accounted for an estimated 56% of the NMHC contribution in
Denver but only for 27% of the MDAS ozone contribution, whereas these
sources account for an estimated 96% of the NMHC versus 88% of MDAS8
ozone in Platteville. The PMF results indicate that while traffic and
urban emissions in Denver (Platteville) represented 53% (8%) of the
NMHC contribution, an estimated 71% (6%) of the MDA8 ozone
contribution is due to traffic and urban factors. In contrast, the heavy
and light oil and gas factors account for 33% of the NMHC contribution
in Denver but only for 21% of the MDAS8 ozone contribution, whereas
these account for an estimated 92% of the NMHC and 89% of MDAS8
ozone in Platteville.

The percentage contributions of CMB sources and PMF factors to
ozone-related premature mortality (Fig. 7) are similar to those for MDA8
ozone with minimal differences arising from different averaging times,
population weighting, and the MDAS8 cutoff value, TMREL, introduced
by the ozone concentration metric in the exposure-response model (Lyu
etal., 2019). However, it is worth noting that NMHC mixing ratios in the
Platteville grid cell contribute more to the MDA8 and premature mor-
tality in the Denver CSA than those in the Denver grid cell, mainly
because of the absolutely higher NMHC levels in the Platteville grid cell
despite lower ozone sensitivities (Fig. 6). The implication of this finding
is that the emissions of NMHC from O&NG activities near Platteville are
crucial to public health in the populous Denver CSA.

4.5. Contributions to benzene and toluene

Fig. 8 shows annual average CMB and PMF-estimated contributions
to benzene and toluene in Denver and Platteville, respectively. More
detailed results including estimates of variability are shown in
Figures S.12-19. For both locations, CMB overestimates benzene mixing
ratios and generally overestimates toluene mixing ratios. It appears that
the benzene fractions are too high in both the vehicle and O&NG source
profiles used with CMB. On an annual average basis, total factor con-
tributions from PMF match the measured mixing ratios relatively well.
The CMB analysis suggests that vehicle emissions are the major source of
benzene and toluene in Denver. The PMF model suggests the traffic
factor is the major source of benzene in Denver (Fig. S.20), while the
urban factor is the major source of toluene. For Platteville, CMB suggests
that condensate tanks are the largest source of benzene, with vehicle
exhaust and solvent evaporation also contributing significant toluene.
PMF suggests the oil and gas-identified factors are the main sources of
both benzene and toluene for the Platteville site. These results are
consistent with the correlations of benzene with acetylene, a marker of
traffic emissions, being stronger in Denver than with propane, an indi-
cator of O&NG emissions, in 2013; the converse was true in Platteville
(Thompson et al., 2014).

4.6. Comparison of contributions with previous work

Results from this study show some contrasts with prior work con-
ducted in the DJ Basin, but they may be explained by differences in study
locations and timing. For example, Thompson et al. (2014) found that
mean mixing ratios of n-butane and benzene in east Boulder County
increased by factors of two and three, respectively, between 2007 and
2013. In contrast, the CDPHE data for benzene at Denver and Platteville
indicate that average mixing ratios were lower in 2014 and 2015 than
2013 (p values < 0.05 for one-sided student’s t-test). Average mixing
ratios of n-butane at the CDPHE site in Platteville were lower by a factor
of about 1.8 in January through June of 2016 than in the same months of
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Fig. 7. Location-specific, CMB- and PMF-based annual average relative contributions to ozone-related premature mortality in the Denver CSA for 6-9 am mixing
ratios from Denver (a-b) and Platteville (c—d) grid cells as estimated by CMB (left panel) and PMF (right panel).

2013. Additionally, average mixing ratios of n-butane at the CDPHE site
in Platteville in 2014 and 2015 were lower than those in 2013 (p <
0.05). In contrast to the earlier time period when O&NG emissions were
suggested to be increasing throughout the Denver-Julesburg basin by
Thompson et al. (2014), the imposition of controls and/or improved
operating practices may have led to reduced emissions over the 2013 to
2016 time period, at least nearby the Platteville monitoring site.

The early study by Pétron et al. (2012) with data from 2007 to 2010
found measured alkane ratios from their mobile laboratory and the BAO
tower to be in good agreement with emissions profiles for condensate
tank flash emissions and oil and gas venting. This study similarly finds
flash emissions and leaks or venting to be important sources of alkanes,
especially at the Platteville site (Section S.5, Fig. S5.9-10). Based on
measurements at the BAO tower in winter 2011, Gilman et al. (2013)
estimated that O&NG emissions contributed 70% or more of the
observed C; — C; alkanes, 20-30% of benzene, toluene, and xylenes, and
an average of 55% of the OH-reactivity of the NMHC mixture. By
applying PMF to measurements made at the BAO tower in spring and
summer 2015, Abeleira et al. (2017) estimated that O&NG emissions
contributed 36-100% of Cy — Cg alkanes, 70% of benzene, 30-40% of
toluene, and 40-70% of the OH-reactivity of VOCs. Using PMF and CMB
with an adjoint-weighted scheme rather than OH-reactivity weighting,
we find that adjoint-based contribution to MDAS8 from O&NG is 21-27%
in Denver and about 88% in Platteville. The adjoint-based contributions
to premature mortality are very close to those of MDAS8 because of the
similar formulation of these metrics. Adjoint sensitivities could be
refined in future work by updating the base year and emissions in-
ventory used in the adjoint modeling and mortality analyses, and by
updating the chemical mechanism. The O&NG contributions we esti-
mated for alkanes, benzene, and toluene from CDPHE measurements at
Denver are generally lower, and those for Platteville higher, than the
contributions estimated from the BAO tower measurements. This is ex-
pected, since the tower is situated between Denver and Platteville and
on the western edge of the DJ Basin rather than in the heart of it.

Based on data from spring 2012, Pétron et al. (2014) found that
O&NG emissions of benzene in Weld County might be equal to or greater
than mobile source contributions. Our average estimates for 2013-2015
from CMB and PMF suggest that O&NG emissions account for most of
the benzene at CDPHE’s Platteville monitoring site. This result agrees
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with Halliday et al. (2016) findings for benzene based on data collected
at a site 9 km southeast of Platteville in summer 2014.

5. Conclusions

This study complements other source apportionment studies for
northeastern Colorado by analyzing NMHC data from two contrasting
measurement sites — a site in Platteville and one in Denver, and by taking
advantage of the 2013-2016 time period for ongoing data collection,
which coincides with the implementation of new O&NG control re-
quirements and operating practices. In contrast, previous studies have
covered either older or shorter sampling periods and focused on data
from the DJ Basin or the BAO tower, which is located on the edge of the
Basin. In this study the PMF and CMB models are complementary,
enabling us to examine whether statistically derived factors match
profiles for known sources, and in turn to identify where published
source profiles may not fully represent sources in the North Front Range.
The results from both models showed reasonable agreement for the
O&NG and vehicle profiles/factors.

A limitation of all source apportionment studies, including this one,
is that their statistically derived results are only representative of
emissions influencing the measurement location or locations, and the
time periods covered by the data. In particular for this study, the results
represent source apportionment estimates for the 6 am-9 am sampling
period used in CDPHE'’s ozone precursor study. This time period is ad-
vantageous for sampling anthropogenic NMHC from nearby sources
because it typically corresponds to the highest mixing ratios of the day,
due to shallow mixing depths, light winds, and limited time for photo-
chemical processing. On the other hand, biogenic emissions are likely
underrepresented during this time period. Additionally, at Denver and
Platteville, winds during this time of day are relatively light and variable
(Toth and Johnson, 1985), so the morning sampling period may miss
larger influences from O&NG emissions that impact the monitoring sites
in association with stronger northeasterly winds.

As shown in Table 1, the average mixing ratios of total NMHC at
CDPHE’s Platteville monitoring site were higher in 2013 than in the next
two and a half years. The CMB model results suggest that the lower
NMHC mixing ratios at this particular location may be attributable to
both lower production emissions and lower flash emissions (Fig. 7e),
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Fig. 8. Location-specific, CMB- and PMF-based contributions to benzene and toluene. Annual average contributions to benzene (rows 1 and 3) and toluene (rows 2
and 4) (ppb C) for Denver (a-d) and Platteville (e-h) as estimated by CMB (left panel) and PMF (right panel).

whereas the PMF results attribute the change to reductions in light oil
and gas emissions (Fig. 7f). Either way, new regulations implemented by
the state as well as changes in operating practices made by the industry
for other reasons might explain the observation that NMHC mixing ra-
tios at the Platteville site were lower in 2016 than in 2013. In contrast to
the O&NG contributions at the Platteville site, total NMHC mixing ratios
in Denver and, in particular, the vehicle emissions contributions there
show little change over the study time period. Continued NMHC mea-
surements and measurements at more locations are needed to ascertain
whether recently adopted O&NG regulations are having their intended
effect. The adjoint-based analysis suggests that O&NG-related NMHCs
near the Platteville site contribute to at least as much ozone-related
premature mortality in the Denver CSA as vehicular NMHCs adjacent
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to the Denver site. Likewise, PMF and CMB indicate that the largest
contributions to benzene in Platteville are from O&NG and that these are
larger than the contributions of traffic-related emissions, which is the
largest relative contributor, to Denver concentrations. Therefore, further
attention to vehicle emissions as well as O&NG emissions appears
warranted, as the Denver and North Front Range area continues its ef-
forts to improve air quality.
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