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Methane and volatile organic compounds
and their influence on air quality
in Boulder, Colorado

Detlev Helmig'*, Gabriel Greenberg'-2, Jacques Hueber", Brendan Blanchard?,

Jashan Chopra®, Susan Simoncic’>, Héléne Angot®, Lisa S. Darby’-’, John Ortega®,

and Dani Caputi’®

The Northern Colorado Front Range (NCFR) has a long history of air pollution problems, which include
summertime ozone levels regularly exceeding the ozone National Ambient Air Quality Standard (NAAQS).
The NCFR has been designated as a nonattainment area for the ozone NAAQS since 2007. Contributing
factors to the elevated pollution buildup include meteorological conditions such as the mountain-valley
thermal forcing that recirculates air enriched in volatile organic compound (VOC) emissions from oil and
natural gas (O&NG) production and other sources such as vehicle traffic. This study examines data
collected from continuous monitoring of methane and VOCs between 2017 and 2021 at the Boulder
Reservoir (BRZ) to pinpoint the sources contributing to this pollution; 19,335 VOC samples of alkanes,
alkenes, and aromatic hydrocarbons were collected during this period, with measurements taken every
1-2 h. BRZ is located on the outskirts of the Denver metropolitan area and lies between the oil and gas
fields that are predominantly located in Weld County (starting about 15 km to the east) and the Rocky
Mountain foothills (5 km to the west). The VOC composition is dominated by light alkanes with a “wet”
(i.e., >15% weight of total VOCs in relation to methane) natural gas signature. VOCs are highly variable,
with concentrations spanning ~2 orders of magnitude. Plumes that carry elevated (>10 times the
background) O&NG VOCs were observed on the order of >100 times per year. These events were mostly
associated with winds from the north to southeast sector, which is the direction that aligns with the
densest O&NG development. Averaged over a full year, O&NG and total VOC mole fractions were higher than
inmost U.S. cities, including those with much higher total population than that of Boulder County. A correlation
and scaling analysis yielded total (excluding ethane) NCFR O&NG VOC emissions of 183.6 + 12.6 Gg yr~" for
2015, and 81.3 £ 16.1 Gg yr~" for 2021, respectively, which is ~2-2.5 times higher than the State’s reported
inventory flux. A preliminary dataevaluation indicates nochanges in methane emissions in the Denver-Julesburg
Basin (DJB) that are outside of the measurement uncertainty. O&NG tracer VOCs (e.g., ethane, propane) show
signs of possibly declining emissions. The identified discrepancies between the inferred emissions from air
monitoring data and the emissions stated in the inventory reemphasize the importance of considering field
observations in directing the State’s air quality policy, rather than solely relying on inventory data.
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north, has faced challenges over the past 30 years in
achieving air quality standards for several primary and
secondary air pollutants. Flocke et al. (2019) provide an
overview of historical Denver air quality issues, starting
from the 1960s. While in the 1980s and 1990s, carbon
monoxide and particulates were the main recognized
pollutants (Groblicki et al., 1981; Wolff et al., 1981; Sloane
et al,, 1991; Neff, 1997), during the most recent decades,
secondary pollutants, that is, ozone, photochemically
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formed fine particulate matter, and wildfire smoke, have
become a primary concern. Surface ozone at NCFR mon-
itoring sites has been regularly exceeding the National
Ambient Air Quality Standard (NAAQS) for more than 2
decades (Evans and Helmig, 2017; Bien and Helmig, 2018).
In 2007, the NCFR was officially designated a nonattain-
ment area for the 1997 standard of 80 parts per billion
(ppb) maximum daily 8-h average O3 mixing ratio (MDAS
03). The NAAQS standard was lowered to 75 and 70 ppb
MDAS8 03 in 2008 and 2015, respectively, and after a series
of attainment deadlines failed to be reached, the NCFR
was designated a severe nonattainment area for the 2008
NAAQS standard in 2022. Furthermore, there have been
numerous exceedances of the 24-h 35 pg m~3 NAAQS for
fine particulate matter, PM,s.

The air pollution problems in the NCFR have been asso-
ciated with a combination of unique topographical and
meteorological conditions. Summertime ozone events typi-
cally occur under weak synoptic forcing that allows ther-
mally driven mountain-valley circulations to form.
Mesoscale circulations such as the infamous “Denver
Cyclone” can also lead to stagnation and ozone buildup
(Flocke et al,, 2019). The relatively high elevation and dry
climate of the region foster nighttime radiative cooling that
results in a shallow stable nighttime surface layer trapping
pollution near the surface (Wilczak and Glendening, 1988;
Wilczak and Christian, 1990). Terrain-driven flow regimes
promote daytime upslope and nighttime downslope flow
patterns that can result in polluted air from densely popu-
lated and industry-intensive areas, as well as from oil and
natural gas (O&NG) production regions, being transported
westward and trapped along the eastern slopes of the Rocky
Mountains (Johnson and Toth, 1982). These upslope flows,
in essence, capture ozone and its precursors and loft them
above the atmospheric boundary layer (ABL) (Brodin et al.,
2010; Pfister et al., 2017a). The evening and nighttime
downslope flow can recirculate the previous day’s ozone and
precursors back into the NCFR and Platte River Valley, allow-
ing a further buildup of ozone on subsequent days as long
as stagnant synoptic conditions continue (Toth and Johnson,
1985; Reddy and Pfister, 2016). Additionally, the westerlies
experienced at summit elevations push back some previous-
day polluted air into the free troposphere over the NCFR,
which can be entrained into the ABL the following after-
noon (Kaser et al., 2017). Frontal passages flush out the air,
ending an episode (Flocke et al., 2019). The combination of
volatile organic compounds (VOCs) and nitrogen oxides
(NO,) emissions and sunny conditions promotes the photo-
chemical processing of primary pollutants, resulting in high
production rates of ozone and secondary particulate matter,
which are the two pollutants that have received the most
attention because of their NAAQS exceedances (Fehsenfeld
et al., 1983; Dingle et al., 2016; Flocke et al., 2019).

During the past decade, there has been an expansion of
O&NG well drilling and extraction, with most of this devel-
opment located in Weld County in the northeastern sector of
the NCFR (Figure 1). Weld County, for instance, increased its
oil production by 206% from 2014 to 2019, followed by
a slight decrease in subsequent years likely due to the
COVID-19 pandemic (Colorado ECMC, 2024). Emissions from
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this industry and their impact on the regional air quality
have received notable attention (Flocke et al., 2019; Helmig,
2020). O&NG emissions contribute the largest fraction of
VOCs (Gilman et al., 2013; Abeleira et al,, 2017), and the
atmospheric oxidation of these emissions contributes signif-
icantly to the regional production of ozone (McDuffie et al,,
2016; Lindaas et al., 2019). Cheadle et al. (2017) estimated
a 20-ppb contribution of O&NG emissions to the regional
ozone production in and downwind of Weld County on high
ozone days. Likewise, modeling results building on data from
the Front Range Air Pollution and Photochemistry Experi-
ment (FRAPPE) field campaign in 2014 reveal an approxi-
mately 6-8 ppb contribution to NCFR MDA8 05 from
O&NG; this contribution can be as high as 40 ppb on select
high ozone days (Cheadle et al., 2017; Pfister et al., 2017b;
Oltmans et al., 2021). Due to the prevailing east-to-west air
flow during daytime, communities located downwind of the
O&NG extraction area can be affected as much or even more
by the secondary pollutants than the locations where the
primary emissions occur (Evans and Helmig, 2017; Bien and
Helmig, 2018).

Concerns over regional air quality motivated the imple-
mentation of a monitoring program in Boulder County,
which lies between Weld County and the eastern slopes of
the Rocky Mountains, approximately 40 km northwest of the
Denver Metropolitan area. The Colorado Department of Pub-
lic Health & Environment (CDPHE) relocated the Boulder
ozone monitoring site, which previously had been at South
Boulder Creek, to the Boulder Reservoir (BRZ) to the north of
the city in 2016. Monitoring of methane, VOCs, and NO,
were added by the Boulder County Public Health depart-
ment in spring 2017 in response to growing concerns of the
oil and gas drilling impacting Boulder County’s regional air
quality. First results reported on the response of ozone and
NO, to the 2017 solar eclipse (Helmig et al., 2018). Asher
et al. (2021) showed that VOC mole fractions were highest
nearest the surface in their sampling of vertical gradients
near BRZ. Pollack et al. (2021a) provide an in-depth analysis
of the causes of elevated ozone: there were 41 days at BRZ in
2017, 2018, and 2019, when the MDA8 O3 exceeded 70 ppb.
Of these 41 high O3 days, 40 occurred between May and
September, 2 were influenced by stratospheric intrusion
events, and 13 days were impacted by wildfire smoke. Light
alkanes (C,—Cs), in particular, are dominated by O&NG
sources (Pollack et al., 2021a).

Since 2004, there has been a progression of Colorado
regulations tailored toward reducing O&NG emissions in
light of their increasingly recognized influences on the NCFR
air quality (Milford, 2014; CDPHE, 2017; Wells, 2017; CDPHE,
2021). Projections of changes in emissions have mostly been
based on bottom-up emission estimates (using inventory
data that build on emission factors) prepared by CDPHE.
Several field campaigns by university and federal laboratories
have derived top-down emission estimates (using
atmospheric observations), which have pointed toward the
inventory underestimating actual emissions (LaFranchi et al.,
2013; Helmig, 2020; Lu et al,, 2023).

This study further investigates the sources of methane
and VOCs at BRZ for evaluating the State of Colorado’s
O&NG VOC emissions inventory and the projected emissions
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Figure 1. (A) Map of the Northern Colorado Front Range covering approximately the area between Denver and
Fort Collins, with the 2 sampling locations, that is, the Boulder Reservoir (BRZ) and Niwot Ridge (NWR)
indicated by the stars. Locations of oil and gas wells are indicated by the brown dots, urban areas by the yellow
shading (https://cogccmap.state.co.us/cogec_gis_online/). The county boundaries are shown by thick blue lines with
the names labeled in blue italic font. (B) Google satellite image showing the Boulder Reservoir recreational area on
the south shore with the location of the monitoring station indicated by the yellow star.

change building on the first 4 years of monitoring data. Two
studies (Lyu et al., 2021; Oltmans et al., 2021) previously
reported trend analyses of O&NG emissions building on ear-
lier (2013-2016; 20082016, respectively), surface and tower
datasets. Since the data collections that these studies rely on,
there have been at least 6 regulatory measures affecting

O&NG emissions (Supplement Table S1). Our research builds
on higher time-resolution data compared to these prior pub-
lications (10-20 times more measurements per year com-
pared to Oltmans et al., 2021, and =100 times more
compared to Lyu et al, 2021) from a surface monitoring
station, allowing for more targeted data filtering and
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more precise analyses. Furthermore, our study investigates
a subsequent period (2017-2021), adding 5 years of
analysis during a period with substantial growth in
O&NG production.

2. Methods

2.1. Monitoring site

The Boulder Reservoir monitoring site (BRZ; 40.0704°N,
105.2198°W, 1,604 m asl) is located on the southeast corner
of BRZ (Figure 1), ~7 km northeast of the center of the City of
Boulder. The monitoring station is ~25 m from the reservoir
shore and has ample open fetch on all sides with only a few
isolated trees and buildings within a 500 m radius. A sailing
and motorboat storage area is located to the west. Approxi-
mately 500 m further to the west are the reservoir recreational
beach and parking areas. The park hosts several hundred visi-
tors during summer days. Recreational activities peak in the
summer and are relatively minor during the off-season
months. A major traffic artery into the City of Boulder,
Highway 119, runs diagonally from southwest to northeast
~400 m east of the site. The monitoring at BRZ is ongoing at
the time of this publication with real-time data provided to the
public (Boulder AIR, 2024). The lower panel of Figure 1 pro-
vides detail on the park facilities that are mostly located to the
west of the monitoring station. More site descriptions have
been provided previously (Helmig et al., 2018; Pollack et al.,
2021a). A map illustrating mostly abandoned well sites within
a ~5 km radius of BRZ is provided in Supplement Figure S1.

2.2. Instrumentation

During this study, 141,944 methane samples were collected
with an SRI Model 310 gas chromatograph every 15 min,
with an accuracy uncertainty of <5 ppb and precision error
of <8 ppb for single data points. VOCs were measured at
1-2 h temporal resolution, resulting in 19,335 total samples
(see Supplement Table S2 for calibration standards). Quanti-
fied compounds include ethane, ethene, acetylene, propane,
cyclopropane, propene, i-butane, n-butane, i-pentane, n-pen-
tane, isoprene, n-hexane, benzene, n-heptane, toluene, n-
octane, ethyl-benzene, o-xylene, m-xylene, and p-xylene.
Detection limits varied by species and were in the range of
9-33 pmol mol ™' (ppt) (Supplement Table S3). Nitrogen
oxides are measured at 5-min resolution, and winds (speed
and direction) are measured at 1-min resolution (Supple-
ment Figure S2). The monitoring and data collection meth-
ods have been described previously (Helmig et al., 2018;
Pollack et al., 2021b). For convenience, we repeat the most
important information in Supplement Text T1.

Methane and VOC data from the Niwot Ridge (NWR)
reference site were collected at the T-Van sampling loca-
tion (40.05°N; 105.58°W; 3,523 m asl) (NOAA GML,
2024). NWR is ~33 km west of BRZ in the Rocky Moun-
tains and 1,919 m higher in elevation. Figure 1 shows
both sites in relation to O&NG wells and county borders.
During most times, NWR remains well above the plain’s
ABL height (Fahey et al., 1986; Brodin et al., 2010).

2.3. Data analyses
Orthogonal distance regression (ODR) analyses were
calculated using Python stats and ODR Scipy packages.

Helmig et al: Methane and VOCs at the Boulder Reservoir

Specific formulas and residual variance (percentage of var-
iance not explained by the correlation of variables,
roughly analagous to 1 — %, where r is the Pearson cor-
relation coefficient) calculations can be found in Boggs
et al. (1992). Potential Source Contribution Function
(PSCF) analyses determine the probability that an emis-
sions source contributing to elevated mole fractions of
atmospheric constituents is located at a grid cell with
latitude i and longitude j (Pekney et al., 2006). PSCF mod-
eling was conducted utilizing NOAA's 3 km High-
Resolution Rapid Refresh (HRRR) meteorology output and
the Hybrid Single-Particle Lagrangian Integrated Trajec-
tory model (HYSPLIT) to compute back trajectories. Trajec-
tories were modeled at a 5-m starting elevation and
calculated in hourly increments over 12 h backward in
time. The modeling relies on latitude, longitude, height,
and pressure for each hour backward in time provided by
the HRRR output. BRZ VOC data were aligned with the
closest back trajectory in time for the PSCF analysis. More
detail about the modeling application has been provided
in Oltmans et al. (2021).

For wind rose plots, wind velocities were paired with
VOC measurements by vector averaging the 1-min wind
observations during the 10-min sampling period. For
methane measurements, the 1-min wind observations
closest to each sampling moment (every 10 min) was used.

3. Results and discussion
3.1. Boulder Reservoir methane and VOC
observations
3.1.1. BRZ—NWR comparisons
Results for methane, ethane, and acetylene from the in-situ
monitoring at BRZ are compared with the daily sample
collection at NWR in Figure 2 for periods when overlap-
ping data were available. Please note that the NWR data are
all daytime samples, whereas the BRZ data are sampled 24 h
per day every 1-2 h (see Supplement Figure S3 for propane,
i-butane, n-butane, and n-pentane comparisons).

Averaged BRZ VOC diurnal cycles for ethane, a primary
O&NG emission, and benzene, which has its strongest
contribution from transportation sources (Pollack et al.,
2021a), are presented in Figure 3, using data from the
start of the monitoring (April 2017) through April 2019 to
calculate pre-pandemic annual cycles. Ethane mole frac-
tions increase steadily during evening hours, peaking in
the early morning, and declining throughout the day. Eth-
ane emissions are likely mostly fugitive emissions that
occur day and night, therefore the diurnal ethane behav-
ior is most likely a reflection of atmospheric mixing
dynamics. The benzene cycles have two peaks, one in the
early morning (2-3 h after the ethane peak) and a second
one in the evening. These diurnal mole fraction cycles do
not closely follow the diurnal cycle of automobile traffic
(Figure 3C) that shows a sharp morning and a wider noon
to afternoon peak. This divergence is likely because the
atmospheric concentrations are dependent on the chang-
ing emissions and the confounding dilution from atmo-
spheric mixing.

Other prior work has shown that diurnal cycles of pri-
mary and secondary pollutants that arise from NCFR
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Figure 2. Comparison of continuous monitoring data (April 2017-June 2018) of methane (A), ethane (B), and
acetylene (C) from the Boulder Reservoir (BRZ) with daily flask sampling results from Niwot Ridge (NWR).
Note that BRZ data are plotted as a blue line plot whereas NWR data are plotted as discrete samples using red
markers. Graphs for each species are plotted at the same y-axis scale for comparison. Seasonal transitions are indicated

by the yellow dotted lines.

sources become progressively weaker with altitude
(Brodin et al., 2010; Rossabi et al., 2021). At NWR's
elevation, diurnal cycles are expected to be relatively
weak. Therefore, there should only be a negligible bias
from the difference in the daytime (NWR) versus 24-h
(BRZ) sampling. NWR measurements may slightly over-
estimate species concentrations of free-tropospheric
background air on summer afternoons with strong
easterly upslope flow (Brodin et al., 2010; Oltmans
et al,, 2021).

There is greater variability and higher concentrations in
observations at BRZ compared to NWR. While the low
values in the BRZ measurements were in close
agreement with the NWR background data, there was an
abundance of occurrences of elevated concentration
spikes at BRZ. This behavior was seen for all measured
gases, including methane. For methane, enhancements
reached up to =150% of the ~1,950 ppb background.
The atmospheric lifetime of methane is ~8 years (Sonne-
mann and Grygalashvyly, 2014), while C,—Cg alkane
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Figure 3. Statistical distribution of hourly binned BRZ ambient air mole fraction data for ethane (A) and
benzene (B). Hourly binning occurred to the nearest hour for years with measurements every 2 h, since observations
did not occur at the same time each day. The box-whisker plots indicate the median value in the center of the box with
the horizontal line and the mean with the white dot, the box itself shows the 25-75 percentile range, and the
whiskers show the 5 and 95 percentile values. Graph (C) shows the diurnal traffic counts on Highway 36 (CDOT, 2024),
one of the main arteries leading into Boulder from the south. April 4, 2017-April 1, 2019, data were included.

lifetimes range between 3 and 180 days (Helmig et al.,
1996). Because of their shorter lifetime compared to
methane, VOCs background mole fractions are about 3
orders of magnitude smaller. With the lower background
values, the spikes reached much higher mole fractions
relative to their background. For instance, spikes for eth-
ane reached values of up to 100 times the background
seen at NWR. The much higher variability and abundance
of high mole fraction spikes resulted in an overall higher
spread in the statistical distribution, shown in the side-by-
side comparison of daytime results in Figure 4. While the
lower percentile values were relatively similar, the

differences between the 2 datasets become larger for the
higher percentile values. The high mole fractions at BRZ
were largely caused by frequent but relatively short spikes,
lasting between 10 min and a few hours. These elevated
mole fraction events occurred throughout the year;
however, their abundance and observed maximum mole
fractions were higher during the winter. These plumes
carried both high methane and high concentration VOCs.
Between July 2017 and June 2018, there were 2,187 out of
4,243 samples (51%) in the BRZ record that exceeded the
99th percentile value of ethane at NWR (5.55 ppb). Dur-
ing the colder months of the year, due to weaker solar
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Figure 4. Comparison of the statistical distribution of 47 months (April 2017-February 2021)
of observations at BRZ and NWR for (A) methane, (B) ethane, (C) propane, (D) acetylene, (E) i-butane,
(F) n-butane, (G) i-pentane, and (H) n-pentane. Both datasets rely on daytime samples collected between 07:00
and 19:00 Mountain Standard Time (MST). See the caption of Figure 3 for the box whisker plot explanation and
Supplement Figure S5 for a logarithmic scale version of this graph.

irradiance and convective mixing, nocturnal boundary
layers are stronger and longer lasting, and daytime
boundary layer depths are lower. These are most likely
the explanations for the more abundant and higher con-
centration winter spikes, as emissions released at the
surface do not mix as vigorously and maintain their ele-
vated VOC signatures for longer distances during trans-
port. In contrast, NWR remains well above the boundary

layer on the plains during most times and is subjected
primarily to lower free tropospheric air transported into
the region (Fahey et al., 1986; Brodin et al., 2010). Sea-
sonal cycles at BRZ are most pronounced for ethane and
propane and weaker for heavier VOCs. Seasonal summary
plots are shown in time series format in Figure 5, and as
monthly box-whisker summer graphs in Supplement
Figure S4.

G20z Auenuer g} uo 3senb Aq ypd/ | L00"€Z0Z EIUBWLIS/SER.F8/L L L0/ L/E L /HPd-Bloe/eluBWS|8/NPa"ssaidon-auljuo//:dpy woy papeojumoq



Art. 13(1) page 8 of 30

Helmig et al: Methane and VOCs at the Boulder Reservoir

Methane
..... 95%

A 2300 77 S

w— 50%

2017 2018 2019 2020 2021

Propane

0-

2017 2018 2019 2020 2021

Toluene
E o8

2017 2018 2019 2020 2021

Ethane
B ..... 95%
40 -
— 25%
304 ..... 5%
g2
10
O.‘ N | " I . ‘ d . '
2017 2018 2019 2020 2021
Benzene
Do

2017 2018 2019 2020 2021

1751 —_ s

5 1.25-

Q

£ 1.00-
0.751
0.50+
0.251

2017 2018 2019 2020 2021

Figure 5. Monthly averaged BRZ methane and selected VOC time series during April 2017-January 2021,
showing the 5, 25, 50, 75, and 95 percentile ranges. (A) Methane, (B) ethane, (C) propane, (D) benzene, (E)

toluene, and (F) acetylene.

Benzene and toluene deviate from the n-alkanes by
showing a secondary summer maximum that is consistent
throughout the years of measurements (see more discus-
sion below). A summary of the numerical results is pro-
vided in Supplement Table S4. Methane shows its highest
seasonal mole fraction during the winter months. The
methane seasonal amplitude is on the order of
~100 ppb. This is well above the seasonal amplitude of
~30 ppb seen in the background atmosphere. This stark
difference underscores the large influence of the reduced
mixing in the winter, which exerts a stronger trapping of
nearby emissions at the surface and drives the ~3 times
higher concentration enhancement seen in the winter
data (BRZ vs. NWR).

3.1.2. Diurnal cycles and weekday/weekend effects

BRZ diurnal cycles and weekday/weekend comparisons of
methane and selected VOCs are presented in Figure 6.
Mean and median values were calculated and binned for
each hour of the day in Mountain Standard Time (MST).

We chose to present the median results as they are less
sensitive to extreme high values and are therefore deemed
to provide a more representative result for the general
behavior in the data (for a comparison of the median with
mean results see Supplement Figure S6). Monday through
Friday were considered as weekdays, and Sunday and fed-
eral holidays were binned together as holiday-Sundays.
Saturdays were excluded. There are approximately 5 times
more weekdays feeding into the analysis, which explains
the smoother diurnal cycle curves for weekdays.

To our knowledge, there are no plausible reasons for
significant diurnal cycles in methane emissions. Therefore,
the methane diurnal cycles (Figure 6A) can be used as an
indicator of the influence of the diurnally changing
boundary layer dynamics on atmospheric mole fractions.
The diurnal changes in methane from the suppressed mix-
ing in the nocturnal boundary layer, and increased mixing
during the day from convective turbulence, result in a mul-
tiyear averaged ~50 ppb diurnal methane cycle amplitude
in surface air. The slight difference seen between weekdays
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Figure 6. Median diurnal cycles for the complete record divided into holiday-Sundays and weekdays
(Mon—Fri) for data collected between May 2017 and January 2021. (A) methane, (B) ethane, (C) propane,
(D) benzene, (E) toluene, and (F) acetylene. Shaded areas show the 95% confidence range (1.96 standard errors) of the

data.

and holiday-Sundays is within the noise of the determina-
tion and does not point toward a significant difference. A
similar diurnal behavior is seen for ethane and propane.
Their data are more noisy, likely due to the less frequent
VOC sampling. Using the methane data as reference, the
most likely explanation for the higher levels at night and
declining values during daytime is again the forcing from
mixing/dilution. Both ethane and propane results point
toward slightly higher levels on weekdays, particularly
during daytime hours, although these differences are not
statistically significant. Nonetheless, this possibly points
toward higher rates of natural gas releases from venting
and other well site operations during weekday work hours.
Diurnal cycles for benzene, toluene, and acetylene are
distinctly different. These show maxima during early
morning and evening hours when vehicular traffic is high-
est. The second maximum in the evening is around 21:00
MST. This is 3-5 h after the rush hour peak. It may indicate
the accumulation of these evening emissions during the
time of rapidly weakening boundary layer mixing. Week-
day values are mostly higher than weekend/holiday values
throughout the day for benzene and toluene, although
the difference is less striking for benzene, and both cycles

are within 2 standard errors of each other. The behavior
seen in the data may be attributed to substantial contri-
butions from traffic and other activities toward total emis-
sions. A Wednesday—Sunday data comparison of nitrogen
oxides (NO,) at BRZ pointed to a similar magnitude of the
contribution of traffic on these primary mobile source
emissions, as NO, levels were on average 20%—40% lower
on Sundays (Pollack et al., 2021b).

3.1.3. Isoprene at BRZ

During the summer, the VOC samples showed a prominent
presence of the biogenic hydrocarbon isoprene. Isoprene
values regularly exceeded 1 ppb, and at its maximum,
isoprene occasionally had the highest mole fraction of the
monitored VOCs (Figure 7). There is a sudden onset of the
isoprene occurrence in spring and a sudden cessation in
fall. Outside of this summer growing season, isoprene
remained well below 0.1 ppb. During the 4 years of obser-
vations, the spring onset of observed isoprene (first value
>250 ppt) varied from May 19 to June 10 (2017: June 3;
2018: June 10; 2019: June 3; 2020: May 19), and the date
of the last >250 ppt isoprene occurrence varied from Sep-
tember 21 to October 17 (2017: September 21; 2018:
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Figure 7. Isoprene at BRZ from May 2017 to March 2021.

September 30; 2019: September 26; 2020: October 17).
Taking the isoprene occurrences as an approximate indi-
cation of the foliage/growing seasons, this is a remarkable
variation in the length of the season, from a minimum of
103 to a maximum of 151 days. During the peak of the
summer, monthly mean isoprene can occasionally consti-
tute up to half of the OH reactivity within the spectrum of
quantified VOCs (Supplement Figure S7). It is likely that
emissions from several large cottonwood trees near the
shorelines of the reservoir contribute to the observed iso-
prene. Cottonwood trees have been labeled as a moderate
isoprene emitter, with a standardized isoprene emission
rate of 9,050 ng g~ ' h™' (Villanueva-Fierro et al., 2004).
The larger area surrounding BRZ is a combination of agri-
cultural land, the Western Great Plains Foothill, and Pied-
mont Grassland, which are unlikely isoprene sources. A
comparison of available concurrent isoprene monitoring
data from BRZ with monitoring sites in Longmont and
Broomfield for the latter part of the summer of 2020
shows that BRZ daytime maximum values are on average
2-5 times higher than at these comparison sites (Supple-
ment Figure S8). It is therefore unlikely that these iso-
prene data constitute representative observations for the
surrounding area at large. According to this data compar-
ison, atmospheric isoprene shows a high sensitivity to the
vegetation species type and distribution at particular mon-
itoring sites. More research on the regional isoprene
occurrence is needed and care should be taken extrapo-
lating individual site data for regional atmospheric chem-
istry observations.

3.2. Dependence of methane, VOCs, and VOC ratios
on wind speed and direction

Methane and VOC abundances show a strong dependency
on wind speed (Figure 8). All species show a similar pattern

with more variability and highest mole fractions seen at
lower wind speed, and less variability and lower mole frac-
tions seen with increasing wind speeds. This behavior indi-
cates more dilution of the NCFR air with lower
concentration background air as wind speed increases, that
is, stronger wind speeds allow pollution plumes to be more
quickly dispersed by advection (Pfister et al., 2017a). At the
highest observed winds, BRZ mole fractions converge to the
background values seen in the NWR data. An interesting
and unexpected feature in the BRZ methane graph is that
the lowest percentile values at the lowest wind speeds are
lower than the methane values at the highest wind speeds
(Figure 8A).This is likely a consequence of the annual wind
patterns in the region: The strongest winds are mostly wes-
terlies that occur in the winter months, when the seasonal
background of methane is at its highest. This is confirmed
by NWR data that show methane values that are ~30 ppb
higher during the winter in comparison to the summer
minima (Supplement Figure S9).

The dependence of observed mole fractions on winds was
further investigated using wind rose and bivariate polar plot
analyses. Concentration-wind rose analyses show a high sen-
sitivity to the applied wind speed filter. While calmer winds
are relatively evenly distributed, stronger winds mostly orig-
inate from the west and north sectors. Data filtered for
stronger winds show an increasingly narrower definition of
the primary upwind source sectors, with winds from the
northeast sector transporting the highest levels of methane
and VOCs to BRZ (see Supplement Figure S10 for the depen-
dency of methane and ethane wind roses on the wind speed
filter). A clear distinction between different contributing VOC
sources can be derived from the analysis of the isomeric
pentane ratio (i-pentane/n-pentane). Several prior studies
have applied this tool for elucidating VOC source categories.
While O&NG VOCs are characterized by a relatively narrow
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Figure 8. BRZ VOC mole fractions plotted as a function of wind speed during April 2017-January 2021,
without correcting for the interannual trend in global mean methane. The red dotted lines depict the mean

background mole fractions measured in the NWR data.

range of ~20.9-1.1, values of >1.5 are more typical for urban
and photochemically processed air (Gilman et al., 2013;
Thompson et al., 2014). The distribution of pentane isomeric
ratio values in air transported from the northeast sector is
distinctly lower and centered in the range of the O&NG
signature window compared to values seen in air transported
from other sectors (Figure 9), similar to findings at other
sites in this region (Swarthout et al., 2013; Halliday et al,,
2016; Oltmans et al.,, 2021). The differences become starker
when only data during higher wind speed conditions are
considered. These results illustrate that emissions source
characteristics are best defined in subsets of the data that
have been filtered for higher wind conditions.

Bivariate polar plots (Figures 10, 11, S11-S13) similarly
parse the wind and species concentration datasets into wind
directional sectors, but instead, color the radial dimension
with concentrations corresponding to given wind speeds.
The default binning, interpolation, and smoothing settings
are used from the OpenAir R package, with direction bins of
10 degree sectors and 30 total speed bins (Carslaw and
Ropkins, 2012). The minimum bin (min-bin) parameter spe-
cifies the minimum number of values in each bin needed to
be considered in the interpolation and shown in the figure.
Gray areas represent wind velocities that occurred but with
insufficient frequency to meet the min-bin parameter. An
evaluation of the wind measurements and the procedure for

filtering of data as a function of wind conditions is provided
in Supplement Text T2. Results for the bivariate polar plot
analyses for methane and five selected VOCs are presented
in Figure 10 (see Supplement Figure S13 for a seasonal
breakup of these data). These graphical outputs point to
a similar conclusion as the wind rose graphs: Elevated mole
fractions of methane and light petroleum hydrocarbons
originate predominantly from the north to east of BRZ.
Elevated pollutant levels were observed even at high wind
speeds from this sector despite the stronger dilution. Ben-
zene, toluene, and acetylene were less clearly defined. Rel-
atively high acetylene occurred with northerly winds. This
suggests a source from the Reservoir, such as from motor
boating, or north of the Reservoir. Similar results for i-pen-
tane and n-pentane suggest that these may similarly have
contributions from recreational activities at the BRZ (Sup-
plement Figure S13c).

Figure 11 presents bivariate wind analysis results for
five selected ratios of VOC pairs. The most revealing results
are for propane/ethane and i/n-pentane where there is
a clear signature of higher propane/ethane and lower
i/n-pentane ratio values from the O&NG sector. Air trans-
ported to the site from the west has higher values for
benzene, i-pentane, and toluene, particularly during the
summer (Supplement Figure S13). Our best interpretation
for these signatures is that these potentially stem from
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Figure 9. Isomeric i/n-pentane ratio in BRZ VOC samples as a function of wind direction, for (A) all data, and
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1, and (D) wind speeds >3 m s~ . These

plots show petal lengths that correspond to the frequency of wind observations in each directional sector, and each
petal is colored with the proportion of observations corresponding to a measured species in various concentration
bins for that wind direction sector. Data with winds <1 m s~ " were excluded as wind direction is not that well defined

during those conditions.

recreational equipment, possibly outboard engines used
on boats on the Reservoir.

Observations of the quantified individual VOCs were
multiplied by their OH rate constant and added together
for a bivariate analysis of the OH reactivity from these
VOCs. This analysis was conducted for daytime data in
summer to investigate source regions of this partial OH
reactivity during maximum ozone formation. Isoprene
was excluded from the analysis to focus on anthropogenic
contributions. Results shown in Figure 11, panel F, iden-
tify two primary source sectors: One reactivity hot spot is
the sector extending from the north to the northwest. This
sector overlaps with the footprint of the Reservoir and the
recreational areas, suggesting that emissions from activi-
ties within the park, as hypothesized in the preceding
section, constitute a notable contribution to the total VOC
reactivity. This interpretation is supported by the bivariate
polar wind analysis results for toluene, benzene, i-pen-
tane, and n-butane that all show signs for elevated emis-
sions in the direction of the Reservoir Park footprint
during the summer (Supplement Figure S13). Ethene,
acetylene, and propene show enhanced mole fractions

in air flow from the north during the summer months,
which suggests that these alkenes may result from motor-
boat engine exhaust on the Reservoir (Supplement Figure
S13). The other sector that exhibits a signal with increased
OH reactivity lies to the northeast in the direction of the
center of the O&NG area. It is remarkable that air masses
originating from the southeast and the southwest, which
is the direction and closest distance to Highway 119 and
the City of Boulder, have relatively low OH reactivity. Cau-
tion should be exercised as these OH reactivity results
exclusively rely on the reactivity from the subset of VOCs
that were measured here. The total OH reactivity will have
contributions from additional VOCs and other reactive
trace gas species (Coggon et al., 2021).

3.3. Potential source contribution function analysis

PSCF analysis offers an independent approach for exam-
ining wind and transport dependency. PSCF does not rely
on the local wind measurements, but instead builds on
the paring of observed mole fractions with HYSPLIT back
trajectories; in our case, 12-h back trajectories were used.
The PSCF output shows the probability that a trajectory
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Figure 10. Bivariate polar plot analysis with BRZ VOC mole fractions plotted as a function of wind speed and
direction during June 2017-February 2021.Wind speeds in m s~ are shown as concentric circles with BRZ at the
origin. Only data for winds >1 m s~ are included. All color bars are in units of ppb. Gray areas show wind speed and
direction bins that lack enough data points to calculate a reliable median value of the respective species and were
therefore disregarded (“Min Bin” filter) in the interpolation.

that was paired with a measurement result was above the
overall median mole fraction when it passed over a given
grid cell surrounding the site, assuming a Lagrangian
framework, that is, that an emission follows an air parcel
without diffusion or chemical loss. The probability scale
reflects a normalized count of the trajectory passes over
each grid cell. Source region results shown in Figure 12
are similar for methane, ethane, and propane. The likeli-
hood for air parcels to pick up enhanced levels of these

gases were highest when trajectories passed over the area
from approximately the northeast to the southeast of BRZ.

The source footprint for total VOC carbon (Figure 12D)
is similar to the one for the alkanes because alkanes con-
stitute the bulk of the total VOC carbon. Air originating
from the direction of Denver to the southeast has a com-
paratively minor contribution despite Denver being
located at the same approximate distance as the O&NG
area in Weld County. Results for the i/ n-pentane ratio and
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Figure 11. (A-E) Bivariate polar wind dependency analysis for VOC/VOC ratios observed in air transport to
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! are shown as concentric circles with BRZ at the origin. Only
plot analysis with total BRZ VOC OH reactivity values (color

bar in units of s™') plotted as a function of wind speed during the summer months (June, July, August) 2017-2021

between 7 AM and 6:59 PM MST. See Supplement Table

nitrogen oxides were included in Figure 12 primarily for
comparison and as a method sensitivity verification. The
likelihood to observe above median values of the pentane
ratio, reflecting urban emissions, is highest in the trans-
port from the south, whereas lower values, reflecting
O&NG signatures, are observed in transport from the
northeast. Results for NO, are similar: the strongest source
region is also to the south and southeast, overlapping with
the transportation sector between Boulder and Denver.
The breakdown of these PSCF analyses in seasonal seg-
ments does not show notable differences in source foot-
prints (Supplement Figure S14). The general conclusions
from the bivariate wind and the PSCF analyses are rather
consistent as both methods point toward air with elevated
VOCs and an O&NG VOC signature transported from an
area extending 40-50 km mostly to the north to south-
east. These primary source footprints show strong overlap
with the O&NG well distribution, mostly in Weld County
(Figure 1). Mobile source and urban emissions, as identi-
fied by NO, and a higher i/n-pentane ratio, are more
prominent in air transported to BRZ from the south or
southeast directions. These footprint analyses and con-
clusions agree with similar analyses conducted on an
earlier (2008-2016) dataset from the Boulder Atmo-
spheric Observatory (BAO) (Oltmans et al., 2021),
located approximately 25 km to the east of BRZ within
the southwest corner of Weld County.

S5 for considered VOC species.

3.4. Plume event analysis

The highest observed ethane mole fraction over the 4-year
reporting window was 117.0 ppb on December 22, 2017.
On only one other occasion did ethane exceed 100 ppb
(January 5, 2018); 5-10 plume events between 60 and
80 ppb were observed during most winters. The nature
of the December 22, 2017, plume is further investigated as
a case study to illustrate the chemical composition and
possible origin. Three-day time series graphs spanning the
event are plotted in Figure 13. This plume was observed
at BRZ for approximately 4 h. Three VOC samples were
recorded in which VOCs were elevated 30-50 times above
the prior runs. For instance, the 12:58 MST sample
(recorded time is the middle of the 10-min sample collec-
tion period) had an ethane mole fraction of 3.39 ppb. The
results for the 3 following runs at 14:52, 16:47, and 18:41
MST were 106.0, 117.0, and 95.8 ppb, respectively. All
these recordings were 15—18 times higher than the high-
est value (6.4 ppb) seen in the available data from NWR.
Similar enhancements were seen for other VOCs, that is,
peak values were 108.9 ppb for propane, 49.6 ppb for
n-butane, and 15 ppb for n-pentane. Methane increased
from 1,953 ppb prior to the event to over ~2,900 ppb, an
enhancement of ~1,000 ppb. The maximum benzene
value was 0.83 ppb, which was the second highest ben-
zene recorded in 2017. The mean isomeric pentane ratio in
the 3 plume samples was 0.82, characteristic of a natural
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Figure 12. PSCF results for methane (A), ethane (B), propane (C), total VOCs (D), the i/n-pentane ratio (E), and
nitrogen oxides (F), using 12-h back trajectories (May 2017-September 2020).

gas signature, and similar to the Denver-Julesburg Basin
(DJB) raw O&NG signature value of 0.86 (Gilman et al.,
2013). This plume had a characteristic “wet” (>15 weight
% total VOCs) natural gas signature, with methane being
the most abundant constituent, followed by ethane, pro-
pane, the butanes, and so forth, with relative abundances
of these petroleum hydrocarbons decreasing with increas-
ing carbon number. Acetylene, often used as a combustion
tracer, reached 1.94 ppb, which is a more moderate
enhancement in comparison to the alkanes (i.e., equiva-
lent to a 92.8 percentile value for the full dataset).
December 22 was a cold winter day with a high tem-
perature of —7°C and a low temperature of —15°C. A
strong temperature inversion was present at 400-500 m
above ground as seen on morning and afternoon Denver
radiosonde data, associated with a regional high-pressure
system and stable synoptic meteorological conditions.
These conditions limit the vertical transport and mixing,

enhancing pollutant concentrations near the ground.
Winds (Figure 13E) were from the north to northeast
prior to and during the onset of the event, but then
shifted to the west at 16:00 MST. Wind speed averaged
2-3ms ' (equivalent to an approximate 7—11 km surface
transport distance per hour), but then decreased to
approximately half those values for the remainder of the
day. Winds at Longmont were also northeasterly and
between 3 and 5 m s~ ' (Supplement Figure S15). The back
trajectories for the hours surrounding the event
(15:00-17:00 MST) show transport from the north to
northeast (Supplement Figure S16), in agreement with the
wind measurements at BRZ (Figure 13) and the surround-
ing airports (Supplement Figure S15). These flow condi-
tions transported air from the north and northeast in Weld
County for =6 h toward BRZ and were preceded and
followed by more rapid air transport from the west (Sup-
plement Figure S16). It is therefore likely that the plume
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Figure 13. (A-D) Observations of ethane, propane, benzene, toluene, the i/n-pentane ratio, and methane mole
fraction during the plume event on December 22, 2017. Panel (E) shows the wind conditions during the same
time window, and panel (F) depicts the 17:00 MST back trajectories closest to the time of the peak of the event. More
back trajectories from before and after 17:00 MST are provided in Supplement Figure S16.

originated from a further distant well site beyond the City of
Longmont. Further beyond the City of Longmont, the back
trajectories passed near the town of Windsor, 54 km to the
northeast of BRZ, 6-9 h prior to arriving at BRZ. On that
same day, a well site caught on fire within that area after
a large explosion at 20:46 MST (Denver Post, 2017). This
raises the question if these elevated VOCs possibly originated
from this well pad and that the VOC enhancements were
from leakage or venting that might have been occurring
prior to the time of the explosion. With the ~4-5 h duration
of the plume as observed in the BRZ data, under the Decem-
ber 22 wind conditions, the plume must have had a geo-
graphical extent along the trajectory of several tens of

kilometers and passed over an area populated by well over
100,000 people, including the City of Longmont.

3.5. Comparison of BRZ in 2017 with other U.S.

cities in 1999 —2004

The graphical comparison in Figure 14 shows the BRZ eth-
ane data in 2017 relative to canister sampling results from
28 other American cities from 1999 to 2004 (Baker et al.,
2008). Note that Boulder is by far the smallest city in this
comparison (population of 106,000 in 2019, 450 people per
square mile). It is also important to note that the BRZ mon-
itoring is outside the Boulder city footprint, whereas the
comparison data stem from sampling within those cities.
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Figure 14. Statistical distribution of the ethane monitoring results at BRZ in comparison to reported mean

August—September values (circles) and standard deviations (error bars) in 28 major U.S. cities (Baker et al.,
2008) for the years listed. BRZ data are for all of 2017 (“Boulder”), as well as August 1 to September 7 only and
between 10 and 19 MDT (“Boulder Summer”) to compare with the sampling time and season of the other cities. The
BRZ data are displayed in a rotated box-whisker plot format. Values outside of the 95 percentile range are plotted as
crosses. Note that the comparison data stem from measurements conducted during 1999-2004, some 15 years prior

to the BRZ monitoring data.

When filtering BRZ data for samples taken during August
and the first week of September and between 10 and 19
Mountain Daylight Time (MDT) to compare with Baker et al.
(2008), the mean ethane results from Boulder, despite its
smaller size, are the fourth highest in this comparison, trail-
ing the Pittsburg, Charleston, and Los Angeles data. Another
aspect to consider is the 13—19 years' time difference in
these data. VOCs have steadily decreased in U.S. urban areas
throughout the past decades (Warneke et al., 2012; Rossabi
and Helmig, 2018). For instance, an average —6.2% yr '
decline in ambient ethane was reported for greater Los
Angeles from 2001 to 2008 (Warneke et al., 2012). If that
rate of decline is applied to the Baker et al. (2008) data and
the time lag between the datasets is used to correct for the
decrease in urban concentrations, then the BRZ ethane
results constitute the highest values in this 28-city compar-
ison (Supplement Figure S17). Comparison results for other
O&NG tracers were similar, with a tendency of the BRZ VOC
results steadily dropping in their ranking with increasing
carbon number (not shown).

These analyses underscore that atmospheric VOCs that
result from O&NG well operations are remarkably high
not just in close proximity to the extraction areas as has
been shown in a number of shorter campaigns (Pétron

et al., 2012; Gilman et al., 2013; Thompson et al., 2014;
Oltmans et al., 2021), but also in downwind populated
regions throughout the year.

3.6. Characterization of the natural gas source
Atmospheric methane can arise from a multitude of emis-
sion sources, that is, livestock, landfills, wetlands, and
O&NG, with many of these present and abundant in the
NCFR. Previous work concluded that O&NG emissions
dominate, contributing ~75% of total methane emissions
in Weld County (Pétron et al., 2014; Peischl et al., 2015).
Ethane is a more selective tracer for O&RNG emissions
because other emission categories make relatively minor
contributions to the ethane flux. Building off this relation-
ship, atmospheric ethane observations, combined with
methane—ethane O&NG emission ratios, have been used
to estimate the O&NG-associated methane flux and its
trend (Aydin et al., 2011; Simpson et al., 2012; Helmig
et al., 2016; Tzompa-Sosa et al., 2019).

Quantified hydrocarbons show a strong correlation with
methane, indicating that they share common sources, foot-
prints, and/or common forcings that influence their ambient
air concentrations (Supplement Figure S18). The correlation
is the strongest for natural gas hydrocarbons, that is, ethane,
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Figure 15. Methane, ethane, and total VOCs as a function of the isomeric ratio of the pentane isomers (top),
and total VOCs (in carbon) as a function of methane and ethane (bottom), at BRZ from April 5, 2017-

February 16, 2021.

with a residual variance of 19%, followed by propane and F
butane. Correlation results become weaker with increasing
molecular weight, with the residual variance increasing to
44% for toluene. A similar residual variance value was deter-
mined for benzene and acetylene. Positive matrix factoriza-
tion modeling previously associated the alkanes
overwhelmingly to O&NG emission sources, while acetylene
and toluene were found to have only a minor association
with O&NG emission. The total C,—Cs alkanes association
with O&NG sources was determined to be 79% + 1% and
84% £ 20% during the winter and the summer, respectively.
In contrast, for acetylene, the main contributing emission
factor was traffic (45% + 6% in winter and 87% + 32%
in summer) (Pollack et al., 2021a).

Figure 15 investigates the dependence of VOCs on the
O&NG tracers methane, ethane, and on the i/ n-pentane ratio
as O&NG indicator. Most of the high mole fraction VOC
observations, in particular high ethane mole fractions, are
observed at an isomeric pentane ratio of 0.9-1.1. As the
pentane ratio increases, reflecting dilution with background
or urban air, ethane values decrease. This abundance of high
ethane measurements in the pentane isomeric O&NG signa-
ture window reaffirms how ethane is dominated by O&NG
sources. The predominance of high mole fraction values at
an isomeric pentane ratio of 0.9—1.1 is highest for the petro-
leum hydrocarbons, and highest overall for ethane and pro-
pane in comparison to other analyzed VOCs. Using ethane
and the pentane ratio as an O&NG tracer, the analysis in
Figure 15, panels C-E investigates the dependency of the
total identified VOC carbon flux on the isomeric pentane
ratio and on methane and ethane. VOCs that were

considered for the total atmospheric VOC carbon were eth-
ane, propane, i-butane, r-butane, i-pentane, n-pentane, n-
hexane, ethene, propene, benzene, toluene, o-xylene, m- and
pxylene, ethyl-benzene, and acetylene. Total VOC carbon and
ethane correlate tightly; there is only a 4% residual variance,
compared to 22% for methane. These results add additional
evidence suggesting that the sources contributing to the
total volatile carbon of the included VOCs are overwhelm-
ingly associated with O&NG emissions.

Correlations between pairs of VOC/VOC (Supplement
Figure S19) show narrow correlations between isomeric
pairs and VOCs that are closest in carbon number. For
instance, the i-butane with n-butane relationship shows
a mere 1% residual variability; the result for the pentane
isomers is 4%. The ethane—propane correlation shows a 6%
residual variability. Correlations are in general narrower
among alkanes than between alkanes and aromatic com-
pounds. Residual variability for benzene with alkanes is on
the order of 30%-40%. The result for benzene—toluene is
28%, which is relatively weak compared to other results,
indicating that both emissions have a significant fraction
from non-common emission sources. Acetylene has the
highest correlation with benzene, and benzene the second
highest with acetylene, confirming their relatively high por-
tion of shared emissions sources. Toluene was found to be
mostly attributed to the regional anthropogenic back-
ground, while benzene has a relatively even mix of sources
from short-lived O&NG, traffic, and regional anthropogenic
background sources (Pollack et al., 2021a).

Assuming that most of the VOCs and methane result
from a shared O&NG emissions source, and that emissions
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Table 1. Slope values of VOC/methane correlation
analysis and inferred fraction of VOCs relative to
methane®

VOC/Methane VOC/Methane
voC Slope (ppb/ppb) (weight %)
Ethane 0.095 178 £ 0.2
Propane 0.066 18.1 £0.3
i-Butane 0.011 40 £ 0.1
n-Butane 0.031 112 £ 0.2
i-Pentane 0.009 40 £ 0.1
n-Pentane 0.010 45 + 0.1
Total 59.7 + 04

Uncertainties for weight % are based on slope uncertainties
for the orthogonal distance regression (ODR).

from a common source are responsible for most of the ele-
vated values, allows using methane and VOC relationships to
estimate the approximate composition of the natural gas
source. In order to increase the selectivity toward O&NG-
influenced samples, the data were filtered for wind direction
from the primary oil and gas sector, that is, 0°~120°, and for
ethane values over 5 ppb, and an i/n-pentane ratio range of
0.75-1.2. Results in Table 1 show that on average, the
O&NG plumes contained 17.8% ethane and 18.1% propane
relative to methane. The combined C,—Cs alkanes (ethane,
propane, butanes, and pentanes) accounted for 59.7% of the
methane flux. With this composition, the fractional contri-
bution of these VOCs to the total O&NG hydrocarbon flux is
0.597/(1 + 0.597) ~37%, with methane contributing
the remainder of ~63%. Inclusion of additional VOCs
(>Cs, cyclic compounds) would further increase the VOCs
and decrease the methane percentage. Natural gas with
<85% methane is defined as “wet” gas. Consequently, the
chemical signature in the BRZ data, with a 37% mass con-
tribution of these listed non-methane VOCs alone, clearly
points to the wet character of the natural gas source. This
characterization agrees qualitatively with the results from
airborne measurements where just the ethane/methane
emission (mass) ratio for the DJB was estimated to be
~30% (Peischl et al., 2018).

3.7. Flux estimate and inventory evaluation

A top-down DJB ethane flux estimate of 61.3 + 9.6 Gg yr
was estimated from basin-wide aircraft profiling in April
2015 (Peischl et al., 2018). A more recent aircraft study
from October 2021 resulted in a lower ethane flux of
272 + 12.3 Gg yr ! (Fried and Dickerson, 2023). Using
correlations between ethane and other VOCs from BRZ
data filtered for O&NG emission plumes offers an oppor-
tunity to estimate other O&NG VOC fluxes based on these
observed dependencies. Since ethane is the more selective
O&NG tracer, we developed a flux estimate based on eth-
ane rather than methane, as scaling to the methane flux
would add uncertainties in the O&NG emissions allocation
because of the stronger contributions from non-O&NG
sources to the total methane flux. The principle of using
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ethane as an anthropogenic O&NG tracer and its relation-
ship with methane and other VOCs for determining O&NG
fluxes has been extensively applied in prior research (Kat-
zenstein et al., 2003; Aydin et al, 2011; Simpson et al,
2012; McKain et al., 2015; Roscioli et al., 2015; Ramsden
et al, 2022). The VOC/ethane slopes from the O&NG-
filtered BRZ data were scaled to both the April 2015 and
October 2021 ethane DJB flux estimates. The filtering for
isolating O&NG-influenced samples used in Section 3.6 left
2,248 data points out of the overall 19,335 samples. ODR
correlation analyses results are provided in Supplement
Figure S20, and standard linear regression correlation anal-
ysis results are shown in Supplement Figure S21. Supple-
ment Text T3 explains how the nonidentified VOCs were
estimated. The slope values of the correlations are pre-
sented in Table 2, together with the VOC flux estimates
resulting from multiplying the VOC/ethane mass ratio
values with a given aircraft ethane flux estimate. 16 uncer-
tainties are calculated by standard error propagation with
the slope uncertainties in the BRZ data and the uncertain-
ties from the top-down ethane flux estimates that were
reported in the referenced field campaigns. These calcula-
tions result in a 245.0 + 169 Gg yr ' total VOC flux
estimate for April 2015, and 108.5 + 214 Gg yr ' esti-
mate for October 2021. It is important to note that while
we report our estimates as annual fluxes for a comparison
to inventory and other literature, these flux estimates
reflect the specific time period from each top-down aircraft
study, and our estimates rely on the assumption that VOC/
ethane ratios have remained constant during the 2015-
2021 time window. As mentioned above, these calculations
are based on the slope values of ODR analyses which
minimizes both errors in the ethane and other VOC data.
A sensitivity analysis that was performed for the April 2015
results using a linear regression analysis instead of ODR
(Supplement Figure S21, Supplement Table S6) yielded
results that were ~12% lower, that is with a total VOC
flux estimate of 229.9 + 159 Gg yr .

These flux estimates offer a rare opportunity to evalu-
ate the inventory data that are considered in the recently
completed State of Colorado Serious State Implementa-
tion Plan for the Denver Metro and North Front Range
Ozone Nonattainment Area (Regional Air Quality Council
[RAQC], 2020). This report provides inventory estimates
for total oil and gas VOC emissions. The VOC inventory
estimate excludes ethane as it is considered nonreactive
for ozone photochemistry. The VOC inventory flux for the
years 2011, 2017, and 2020 projects an overall declining
trend of —6.5% yr~' (relative to 2011), with a slight
decrease in this rate for 2023 (RAQC, 2020; 2023). A linear
interpolation through these 3 inventory estimates yields
April 2015 and October 2021 O&NG VOC (excluding eth-
ane) flux values of 72 and 40 Gg yr~', respectively (Sup-
plement Figure S22). Our best VOC (excluding ethane)
flux estimate from the ODR analysis yields 183.6 + 12.6
and 81.3 £ 16.1 Gg yr ' for these respective dates, which
is 2.0-2.5 times higher than the respective inventory
values. We remind the reader that each ethane flux esti-
mate was obtained during only 2 research flights con-
ducted on 2 days (March 28 and 29, 2015, then October
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Table 2. Estimated O&NG VOC flux from scaling of VOC/ethane relationships of identified O&NG samples to
the (Peischl et al., 2018) year 2015 and the (Fried and Dickerson, 2023) year 2021 DJB ethane fluxes of 61.3

Gg yr ' and 27.2 Gg yr, respectively®

VOC Flux (Gg yr'™")
April 2015°

VOC/Ethane ODR Slope VOC/Ethane October 2021°
voc (ppb/ppb) (weight %) Best Estimate t1oc Best Estimate tlo
Ethane 1.0000 100 61.4 9.6¢ 27.2 12.3¢
Ethene 0.0608 5.7 35 0.6 15 0.7
Acetylene 0.0424 3.7 23 0.4 1.0 0.5
Propane 0.7035 103.2 63.3 10.0 28.0 12.7
Propene 0.0132 1.8 1.1 0.2 0.5 0.2
i-Butane 0.1194 231 14.2 2.2 6.3 2.8
n-Butane 0.3304 63.9 39.2 6.2 17.4 7.9
i-Pentane 0.0934 22.4 13.7 2.2 6.1 2.8
n-Pentane 0.1086 26.1 16.0 25 7.1 32
n-Hexane 0.0357 10.2 6.3 1.0 2.8 13
Benzene 0.0112 29 1.8 0.3 0.8 0.4
n-Heptane 0.0103 34 21 0.4 0.9 04
Toluene 0.0170 52 3.2 0.5 14 0.6
n-Octane 0.0046 1.7 1.0 0.2 0.5 0.2
Total annual flux from identified VOC species 229.1 15.8 101.4 20.1
Estimated unidentified VOCs (6.5%) 15.9 7.1
Total annual flux O&NG VOCs 245.0 16.9 108.5 215
Total annual flux O&NG VOCs (without ethane) 183.6 12.6 81.3 16.1

Orthogonal distance regression (ODR) is used for slope calculations.

bBased on ethane flux reported in Peischl et al. (2018).
“Based on ethane flux reported in Fried and Dickerson (2023).

“Top-down ethane fluxes and uncertainties reported in referenced literature.

1 and 5, 2023). Carbon Mapper data suggest that methane
emissions from O&NG in the DB vary by a factor of 2 from
season to season (Cusworth et al., 2022). Any flux estimate
based on only a few flights may not represent annual data,
which is why our high-time resolution and continuous mea-
surements are a useful complement. This flux estimate also
hinges on a constant VOC/ethane ratio in O&NG emissions
across the DJB. There are several other datasets that allow
evaluating the validity of this assumption, using the eth-
ane/n-butane ratio as an indicator. In the BRZ data, this
ratio is 3.03, that is, the reverse of the n-butane/ethane
regression line slope in the O&NG filtered data (Supple-
ment Figure S20). This value agrees well with results from
several other previous studies, that is, with values of 3.01
(ratio of medians; Gilman et al., 2013) and 3.86 (ratio of
medians; Swarthout et al., 2013) that were determined in
2011 winter data at the BAO. The range of this ratio was 2—4
in boundary layer aircraft sampling during multiple flights
across a wide geographical range of the DJB during the
FRAPPE (Eric Apel, National Center for Atmospheric

Research, personal communication, 2021). These ethane/
n-butane data define the relative uniform composition of
emissions from O&NG sources across the DJB and the rep-
resentativeness of the BRZ data. Additionally, an analysis of
VOC/ethane ratios for O&NG-filtered data in the BRZ data-
set reveals no statistically significant slope over 2017-2021
for any individual VOC (not shown) or total VOCs (Supple-
ment Figure S23), increasing confidence that these ratios
are reasonably representative for 2 years earlier in 2015.
Thus, the dominant source of error in our VOC flux esti-
mates is likely the uncertainty in the top-down ethane air-
craft flux estimates, followed by small temporal
fluctuations in VOC/ethane ratios from plumes, which are
both captured in the uncertainties reported in Table 2.

3.8. Methane and VOC rate of change

Several studies have investigated emission trends in the DJB
between 2008 and 2021 yielding inconsistent results. Lyu
et al. (2021) noted that ambient O&NG VOCs collected in
canister samples in Platteville were lower in 2014 and 2016
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than in 2013, with an overall propane and ethane decrease of
49% and 45% for 2013-2016, respectively. Oltmans et al.
(2021) cautioned about using such a short time window for
determining trends as the high year-to-year variability seen
in ambient data is susceptible to misinterpretation. Their
study was based on a longer, that is, 8-year NOAA data record
from the BAO (2008-2016), filtered by wind direction and
time of day to best reflect mixed boundary layer observations
and DJB O&NG sources. It did not show any significant trends
in methane and propane, which made these authors con-
clude that O&NG emissions had remained relatively
constant.

Two recent investigations determined DJB methane and
VOC trends from satellite-based remote sensing. Reddy and
Taylor (2022) found a 55% and 73% decrease in O&NG
methane and ethane emissions, respectively, between
2013 and 2020, with most of the decrease occurring after
the data were collected that were considered by Oltmans
etal.(2021). Luetal. (2023) reported an 11% yr—' methane
flux decrease in the DJB between 2010 and 2019.

In the following, we investigate the BRZ record for
more recent changes in O&NG emissions between June
2017 and February 2021. With 4 years of data available for
BRZ as of the writing of this article, the record is similar in
length to the Lyu et al. (2021) study. However, there is
a significant difference in the sampling strategy and data
record. While Lyu et al. (2021) had to rely on a single
sample collection every 6 days, yielding some 50-55 data
points per year, the continuous sampling at BRZ has pro-
vided some 5,000—7,000 samples per year. This large body
of data allows careful filtering of data for meteorological
conditions for a more representative year-to-year compar-
ison. Slope analyses for the BRZ data were explored for
methane, ethane, and propane, which are deemed the
most suited O&NG tracers. We refer to our investigation
as rate of change and slope analyses, rather than trend
analysis, as the term “trend” is reserved for instances when
longer periods of data are available.

3.8.1. BRZ methane rate of change

Two initial approaches were pursued to investigate the
relative rate of change. In the first approach, to reduce
the influence of the seasonal cycle and the start and end-
ing date of the record, observations from particular
months were compared over the record. Rates of change
were then determined for the median values for each
month (Supplement Figure S24), and the median and
mean slope and intercept values for the 12 monthly deter-
minations were then calculated. Methane at BRZ is 58.9
ppb higher than in the mostly background air at NWR
(difference in the medians; Figure 4). This 58.9 ppb dif-
ference reflects contribution from the regionally added
atmospheric methane. The overall best estimate of the
methane rate of increase is 7.2 (median) and 7.6 (mean)
ppb yr~' (with a standard deviation of 7.7 ppb yr™'). This
growth rate is on the same order as the methane growth
of 7.0-7.7 ppb yr~' during 2016-2017 that has been
reported for the global background (Nisbet et al., 2019),
although the growth accelerated up to 15 ppb yr~' at the
very end of our observation period (Lan et al., 2022). In
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the second approach, we apply a NOAA GML trend
analysis tool (Thoning et al., 1989; Helmig et al., 2016)
to the data record. This yields a best estimate of a 14.5 ppb
yr~ ' rate of change (Supplement Figure S25). As these BRZ
methane slope results fall above (result from the NOAA
algorithm), and well within (result from the monthly rates
of change) the global background range, there is no indi-
cation of a decline in regional methane emissions. Fur-
thermore, the difference between BRZ and NWR methane
did not show an obvious change over the 4-year time span.
In summary, these BRZ versus NWR data comparisons do
not point toward a change in the relative enhancement of
methane at BRZ versus the (NWR) background, which sug-
gests overall constant methane sources in the NCFR dur-
ing this time window.

We scrutinized the BRZ methane data further by segre-
gating them into samples collected when winds were from
the O&NG sector (NE, 0°-120°) versus “clean” or back-
ground samples collected during westerly winds (240°—
340°) and compared several percentiles at monthly bin-
ning intervals. These results were further broken up by
increasing wind speed (Supplement Figure $26). The dif-
ference, that is, enhancement in the east sector data,
increases with wind speed, which likely stems from more
firmly defined and further extending footprint influences
at higher winds, reflecting a stronger segregation of the
2 different source sectors. For data collected at winds
>3 m s, there is a ~100 ppb enhancement in the air
originating to the east, reflecting the contributions from
stronger methane emissions within that sector.

Figure 16 shows monthly binned O&NG versus clean
sector methane data using the 3 m s™' wind filter (N =
11,229 for O&NG and N = 9,252 for clean sectors), with
box and whiskers showing the 5%, 25 50t 75™ and
95" percentile values for each month. Table 3 shows the
linear regression best-fit slopes through these percen-
tiles, along with the standard errors of the slopes. Addi-
tionally, the monthly averaged time series of the O&NG/
clean sector ratios at each percentile are analyzed. We
split this analysis into data from the entire year and data
from the warm season only (June through September) to
remove potential artifacts resulting from the high vari-
ability of winter methane. If there were a decrease in
O&NG methane emissions, we would expect to see a con-
vergence of clean and O&NG methane values with time
in Figure 16, and the O&NG-sector fitted slopes to be
lower relative to clean sector slopes. Our analysis shows
no evidence of such a convergence, and in fact, most
O&NG slopes in Table 3 are greater than clean sector
slopes, albeit within one standard error of each other.
Additionally, most of the O&NG/clean sector ratios are
within one standard error of zero slope. The offset
between the two datasets from these sectors shows no
indication of change, that is, no evidence of declining
methane concentrations that would indicate emission
reduction from the O&NG sector between 2017 and
2021 in any of the filtered data.

O&NG emissions are reflected in the time series data
primarily by the abundance of and resulting peak concen-
trations in plumes encountered at the monitoring station
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Figure 16. Box-and-whisker plot for BRZ methane data by month, segregated by O&NG (0°-120°, blue) and
clean (240°-340°, red) sectors, with winds >3 m's~'. The 5% and 95™ percentiles are indicated as whiskers, while

the box shows the 25", 50", and 75" percentiles.

Table 3. Slope analysis and summary statistics using monthly percentile data from Figure 16

Full Year June 1-September 30 Only
Slope (ppb yr'?) 0&NG/Clean® Slope (ppb yr'?) 0&NG/Clean®
%ile O&NG® *1c Clean® =*1c Slope x 10° +1c O&NG® tlc Clean® z*1c Slope x 10° tloc
5 15.0 24 12.6 2.0 9.8 8.1 11.0 2.6 11.2 19 -14 7.6
25 15.3 35 114 2.2 16.0 121 11.2 34 8.9 2.3 9.3 121
50 14.6 4.5 11.7 2.2 11.0 15.9 8.8 4.3 8.9 2.7 -13 15.4
75 12.4 6.2 9.7 2.6 9.5 235 7.2 5.5 8.1 4.1 -4.5 22.1
95 15.4 13.0 -1.1 7.9 67.6 57.0 16.0 114 7.5 7.3 331 44.2

Slope of linear regression through monthly values of O&NG/clean ratio.

"Wind 0°=120°, >3 m s~
‘Wind 240°-340°, >3 m s~

(see Section 3.4). Changes in emissions can therefore also
be examined by an analysis of the variability in the data.
This approach is explored in Figure 17. Data were again
segregated into O&NG and clean sectors. Monthly median,
standard deviation, and relative standard deviation were
determined and plotted over the record. The analysis was
conducted for all wind speeds, and for data progressively
filtered by increasing wind speeds. The methane variability
depicts a seasonal cycle for both groups of data, with
higher variability in the winter, reflecting the higher num-
ber and higher concentrations in plumes encountered
during the winter. While both the O&NG and clean sectors
show similar behavior in the full data record, the

difference in variability becomes progressively larger in
the higher wind speed filtered data. This likely stems from
more firmly defined and further extending footprint influ-
ences at higher winds, reflecting a stronger segregation of
the 2 different source sectors. Most importantly, there is
no evidence for a decrease in the methane variability in
the NE sector data. This is further confirmed in a plot of
the ratio of the NE/W variability (Supplement Figure S27).
In conclusion, the wind sector segregated analysis of the
BRZ data does not provide any signs of a decrease in
methane emissions in the NCFR as a whole, and specifi-
cally from the DJB O&NG footprint area over the available
record.
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Figure 17. Relative standard deviation of methane monthly data (1o-standard deviation divided by the
median) segregated by wind direction (northeast [0°—120°] vs. west [240°-340°]). Data are further
filtered by wind speed (in m s™'), as indicated in the figure annotations. The number of data points that were
considered for each wind direction interval is given in the figure legend.

The methane trend results from the surface observa-
tion are inconsistent with the above-mentioned
satellite-based analyses. There are several possible con-
tributing causes to the discrepancies, for instance, the
two measurements may represent different footprint
areas of the DJB. Additional challenges of satellite stud-
ies may include heterogeneous land-use characteristics
and complex terrain (Zhang et al., 2020), different
smoothing algorithms applied to NWR surface samples
versus the determination of monthly means from the
Atmospheric InfraRed Sounder satellite data (for the
Reddy and Taylor, 2022, study), and transport sources
possibly dominating over the local emissions signal in
larger grid cells (for the Lu et al., 2023, study). Surface
monitoring data are collected during all weather and
time of day conditions, including nighttime observa-
tions and capture conditions when ambient concentra-
tions on average are highest and are therefore
a sensitive tool for evaluating nearby emissions (Fig-
ures 3 and 6). Satellite observations largely rely on
daytime and clear sky conditions when, due to bound-
ary layer dynamics, absolute concentration values are
mostly lower. More work is needed to fully resolve
these discrepancies and characterize the biases between
these methodologies. Considering the roughly 6-fold
increases in O&NG production during the 2010s, the
little or lack of decrease in overall methane emissions
likely reflects a reduction in emissions per unit of pro-
duced oil and gas (Mead et al., 2024). However, for air
quality considerations, there would have been little to
no improvement because of the relatively small changes
in atmospheric concentrations.

All of these trend results should be interpreted with
caution. Four years of data, as used in our study, is a rela-
tively short record, and we did not account for dispersion
and transport characteristics in a comprehensive manner.
The methane monitoring at BRZ has been continuous
since 2017, future studies building on the expanded data-
set will allow narrowing the uncertainties of the relative
trend determinations, and would also benefit from apply-
ing Lagrangian transport analysis, and inverse modeling
techniques, such as demonstrated by Lin et al. (2021) for
the Uintah Basin.

3.8.2. BRZ ethane and propane rate of change

Changes in observed VOCs were investigated using similar
tools as described in the preceding section for methane. A
slope analysis for ethane and propane using the NOAA
algorithm is shown in Supplement Figure S28, regression
analyses through monthly binned data in Supplement
Figure S29. A summary of these 3 different approaches
for determination of the rate of change, along with uncer-
tainties where available, is provided in Table 4. These
results show a consistent pattern of overall declining
atmospheric VOC mole fractions of these O&NG tracers
over the 4-year window, with rates of change, relative to
2017 mole fractions, in the range of 5%-9% yr .
Decreases in mole fractions were also found for other
VOCs, for example, for benzene (—0.007 + 0.003 ppb
yr~') and toluene (—0.012 + 0.004 ppb yr') (Supplement
Figure S29). The investigation of changes in the variability
of the data (reflecting the enhancements in plume events)
yielded inconclusive results as the month-to-month and
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Table 4. Summary of VOCs rate of change analyses from 3 different analyses approaches as described in the

text®

Mole Fraction in Reference Rate of Change Rate of Change
VvOC Reference Year Year (ppb) (ppb yr™") (% yr™")
Rate of change determination using NOAA Trend Analysis Tool
Ethane 2017.25 9.61 -0.776" -8.1
Propane 2017.25 3.98 -0.349" -8.8
Rate of change determination from Monthly Linear Regression Analysis (Medians)
Ethane 2017 5.72 —0.393 + 0.165 —-69 + 2.9
Propane 2017 2.87 -0.142 + 0.083 -49 + 29
Rate of change determination from Monthly Linear Regression Analysis (Means)
Ethane 2017 6.76 -0.534 + 0.225 -79 £ 33
Propane 2017 33 —0.262 + 0.153 —-8.0 + 4.7

The graphical results for each of these determinations are presented in the Supplement Figures S28-S31.

No uncertainties are provided by the NOAA Trend Analysis Tool.

year-to-year variability was too large to deduce systematic
changes in the data (Supplement Figures S30 and S31).

The decreasing VOCs match trends seen in other U.S.
urban areas (Warneke et al., 2012; Rossabi and Helmig,
2018; Liu, 2021). The data for the O&NG tracers may point
toward decreasing emissions from the industry. However,
care should be excercised in the interpretation of these
results. Year-to-year variabilty can have a strong influence
on slope calculations from short records. Further, it is
plausible that emission changes during the COVID lock-
down toward the end of the record may place a bias on
these slope determinations. Reduction of other, less
O&NG-influenced VOCs may also be explained by reduc-
tions in VOC emissions from the mobile sector (transpor-
tation, primarily automobiles) that have been observed
throughout the United States (Rossabi and Helmig,
2018). It is not obvious why methane was relatively stable
while ethane decreased between 2017 and 2021. Future
studies should investigate how changes in agricultural or
landfill related methane emissions from the O&NG wind
direction sector at BRZ may be influencing the methane
rate of change.

The VOC changes seen in the BRZ observations offer an
opportunity for comparison with the State's inventory
emissions rates for the O&NG sector. In a similar recent
effort, Oltmans et al. (2021) provided an evalation of the
RAQC's projected decline in O&NG VOC emissions by com-
paring BAO monitoring data with the relative rate of
change in the inventory emissions. The projected inven-
tory emissions decline is 6.5% yr~'. Relative to the 2011
inventory emissions, during 2011-2020, emissions
dropped to 43% of their 2011 levels. The best fit linear
regression determined by Oltmans et al. (2021) through
ambient measurement data of the O&NG tracer propane
resulted in a slope value of —1.5% yr~' for their 2008—
2016 data, which accounts for less than a quarter of the
inventory rate of decline. Results from this study align

more closely with the projected inventory emissions trend
and may indicate a possible increasing rate of decline in
the O&NG VOC emissions in the more recent years.
However, for the reasons already emphasized above, care
should be taken in the interpretation of the results from
this realitvely short and COVID lockdown-influenced
record.

4. Summary and conclusions

This study utilized 4 years of continuous, high-time
resolution methane and VOC monitoring data from BRZ
to investigate ambient concentrations, contributions,
source regions, and footprint area, including year-to-year
variability and their relative rates of change. These data
comprised the most extensive VOC measurements
obtained in Colorado, with 4,000-6,000 VOC samples and
over 50,000 methane measurements per year, and over
20,000 (200,000) individual air samples analyzed for
VOCs (methane) in total to date. This abundance of data
allowed the application of stringent filtering to increase
the selectivity and to discern specific features, particularly
those related to O&NG activities.

VOC mole fractions at BRZ are significantly greater
than those seen in 25 of 28 urban areas studied by Baker
et al. (2008). The VOC spectrum is dominated by light
alkane petroleum hydrocarbons. Mole fractions of O&NG
hydrocarbons exceed those of VOCs from other source
categories, including traffic. Bivariate polar wind depen-
dency analyses and PSCF analyses gave consistent conclu-
sions: There is a stark difference in the VOC loading, with
much higher average total VOC mole fractions present in
air transported from the DJB O&NG sector, located to the
north to southeast of BRZ, compared to all other direc-
tions. Elevated VOCs are mostly determined by the occur-
rence of concentration spikes, reflecting air plumes that
can be enriched up to a factor of ~100 over the back-
ground. Plumes last anywhere from one sample (=1 h) to
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half a day. Several hundreds of these plumes were discern-
able in the BRZ data over the 4 years of observations.

Mole fractions of the most abundant VOCs follow
a diurnal cycle due to boundary layer dynamics, with
mean levels building up throughout the night, reaching
a maximum during the early morning hours, and then
gradually decreasing throughout the day. Buildup of emis-
sions during nighttime hours result in ~~2—-3 times higher
average mole fractions than during afternoon hours.
During winter, VOC concentrations are on average ~2-3
times higher than during the summer. Rulemaking for
setbacks of homes from O&NG wells and related opera-
tions should consider the full seasonal and diurnal range
of VOC concentrations, rather than short-term daytime
observations from summertime measurements.

We demonstrated a new approach for estimation of the
total regional O&NG VOC emissions. VOC/ethane ratios in
O&NG plumes were determined from the monitoring data
and then scaled to DJB-wide top-down ethane flux esti-
mates. This resulted in estimated year 2015 and 2021 total
O&NG VOC fluxes (excluding ethane) of 183.6 & 12.6 and
81.3 + 16.3 Gg yr !, respectively. These estimates are
approximately 2.0-2.5 times higher than the inventory
projection for those years. More basin-wide aircraft obser-
vations of ethane, which now can be done more easily
given that several brands of continuous ethane monitors
are available, are highly desirable to reduce the uncer-
tainty and update these flux estimates. More data on the
spatial VOC/ethane distribution would help reduce the
uncertainty of the total VOC flux determination. While
a 4-year record is marginal for trend analyses, stringent
filtering of data for wind sectors and wind speed allowed
reducing the relative variance imposed by those variables.
These analyses show a downward rate of change in the
O&NG tracers ethane and propane, at a higher rate than
recently reported for an 8-year earlier time span (Oltmans
et al., 2021). It should be cautioned that reductions in
traffic and industrial emissions from COVID lockdown
measures may have contributed to somewhat lower emis-
sions than what would have normally occurred. With 2021
being the last year of the observation window, any reduc-
tions would exert a particularly strong influence on the
overall 2017-2021 rate of change calculation. These anal-
yses should therefore be revisited in the future as more
post-pandemic observations become available.

The discrepancies between the estimates derived from
the observations versus inventory projections for total
O&NG VOC fluxes reemphasize the need for critical review
and improvement of inventory input data and the impor-
tance of continuous and high-time resolution observa-
tions and top-down data collection for the inventory
assessment.

Data accessibility statement

Data from the BRZ monitoring program are available
through Boulder County Public Health (https://www.
bouldercounty.org/departments/public-health/). VOC data
have also been submitted to the EPA Ambient Monitoring
Archive for HAPs (https://www.epa.gov/amtic/amtic-
ambient-monitoring-archive-haps). NWR methane and VOC
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data were downloaded from the NOAA Global Monitoring
Laboratory data server (https://gml.noaa.gov/dv/data/).
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