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Key points
* Hydrocarbon emissions from an oil and gas basin are estimated using airborne

measurements.
* Inventories underestimate hydrocarbon emissions in the basin by a factor of 2 or
more.
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Abstract

Emissions of methane (CHy) from oil and natural gas (O&G) operations in the most
densely drilled area of the Denver-Julesburg (D-J) Basin in Weld County located in
northeastern Colorado are estimated for two days in May 2012 using aircraft-based CH4
observations and planetary boundary layer height and ground-based wind profile
measurements. Total top-down CHy4 emission estimates are 25.8 + 8.4 and 26.2 + 10.7
tonnes CHy/hr for the May 29 and May 31 flights, respectively. Using inventory data, we
estimate the total emissions of CH4 from non-O&G gas related sources at 7.1 + 1.7 and
6.3+ 1.0 tonnes CHy/hr for these two days. The difference in emissions is attributed to
O&G sources in the study region and their total emission is on average 19.3 + 6.9
tonnes/hr, close to three times higher than an hourly emission estimate based on EPA’s
Greenhouse Gas Reporting Program data for 2012. We derive top-down emissions
estimates for propane, n-butane, i-pentane, n-pentane, and benzene from our total top-
down CH4 emission estimate and the relative hydrocarbon abundances in aircraft-based
discrete air samples. Emissions for these five non-methane hydrocarbons alone total 25.4
+ 8.2 tonnes/hr. Assuming these emissions are solely originating from O&G related
activities in the study region, our results show that the state inventory for total VOC

emitted by O&G activities is at least a factor of two too low for May 2012. Our top-down



emission estimate of benzene emissions from O&G operations is 173+64 kg/hr, or seven

times larger than in the state inventory.



1 Introduction

As aresult of its unique geology, the state of Colorado has had a long history of natural
resources extraction [Scamehorn, 2002]. More recently, Colorado has experienced an
unconventional fossil fuel production boom in coal bed methane, tight sand and shale
natural gas, shale oil and associated gas. Tar sands and shale oil development could be
next (http://ostseis.anl.gov/eis/index.cfm). The Denver-Julesburg (D-J) Basin in NE
Colorado produces both oil and natural gas (O&G) from mostly tight sand and shale
formations. The formation extends eastward from the Rocky Mountains to western
Nebraska and Kansas and northward from Denver, Colorado to southern Wyoming. It has
been actively explored and drilled since the 1970s. The most densely drilled region of the

D-J Basin is located in Weld County, between Denver and Greeley (Figure 1).

With higher natural gas prices between 2004 and 2009 and, more recently, the discovery
of crude oil in the Niobrara Shale [Colorado Department of Natural Resources, 2011],
Weld County has been experiencing a drilling surge, with the addition of close to 10,000
new wells since 2005 [Colorado Oil and Gas Conservation Commission, 2014] (see
Supplementary Figure 1). In 2012, Weld County was home to 24,000 active oil and gas
wells that accounted for 74% of the oil (36.5 out of 49 million barrels) and 13% of the
natural gas (272 billion cubic feet out of 2.1 trillion cubic feet) produced in Colorado
[COGCC, 2014]. Garfield County (700 Bcf) in the Piceance Basin in western CO and La
Plata (393 Bcf) and Montezuma (370 Bcf) Counties in the San Juan Basin in

southwestern Colorado were the top three natural gas producers in 2012 [COGCC, 2014].



In 2007, a large region encompassing the Denver metropolitan area and most of the
northern Front Range of Colorado was officially declared a non-attainment area (NAA)
for the national ambient air quality standard for 8-hr average ground-level ozone (O3)
(www.colorado.gov/cdphe/attainment). The urban corridor in the Front Range lies
between the Rocky Mountains and the D-J Basin’s O&G operations. Under stagnant and
hot summer conditions, O3 precursors (volatile organic compounds (VOCs) and nitrogen
oxides (NOy)) emitted by various sources accumulate and react, leading to elevated O;
levels. Previous analysis found that O&G operations were responsible for 40% of the
total mass of anthropogenic VOCs emitted in the NAA [CDPHE, 2008]. As a result,
since 2007 the Colorado Department of Public Health and the Environment (CDPHE) has
implemented stricter VOC emission regulations for O&G sources in the Colorado Front

Range NAA.

Atmospheric chemical measurements conducted throughout the northern Colorado Front
Range between 2007 and 2010 showed elevated levels of several hydrocarbons found in
natural gas and oil, including CH4 and other light alkanes (ethane (C,Hs), propane
(C;3Hg), i-butane (iC4H ), n-butane (nC4H,), i-pentane (iCsH;,) and n-pentane (nCsH»)),
and sometimes aromatics including the carcinogen benzene (C¢Hs) [Eisele et al., 2009;
Pétron et al., 2012; Lafranchi et al., 2013]. These measurements showed similar relative
enhancements of non-methane hydrocarbons (NMHCs) as those observed in the early

1990s by Goldan et al. [1995] (see Pétron et al. [2012]).



In February 2011, Gilman et al. [2013] and Swarthout et al. [2013] participated in a three-
week intensive measurement campaign at the NOAA Boulder Atmospheric Observatory
(BAO) tower, on the southwest edge of the D-J Basin. They measured an extensive suite
of VOC:s in-situ and in flasks near the surface and confirmed the likely large role played
by O&G operations emissions in the Front Range summertime O3 problem. Gilman et al.
[2013] showed that effluents from O&G operations in the region during the campaign
contributed over half of the total VOC reactivity with OH, the first step in the chemical

oxidation chain leading to near surface O3 formation.

Pétron et al. [2012] and Swarthout et al. [2013] both attempted to constrain emissions of
CH,4 and several NMHCs from O&G operations in Weld County. Pétron et al. [2012]
used hydrocarbon dry air mole fractions measured in air samples collected daily (between
Fall 2007 and April 2010) at midday from a 300 magl (meters above ground level) inlet
at the NOAA BAO tower and bottom-up information (raw natural gas mean composition
and flashing (degassing) emissions from oil storage tanks estimates provided by the
State). Pétron et al. [2012] estimated that in 2008 fugitive emissions of raw natural gas
were underestimated by a factor of 2. The likely leakage range fell within 2.3% to 7.7%
of production (average 4%), compared to an estimated 1.6% based on inventory data
[Bar-Ilan et al., 2008; Pétron et al., 2012]. Pétron et al. [2012] estimated that CH4 and
Cs;Hg annual emissions from O&G operations in Weld County in 2008 likely ranged

between 71-252 Gg/yr (8-29 tonnes/hr) and 21-65 Gg/yr (2.4-7.4 tonnes/hr), respectively.



Swarthout et al. [2013] calculated emission rates for several alkanes and C¢Hg based on
the increase in NMHCs mixing ratios in air samples collected from a 22 magl inlet at the
NOAA BAO tower site in the nocturnal boundary layer during five nights with low
surface winds in February 2011, assuming no vertical mixing and no chemical
destruction. They extrapolated their BAO flux results to the Wattenberg Field and to
Weld County (two different but largely overlapping sub-regions of the D-J Basin that
both lie within the Colorado Front Range NAA), assuming emissions were homogeneous
in space and could be scaled with surface area. Their extrapolated CsHg emission
estimates were 13+3 Gg/yr (1.5+0.3 tonnes/hr) using the Wattenberg Field surface area
and 40+4 Gg/yr (4.6+0.5 tonnes/hr) using the larger surface area of Weld County.
February 2011 oil and natural gas production statistics for the Wattenberg Field were
19% and 7% lower than production statistics for Weld County, while the Swarthout et al.
[2013] surface area-based emission estimates for these two regions differed by a factor of
3. It is important to note that large areas in Weld County have no oil and gas operations

(Figure 1), so it is not appropriate to simply scale the BAO results with surface area.

The emission estimates reported in Pétron et al. [2012] and Swarthout et al. [2013] relied
in part on simple emission models with unverifiable assumptions [Levi et al., 2012;
Pétron et al., 2013], and in the case of Swarthout et al. [2013], on measurements with
likely limited spatial representativeness. In this paper, we present results from an
alternative top-down approach to estimate the total emissions of CH4 and five NMHCs in

Weld County on two days in May 2012.



The rest of the paper is organized as follows. In section 2 we describe the study region
and the measurements during the intensive airborne campaign. Top-down regional
emission estimates for CH4, C3Hg, nC4H o, iCsHj2, nCsH )2, and C¢Hg are presented in
section 3. In section 4, we compare these results with inventories. In section 5, we

conclude with a summary of the measurement-based results and their significance.

2 Experiment

2.1 Region of Study

The D-J Basin is a prolific fossil fuel reserve, with a stack of multiple sedimentary rocks
in the form of sandstone and shale deposited in the Western Interior Basin of North
America during the Cretaceous, and now buried thousands of feet below the surface.
Several of these rock formations contained deposits rich in marine organic matter
[Sonnenberg, 2012]. The organic matter trapped in buried rocks underwent thermogenic
decomposition in the deeper part close to the north/south axis of the D-J Basin and
biogenic decomposition in some of the shallower parts on the eastern flank [Fishman et

al., 2005; Higley and Cox, 2007; Sonnenberg, 2012].

Our study focuses on a 70 km x 85 km region in northeastern Colorado encompassing the
highest density of the O&G production activities in the D-J Basin, mostly located in
Weld County, north of Denver and east of Boulder and Larimer Counties (Figure 1).

Most wells in the region produce what is referred to as wet or associated gas, which



means natural gas co-produced with oil. Oil wells contribute close to 50% of the total
natural gas produced in the region [Pétron et al., 2013]. In addition to over 24,000
producing wells in 2012, Weld County was also home to more than 6,000 oil or liquid
condensate storage tanks (the vast majority located on well pads), 27 gathering
compressor stations, 11 processing plants [CDPHE, personal communication], and over

1000 miles of natural gas transmission pipelines.

Every year, between several hundred and a few thousand new wells are drilled and
completed (with hydraulic fracturing) in Weld County [COGCC, 2014]. Existing wells
are sometimes re-fractured to target new natural gas and oil-bearing formations or to re-
stimulate production from previously targeted zones. The American Petroleum Institute
reports that the D-J Basin has the highest re-fracturing rate in the nation, 14%, versus 1%

for the national average [API/ANGA, 2012].

Over 100 different oil and gas producing companies operate in the D-J Basin. A team of
nine O&G inspectors at CDPHE is in charge of checking compliance for O&G permitted
facilities. They typically inspect a subset of operations from larger companies every 3
years on average and from smaller companies every 5 years on average (CDPHE,

personal communication).

There are other CH,4 sources in the region. Beef and dairy production is a major economic
activity in Weld County, with over half a million head of cattle [USDA, 2012]. Enteric

fermentation in ruminants and manure management facilities are known sources of CHy4



[Johnson and Johnson, 1995; EPA, 2013a]. CHy is also emitted from a few large landfills
and several wastewater treatment plants servicing the over 2 million people living in the

northern Colorado Front Range.

2.2 Methods

The ground and airborne-based measurements conducted in the D-J Basin in May 2012
were similar to those carried out in the Uinta Basin of northeastern Utah in February
2012 and described in Karion et al. [2013]. Airborne measurements of CH4 with a Cavity
Ring Down Spectroscopic (CRDS) gas analyzer (Picarro Model # G2401-m) were
conducted on 11 different days (12 flights) between May 4 and May 31, 2012. Each flight
lasted between 3 and 4 hours. In-flight measurement repeatability of the CH,4 dry air mole
fraction was + 0.5 ppb (defined as the standard deviation of measurements of a standard
gas at the measurement frequency of ~0.5 Hz) and total uncertainty of the measurements
was = 2 ppb (see Supplementary Text Section 1). The single-engine Mooney TLS aircraft
was stationed at Boulder Municipal Airport, located in the southwest corner of the study
region, which was the starting and ending point of each flight. A total of 118 discrete air
samples (up to twelve on each individual flight) were collected on those flights and
analyzed at the National Oceanic and Atmospheric Administration Earth System
Research Laboratory Global Monitoring Division (NOAA ESRL GMD) in Boulder for
49 trace gases, including carbon monoxide (CO) and the following seven hydrocarbons:

CH4, C3Hg, HC4H10, iCsle, IleH]z, C6H6 and acetylene (Csz)

10



In May 2012, NOAA ESRL also deployed a Boundary Layer Wind Profiler (BLWP) and
a High-Resolution Doppler Lidar (HRDL) at two different locations in the basin; both
provided vertically resolved measurements of horizontal wind speed and direction and
boundary layer height at 20- to 30-minute resolution [Grund et al., 2001]. Meteorological
measurements (surface temperature and turbulent heat flux) conducted by the University
of Colorado near the NOAA BAO tower outside Erie, Colorado, were used to assess the
surface energy budget and the resulting vertical mixing within the planetary boundary
layer (PBL) on the two days retained for a mass-balance flux calculation. All

measurements are described in further detail in the Supplementary Text.

To put the intensive aircraft campaign results into a broader context, we compare the
airborne flask measurements with long-term measurements of flask air samples collected
daily from the 300 magl inlet of the NOAA BAO tower since fall 2007. To filter the
BAO data by wind sector, we use 30-second wind speed and direction measurements
collected by the NOAA ESRL Physical Sciences Division at the tower 300 magl level

(www.esrl.noaa.gov/psd/technology/bao).

The aircraft and BAO discrete air samples discussed here were all analyzed by NOAA
ESRL GMD for CH,4 using a GC-FID [Dlugokencky et al., 1997], for CO using
resonance fluorescence at ~150 nm with a repeatability of = 0.4 ppb [Novelli et al., 1998]
and for 43 other compounds including the six non-methane hydrocarbons mentioned
above using a GC-MS [Montzka et al., 1993; Pétron et al., 2012; Lafranchi et al., 2013].

The GMD analyses of NMHC:s in aircraft and BAO samples are reported on the same

11



calibration scale: C¢Hs on NOAA-2006 and all other hydrocarbons (besides CH4) on
NOAA-2008. See also Supplementary Section 2 for more information on the NOAA CHy
calibration scale and results from a NMHC inter-laboratory measurement comparison,

which GMD participated in.

3 Results and Discussion

3.1 Total CH, emission mass-balance estimates

In the mass-balance approach used here, airborne measurements of CH, dry air mole
fraction (moles of CH4 per mole of dry air) are combined with ground-based wind speed
and direction measurements to estimate total CH4 mass fluxes in and out of a region of
the atmosphere surrounding O&G producing wells in the D-J Basin (Figure 1). The
resulting top-down CHy flux reflects an aggregate emission from all CHy4 sources within
the region for several hours on the days of the measurements (see Supplementary Text
section 6 for more details). Given the short transit time between the emission sources and
our measurements (< 'z day) and a global CH4 lifetime close to 9 years, atmospheric
chemical losses of CHy are insignificant and are not considered here. In the rest of this
section, we describe the main atmospheric measurements used to derive the total top-

down CHj4 flux estimates on May 29 and 31, 2012.

A first estimate of CH4 emissions from the D-J Basin is made using two separate
downwind transects at two different altitudes 150 m apart on May 29 (Figure 2,

Supplementary Table 1, Supplementary Text Section 6). On that day the average winds
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in the PBL are from the SE at 3.7 + 0.9 m/s and the downwind transects on the western
side of the region show a 90 km-long CH4 plume with enhancements spanning 10 to 35
ppb over background (1881 & 4 ppb). The highest enhancements in CH4 (> 20 ppb above
background) occur downwind of the most active oil and natural gas production area in the
basin (centered around Platteville, CO, Figure 1). The top of the PBL during the
downwind transect on May 29 is located at 3600 meters above sea-level (masl, ~2100 +

230 magl).

On May 31, the airplane first sampled clockwise the outer perimeter of the part of the
O&G basin with the densest distribution of wells and then conducted transects in the
middle of the region (Figure 3). The upwind CHy level in the PBL on that day is 1870 + 4
ppb (Figure 3(c)). CH4 enhancements measured in the downwind plume range from 10 to
100 ppb above the upwind background level (Figure 3(c)). Winds in the planetary
boundary layer (PBL) on May 31 are from the NE as indicated by the 6-hour back
trajectory of the air mass derived from the HRDL wind measurements, averaged with
height within the PBL (black line and diamonds, Figure 3(a)). On that day, the average
wind speed in the PBL during the 6 hours prior to the downwind plume measurement is

3.1+1.1 m/s.

The top of the convective boundary layer during the downwind transect on May 31 is
located at 3000 masl (~1500 + 230 magl), as defined by the altitude of the sharp gradient
in both the trace gas mole fractions and potential temperature measured during an aircraft

vertical profiling spiral from 19:15 to 19:39 GMT on the western (downwind) side of the

13



D-J Basin, north of Longmont, CO (Figure 3(b)). Variability in the CH4 mole fraction
visible in this downwind vertical profile is caused by horizontal variability in CH4 mole
fraction from local sources over the 4-6 km wide spiral that the aircraft conducted as it

performed a vertical profile (Supplementary Figure 3).

The total CH4 emission for the area encircled by each flight is estimated using the mass
balance approach and the chemical and physical measurements described above and in
the Supplementary Text. The mass-balance calculation yields 25.8+8.4 tonnes hr™' on
May 29 (this value represents an average of the two downwind flight segments at two
aircraft altitudes) and 26.2+10.7 tonnes hr' on May 31 (Table 1). We have propagated
the measured variability of the various parameters in the mass-balance equation to
quantify the 1-0 uncertainty on the total CH4 emissions estimate on each day
(Supplementary Text Section 6 and Supplementary Tables 1 and 2). Because the
estimates on these two different days are independent, the 1-0 uncertainty on the average
top-down CH, flux (26.0 tonnes/hr) for the two days is 6.8 tonnes hr’', or close to 26% of

the total flux, which is lower than the uncertainties of 33-41% derived on each day.

3.2 CH,; source attribution

The top-down CHj4 fluxes derived above encompass all CHy4 sources in the area located
between the downwind and upwind transects for each flight. We do not have enough
information to quantitatively partition the emissions between the various CHy4 sources
based on the airborne measurements alone. Here we estimate CH4 emissions from

agricultural operations, landfills and wastewater treatment plants located within our
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mass-balance region based on available bottom-up information. We use emission factors
from the literature, activity or inventory data compiled by the State of Colorado, and
annual facility-level emission estimates reported to the EPA Greenhouse Gas Reporting

Program (GHGRP) for 2012 [EPA, 2013b].

Cattle feeding and dairy and egg production are major economic activities in the NE
Front Range. Enteric fermentation in ruminants is the largest agricultural source of CHy4
in the region. Our study region encompasses more than 100 animal feeding and dairy
permitted operations in Weld County, 11 operations in Larimer County and 2 small
operations in Boulder County. We derive CH4 emission estimates for these operations
using 2012 cattle head count statistics provided by the State of Colorado [NASS, 2014]
and the 2007 Agricultural Census statistics for sheep and poultry [USDA, 2012]. More
than 97% and 100% of beef and dairy permitted capacities in Weld County are within the
study region, respectively, so we choose to round these two numbers up to 100% and use
total beef and dairy head counts in Weld County for our study region. For Larimer
County, 5.5% and 52% of beef and dairy permitted capacities are within the study region.

These fractions are used to prorate the total Larimer County cattle statistics.

In 2012, according to the State of Colorado Agricultural Statistics, Weld (Larimer)
County was home to 50,000 (12,000) beef cows, 70,000 (12,000) dairy cows and the total
number of cattle and calves was 565,000 (51,000). Between 2008 and 2013, the inter-
annual variability in these statistics is <12%. We assume that a total of 51,000 beef cows

and 76,000 dairy cows were in our study region in May 2012.
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We assume that 80% of the beef cows in Weld and Larimer Counties had calved by the
time we conducted our campaign in May (Table A-179, Annex 3, [EPA, 2014]) and we
use the US national statistics on cattle population (Table A-178, Annex 3, [EPA, 2014])
to derive head counts for calves and replacement heifers in dairy farms. We use the ratios
of bulls to cows reported for Colorado in 2012 (5.6%) and the total number of cows in
our study region to estimate the total number of bulls (~ 7,000). We use these estimates
and the constraint on the total cattle head counts to estimate the total number of feedlot

cattle in the study region at 308,000 head.

These figures for total beef and dairy cattle agree to within 10% with the total permitted
capacity for dairy cattle (167,000 head), and beef cattle (405,000 head in large feedlots
with > 1000 head each; and 6,000 head in <1000-head operations) in the study region
(CDPHE, personal communication). We assume a 20% uncertainty on the total head
count for all animal categories and a 20% uncertainty on the emission factors for all

categories except for feedlot cattle (33%) (see details in Table 2).

For each animal category, we use an average emission factor from Johnson and Johnson
[1995], which is still one of the most exhaustive references for US cattle. The emission
factors we use are similar to values reported or used in more recent publications on North
American cattle (see Tables A-182 in EPA [2013a]; Stackhouse et al. [2011]; Kebreab et

al. [2008] and Westberg et al. [2001] for example). The total bottom-up emission
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estimate from enteric fermentation in cattle in Weld County in May 2012 amounts to an

average of 3.8 £ (.7 tonnes/hr (Table 2).

Another source of agricultural CH, from animal husbandry comes from animal manure
disposal systems. Emissions from livestock manure depend in large part on how animal
solid waste is managed [Lodman et al., 1993; Steed and Hashimoto, 1994]. Dry aerobic
management systems result in lower conversion of organic matter in the manure to CHa,
while the diversion of waste with water into anaerobic lagoons can result in very efficient
conversion to CH4 [EPA, 1999; EPA, 2009]. In Colorado’s arid climate, animals are kept
in dry lots for many feedlot and dairy operations [Sharvelle and Loetscher, 2011] and

manure is removed mechanically and composted nearby.

EPA [2013a] uses a detailed emission model to derive CH4s manure emissions for US
operations, which we cannot downscale as we do not have detailed information on waste
management practices for the facilities in the region of interest. Instead, we use emission
factors from two reports, IPCC [2000] and CDPHE [2002]. The two reports have very
different emission factors for dairy farms and beef operations (EF2 and EF3 in Table 2),
and the final total CH4 emissions for all animal operations are 0.6 and 0.8 tonnes/hr,
respectively. It is possible that CDPHE [2002] emission factors reflect Colorado’s
practices better. In Colorado, a small percentage of total dairy farm waste is managed
with anaerobic lagoons, a more common practice in the US Midwest. EPA [2013a]
reports a 2-0 relative uncertainty of -18% to +20% on manure management CHy

emissions from all cattle in the US inventory for 2011. We assume that the uncertainty is

17



larger at the regional scale than for the national scale. We use the average of the two

inventory-based estimates (0.7 tonnes/hr) with a 1-0 uncertainty 0.2 tonnes/hr.

The flux region encompassed by the May 29, 2012 flight has two active landfills and
three closed landfills, two of which have a CH,4 recovery system (see Figure 1 and Table
3). Only the two landfills in the northern half of Weld County are within the flux region
of the May 31 flight: the three southern most landfills are south (downwind) of the flight
“downwind” transects. Based on annual facility-level emissions reported to the EPA
GHGRP for 2012 [EPA, 2013b], we calculate hourly average emission estimates for
these five landfills (Table 3) and assume that these emission magnitudes are
representative of both days in May 2012. The bottom-up estimates for CH4 emissions
from landfills total 1.7 tonnes/hr on May 29 and 0.7 tonnes/hr on May 31. There are no
uncertainty estimates reported in the EPA GHGRP, but field measurements around
landfills have shown how emission rates depend on the soil microclimate and surface
meteorological conditions including surface pressure [Czepiel et al., 1996; Mosher et al.,
1999; Czepiel et al., 2003; Bogner et al., 2011]. For landfill emissions of CHy in the
national inventory, EPA reports a 2-0 relative uncertainty of -54% to +46% [EPA,
2013a]. Much of this uncertainty is due to the lack of measurements to assess the
efficiency of installed methane recovery and/or flaring systems. Given the lack of
validation for this estimate, a 1-0 uncertainty of 100% for both days is used in our

analysis.
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Another smaller source of CHy in the region is from anaerobic digestion of sludge by
bacteria at municipal and industrial wastewater treatment facilities. There are eleven
municipal facilities in the region sampled by the May 2012 flights: 5 in Larimer County
(out of 6), 5 in Weld County (out of 9) and one in Boulder County (in Longmont). To
estimate the CH4 emissions from these facilities, we use the projected state level estimate
for 2010 (3.59 tonnes/hr) derived by Strait et al. [2007] and scale it by the fraction of the
state population residing in Weld County, Larimer County and the city of Longmont,
which is 12.7% in 2010. We then use the relative increase in population from 2010 to
2012 (4%) to scale the 2010 estimate and obtain an estimate for total CH4 emissions in
2012 for these 11 facilities of 0.47 tonnes/hr. The methodology followed by Strait et al.
[2007] is based on the EPA State GHG Inventory Tool, which is very similar to the
method used by EPA for the national level GHG inventory [EPA, 2013a]. There is also a
large industrial wastewater facility associated with the JBS Swift slaughterhouse in
Greeley. The facility processes close to 400 head of cattle into beef per hour, and its
reported CH4 emissions from its wastewater treatment in 2011 equal 0.47 tonnes/hr
[EPA, 2013b]. The industrial wastewater plant did not report emissions to the GHGRP
for 2012 even though it was still in operation; therefore we use the reported emissions for
2011 assuming operations did not change. The 2-0 uncertainty reported by EPA [2013a]
for national CH4 emissions from wastewater treatment facilities ranges between -29%
and +28%. We use 29% as the 1-o relative uncertainty (or 0.14 tonnes/hr) in the regional

scale emission estimates for both municipal and industrial wastewater plants.
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A few additional processes in the region contribute a small amount to the total CHy4 flux.
Based on flux measurements in the D-J Basin reported by Klusman and Jakel [1998], we
calculate that the natural flux of CH4 from natural microseepage in the region likely
amounts to less than 0.1 tonnes/hr. The Fort St. Vrain 969-MW natural-gas-fired power
plant near Platteville was found by our airborne measurements to have no detectable CHy
emissions. Two aircraft transects passing ~2 km to the west of the power plant on May
31, 2012 include distinct CO; plumes (not shown) downwind of the power plant with no
coincident detectable CH4 enhancements. Abandoned coal mines are another possible
source of CHy in the area. Over 200 small coal mines were exploited in the Front Range
in the Boulder-Weld coal field in an arc extending from Marshall south of Boulder
towards Frederick north of Denver [Roberts et al., 2001]. Coal mines in this area have
been closed since at least 1978 and, unlike those in the Piceance Basin in Western
Colorado, are not categorized by the EPA as being in a gassy coal basin [EPA, 2004].
Some of our flight transects through the region sampled downwind of some of these
mines locations, and our in-situ CHy4 analyzer did not detect any noticeable CHy4
enhancement. We surmise that emissions from these mines are likely to be insignificant,
because they are covered mines and have not been previously noted as major sources.

They are not included in our analysis.

The total bottom-up hourly average CH,4 flux for non-O&G sources in the study region is
estimated to be 7.141.7 tonnes CH4/hr on May 29 and 6.3 +1.0 tonnes CH4/hr on May 31
(Table 1). The uncertainties on the non-O&G emission estimates are added in quadrature

to obtain the 1-0 uncertainty for the total non-O&G emissions. When we subtract these
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fluxes from the top-down estimates of the total CH, flux in the region on May 29 and
May 31, 2012, we are left with an average flux of 19.3+6.9 tonnes CHu/hr (1-0
uncertainty) attributable to O&G operations, or 75% of the total top-down regional CH4

emission estimate (Table 1).

3.3 Light alkanes and benzene correlations

Dry air mole fractions for CH4, CsHg, nC4H o, iCsH;2, nCsHj>, CsHg, CoHz and CO were
measured by NOAA ESRL GMD in 118 discrete air samples collected in flasks on the 12
flights conducted in the D-J Basin in May 2012 (Figures 1 and 4). Air samples were
typically acquired to ascertain hydrocarbon mole fractions in upwind legs, in the free

troposphere above the PBL, and downwind of (and within) the D-J Basin.

Mole fractions of all the light alkanes in flask-air samples collected directly downwind of
O&G operations in the D-J Basin are elevated above background levels measured in
upwind legs and in the free troposphere. The 97 air samples collected by the airplane in
the PBL (below 3000 masl) have an average mole fraction and 1-o mole fraction
variability of 1891+24 ppb for CH4 and 4.3+3.2 ppb for C3;Hg, compared to 1854410 ppb
for CHsand 0.46+0.58 ppb for C;Hg in the 21 air samples collected by the airplane above

3000 masl.

In Figure 4, we show correlation plots for the hydrocarbons’ dry air mole fractions
measured in the aircraft flasks. Correlation slopes for the 97 PBL air samples are derived

using an Orthogonal Distance Regression (ODR) with a 2 ppb uncertainty for the CHy4

21



measurements, a 5% uncertainty for the NMHC measurements, and no constraint on the
y-intercept. The slopes, the attached 1-o uncertainties, and R” are reported in Table 4.
Below, we discuss CH, and C3;Hg mixing ratios correlation in the aircraft samples. Then
we describe another strong feature of this data set, which relates to the very tight
correlations between the Cs.s alkane mixing ratios. We also report on the analysis of C¢He
mixing ratios correlations with CsHg and C,H, mixing ratios. Finally, the May 2012 flight

results are compared with other measurements conducted at the NOAA BAO facility.

CH4 and C;Hj in the aircraft PBL air samples are correlated, with an R? 0f 0.66 and a
CHa-to-CsHg correlation slope of 6.2 ppb/ppb (Figure 4). From flight to flight, CHy4
“background” mole fractions in the upwind aircraft flasks range between 1846 and 1876
ppb, while the enhancements above background in downwind flasks ranged between 1
and 104 ppb. The flight-to-flight variability in the upwind CH4 mole fraction can be as
high as 1/3 of the downwind enhancement signals we want to interpret. C3Hg mole
fractions in upwind aircraft flasks range between 0.16 and 1.80 ppb, while the

enhancements in all other PBL flasks range between 0.09 and 15 ppb (Figure 4).

To remove the influence of the varying background (upwind) mole fractions from flight
to flight, we derive enhancements of CH4 and C3Hg above background for each flask-air
samples collected below 3000 masl on 11 different flights. For each flight, we define the
measured CH4 and CsHg background mole fractions as the level measured in one flask-air
sample collected in the PBL upwind of the O&G operations out of a maximum of 12

flasks collected during each flight. For one flight, we do not have a background air flask
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sample. The correlation slope of CH4 and CsHg enhancements for the 76 remaining PBL
aircraft samples (using the same assumptions as above) is 6.1+£0.4 ppb CH4/ppb C;Hs.
The higher R* (0.80) compared to the correlation of absolute CH4 and C3Hg mole
fractions is an indication that removing the flight-to-flight varying background is
important when interpreting CH4 and C3Hg mixing ratios measurements from multiple
days. We consider this latter slope of 6.1+0.4 ppb/ppb to reflect the overall ratio of CHy

to C3Hg total emissions in the study region in May 2012.

The tight correlations between the C;.s alkane mixing ratios for all samples collected in
the PBL by the airplane (R*>0.99) with the same slopes for all flight data suggest that
these gases are emitted by the same sources located in the study region and at a fairly
constant ratio, as concluded by Pétron et al. [2012]. None of the non-methane light
alkanes measured correlates with either CO or C,H, (R? < 0.2), which shows that these

gases are emitted by non-combustion processes.

For all 97 aircraft PBL flask-samples, C¢Hg correlates well with both CsHg (O&G source)
and C,H, (mobile combustion source) (R*=0.65 in both cases) (Figure 4 and
Supplementary Figure 5). Using a multi-linear regression to explain C¢Hg variability, we
find that the regression coefficients acsgs (8.3+0.4 ppt/ppb) and acomz (0.39+0.02 ppt/ppt)
are lower than the single regression correlation slopes we report in Table 4. The R* values
for the correlation of aircraft ([CsHg]-acom*[CoHz])-to-C3Hg and ([CeHg]-ac3ns™[C3Hs])-

to-C,H, are 0.85 and 0.88, respectively. This increase in the R* compared to the single
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regression correlation coefficient suggests that the variability in the C¢Hs enhancements

is mostly due to these two different sources.

The hydrocarbon correlation slopes for the aircraft samples are now compared with
results from three different BAO data sets. In Table 4, we report correlation slopes for the
GMD long-term midday flask samples collected at the 300-magl level of the BAO tower
(calculated using the same ODR technique). The last two columns in Table 4 also show
results presented in Gilman et al. [2013] and Swarthout et al. [2013] on VOC
measurements collected during a 3-week intensive campaign at BAO in February 2011.
We filter the GMD BAO data set to keep air samples coming from the NE only (flasks
with prior 30-minute mean wind from a direction of 0-140° and a mean wind speed > 2.5
nm/s). The BAO NE data are also filtered by time of year: data from May & June 2008-
2012 are compared with the May 2012 aircraft data and data from November to April
2007-2012 are compared with the wintertime results reported by Gilman et al. [2013] and
Swarthout et al. [2013] (denoted G13 and S13 respectively in Table 4). Gilman et al.
[2013] and Swarthout et al. [2013] report their VOC measurements on different
calibration scales than GMD. They also sampled day and night closer to the surface,
which may make some of their measurements less representative of a large area because

the highest mole fraction enhancements tend to occur at night when winds are lower.

For the GMD data sets, nC4H10-tO-C3Hg, iC5H12 -tO-C3Hg and HC5H12 -tO-C3Hg

correlation slopes for the aircraft PBL samples are 4-7% higher than the BAO NE May

and June samples slopes. Conversely the CHs-to-C3;Hg enhancements slope for the

24



airplane PBL samples is 23% lower that the BAO NE May and June samples slope. The
overall mix of hydrocarbon sources located within the footprints of the airplane and BAO
samples have different chemical compositions, especially in terms of CHjy relative to
other light alkanes. This difference may reflect a higher contribution of hydrocarbon
emissions related to oil and liquid condensate production (enriched in NMHCs relative to
CH,) in the air masses sampled with the aircraft. The C;_s alkane correlation slopes we
report for BAO NE winter samples are closer to the slopes reported by Swarthout et al.
[2013] and 22-28% lower than the slopes reported by Gilman et al. [2013]. At this time, it
is not clear if the different calibration scales and sampling procedures between the three

groups may explain some of the differences in correlation slopes observed.

The CsHe-to-C3sHg multivariate slopes for the May 2012 aircraft flasks and the BAO NE
May-June flasks agree within their calculated 1-sigma: 8.3+0.4 ppt/ppb and 7.5+0.7
ppt/ppb, respectively. The multi-regression slope we report for the BAO NE winter
samples (5.3£0.2 ppt/ppb) is 29% lower than the BAO NE May-June slope. It is in
between the multi-regression slope reported by Gilman et al. [2013] (4.3+0.1 ppt/ppb)
and the emission ratio reported by Swarthout et al. [2013] (6.3+0.4ppt/ppb) for February
2011. These different measurements suggest that the relative strength of the C¢Hg and

CsHg emissions from O&G sources in the region site may vary over time and space.

3.4 Light alkanes and benzene measurement-based regional emission

estimates
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In this section we derive top-down estimates of light alkane and C¢Hs emissions. We first
scale the average CH4 regional total top-down emission estimate (26.0 + 6.8 tonnes/hour)
obtained with the mass-balance approach with the inverse of the CHy-to-CsHg
enhancements slope obtained for the aircraft flask samples. The total relative uncertainty
in the C3;Hg emission estimate is the sum of the relative uncertainty in the total CHy
emission estimate and the relative uncertainty in the CHy4-to-C3Hjg slope. The resulting

total C3Hg mean hourly emission estimate for May 2012 is 11.8 + 3.8 tonnes/hr.

Top-down emission estimates for n-C4H o, iCsH 2, nCsH,, and C¢Hg are calculated by
scaling the C;Hg top-down emission estimate with the NMHC-to-C;Hg slopes reported in
Table 4 for the aircraft flask samples. Uncertainty estimates again reflect the uncertainty
in the C3;H;g top-down emission estimate and the slopes. The resulting nC4H o, iCsHj2,
nCsH;, and C¢Hg mean hourly emission estimates for May 2012 are 7.7 + 2.6 tonnes/hr,
2.7 + 0.9 tonnes/hr, 3.0 £+ 1.0 tonnes/hr and 173 + 64 kg/hr (1 kg=0.001 tonne)

respectively.

Gilman et al. [2013] attributed 100% of the light alkane (Cs.s) mixing ratio enhancements
above background they observed at BAO in February 2011 to O&G operations
emissions. We too assume that the emission estimates we derived above for these non-
methane light alkanes can be entirely attributed to O&G sources in the study region. For
CeHs, we use the slope from the multiple regression analysis to isolate the contribution

from O&G sources alone (see previous section). The top-down emission estimates for
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CsHg, nC4Hj, i1CsHj2, nCsHj and CgHg are summarized in Table 5 and add up to 25.4 +

8.2 tonnes/hr.

This small suite of NMHCs measured by GMD in the aircraft flasks represent a subset of
the non-methane and non-ethane hydrocarbons emitted by O&G sources. CsHg, nC4H,
iCsHjs, nCsHj; and C¢Hg represent on average 77% of the total NMHC mass in raw
natural gas from the Wattenberg field and between 68% and 88% of the total NMHC
mass in flashing emissions from oil and liquid condensate storage tanks (CDPHE
personal communication; see also Figure 4S in Pétron et al. [2012] Supplementary
Material). In the CDPHE inventory, as in other air quality emission inventories, ethane is
not included in sum of the NMHC due to its low reactivity and low impact on local air

quality.

Other NMHC reported in composition profiles for raw natural gas and flashing emissions
from storage tanks, that GMD did not measure in the aircraft samples are: i-butane
(1C4H)y), alkanes with 6 carbons or more (Cs;), toluene, ethylbenzene, and xylenes
(Pétron et al. [2012] Supplementary Material). GMD is currently developing a new GC-
MS system to measure several of these gases in future discrete air samples. In order to
estimate emissions for the NMHCs not analyzed by GMD, one could use the Gilman et
al. [2013] and Swarthout et al. [2013] BAO VOC measurements, assuming they are

representative of the mean emission ratios in Weld County.
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4 Comparison with inventory-based emissions estimates

4.1 Non-methane hydrocarbons

CDPHE has developed bottom-up methods to track VOC emissions from O&G sources,
which rely on both permit data and empirical equations. Flashing emissions of volatile
compounds occur every time “new’ oil or liquid condensate is dumped from the on-site
separator into a storage tank. In the CDPHE inventory these emissions are treated as an
area source proportional to oil and liquid condensate production. We use the May 2012
total oil and liquid condensate production volume for Weld County and an empirical
equation described in Wells [2012] and Bar-Ilan and Morris [2012] to estimate the
flashing emissions from storage tanks in Weld County. The empirical equation developed
by CDPHE uses an emission factor of 13.7 Ibs VOC per barrel of oil or liquid condensate
produced and assumes an overall emission reduction factor of 53% from the mandatory
use of flares or vapor recovery units in the NAA [Wells, 2012]. Hourly emissions from
oil and liquid condensate storage tanks in Weld County in May 2012 are estimated at
11.8 tonnes/hr. Other sources, including compressor engines, truck liquid loading,
produced water storage tanks etc. add 1.14 tonnes/hr (D. Wells, personal communication)
while drill rigs, completion and recompletion add another estimated 0.12 tonnes/hr
(projected from WestJump (2008) [Bar-Ilan and Morris, 2012] to May 2012). In Weld
County, according to the state inventory the bulk of total 0&G VOC emissions come
from uncaptured or unburned flashing emissions at oil and liquid condensate storage
tanks. The bottom-up total VOC emission estimates from O&G sources add up to 13.1

tonnes/hr. No uncertainties are available for this estimate. The bottom-up total is about
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half of the top-down total emission we derive for CsHg, nC4H;, iCsH;2, nCsH ;> and CeHg

in May 2012 (25.4+8.2 tonnes/hr) alone.

In the CDPHE inventory of CsHg sources, highway and non-road vehicles are responsible
for close to 90% of the total C¢He emissions in the Front Range ozone non-attainment
area, or 139 kg/hr in 2011 (the 2012 estimate is not available yet). The CDPHE inventory
estimate of C¢He emissions from O&G operations in Weld County in 2012 amounts to
25.2 kg/hr: 17.9 kg/hr from oil and liquid condensate storage tanks and 7.3 kg/hr from
other O&G sources, including produced water tanks, crude oil and condensate loading
and transportation, natural gas dehydration and processing operations, flares, and
compressor engines. This official estimate is 7 times lower than our average top-down
estimate (173 + 64 kg/hr). Taking into account the 1-sigma uncertainty in our estimate,
there is 68% chance that the inventory underestimates these emissions by a factor of 4 to
9. Our results indicate that CsHg emissions from O&G operations in Weld County may be
as large or even larger than vehicle emissions. This finding stresses the need for further
work to better understand and track the substantial “missing” sources of C¢He (and
potentially other hazardous air pollutants) in O&G production and processing operations

[Pétron et al., 2012; Moore et al., 2014].

4.2 Methane

To date, neither the State of Colorado nor EPA provides complete, up-to-date and
spatially resolved (county or smaller scale) inventories of CHy sources. The most
detailed and regionally relevant information source for CH4 emissions from O&G sources

is the EPA Greenhouse Gas Reporting Program (GHGRP), which collects emissions data
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from the largest sources of GHG in the US under the Consolidated Appropriations Act of

2008 [EPA, 2013b].

The GHGRP Subpart W covers almost all segments of petroleum and natural gas systems
from production, processing, transmission compression, storage and distribution besides
emissions from stationary fuel combustion covered by Subpart C
(http://www.epa.gov/ghgreporting/documents/pdf/infosheets/OnshorePetroleumNatural G
asSystems.pdf). Owners of O&G facilities emitting more than 25,000 tonnes CO;
equivalent/yr (from single point sources or as an aggregate for operations over an O&G
basin) are required to report annual GHG emissions data to the EPA following specified
methods to promote consistency across operators. Smaller operators and a few source
categories do not report emissions data to the GHGRP Subpart W. For example, natural
gas gathering compressors do not report to the program at this time. Despite these
obvious limitations, it is currently the most detailed and basin-specific inventory of GHG
emissions. In November 2013, the GHGRP made public the second year of emissions

data reported to Subpart W for operations during 2012.

Twelve large oil and gas producers in the D-J Basin (out of 269 operators) report basin-
level CH4 emissions for their area distributed operations to the GHGRP. Their reported
CH,4 emissions total 6.7 tonnes/hr for an average day in 2012. The two largest sources
categories are pneumatic devices and pumps (3.8 tonnes/hr) and other equipment leaks
from well pads (2.1 tonnes/hr). Reported emissions from other operations at well pads

including liquid unloading, oil and liquid condensate storage tanks, and completions and
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workovers total 0.55, 0.15 and 0.14 tonnes/hr, respectively [EPA, 2013b]. Eleven
facilities (large natural gas processing plants and transmission compressor stations) in
Weld County also report facility-level GHG emissions to the GHGRP, and their

aggregated CH4 emission estimate for an average day in 2012 is 0.2 tonnes/hr.

Weld County is the largest O&G producing county by far in the D-J Basin. Here we use
the assumption that the GHGRP area source emission estimates reported for the D-J
Basin can be scaled by O&G production (expressed in Btu) to derive estimates of
emissions for all O&G operators in Weld County in 2012, and we use heat contents for
natural gas of 1.021 million Btu per thousand cubic feet and for oil of 5.871 million Btu
per bbl. In 2012, the 12 operators in D-J Basin reporting emissions to the GHGRP
produced an equivalent of 5.07x10'* Btu while all operators in Weld County produced an
equivalent of 5.01x10'* Btu. We scale the GHGRP reported D-J Basin emissions total by
0.989 (=5.01x10"/5.07x10"*) and derive an estimated total emissions of 6.6 tonnes

CHy/hr for all O&G area sources in Weld County on an average day in 2012.

To account for all sources, emissions from large point sources (compressors and
processing plants) not reporting to the GHGRP should also be added. It is not clear,
however, how to scale the 0.2 tonnes/hr reported for a subset of 11 such facilities. With a
simple scaling of 30/11, we get an estimate of 0.5 tonnes CHy/hr for the identified 30
large O&G point sources in the study region (out of 38 total facilities in the State

inventory for Weld County).
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Overall there is a large gap between the CH4 emissions we estimate based on the GHGRP
data for O&G operations in Weld County for an average day in 2012 (7.1 tonnes/hr) and

the 19.3 £ 6.9 tonnes/hr average top-down estimate we derive for two days in May 2012.

Following CDPHE bottom-up calculations for VOCs flashing emissions from storage
tanks, hourly average CH4 flashing emission estimates in Weld County in May 2012
range between 0.9 and 5.9 tonnes/hr based on 16 different flashing emissions
composition profiles, with an average of 2.8 tonnes/hr. The GHGRP reported CH,4
emissions from oil and liquid condensate storage tanks in the D-J Basin in 2012 total 0.15

tonnes/hr and may be underestimated.

One clear limitation of this comparison has to do with the different temporal coverage of
the top-down (daytime for 2 days) and bottom-up (annual) emission estimates. It is
beyond the scope of this paper to derive an emission inventory for the same time period
represented by our measurements, i.e. a midday snap-shot on two days in May 2012.
Further coordinated work to reconcile CH4 and NMHC emissions estimates based on
inventory models and atmospheric measurements studies at different spatial and temporal

scales is needed to better characterize how O&G sources impact air quality and climate.

Several studies have expressed CH4 emissions from O&G systems in terms of the
fraction of produced CH4 (or natural gas) lost to the atmosphere [EPA/GRI, 1996; Shorter
et al., 1997; Pétron et al., 2012; Peischl et al., 2013; Karion et al., 2013; Allen et al.,

2013]. We estimate the fraction of gross natural gas production from oil and gas wells
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lost to the atmosphere in Weld County in May 2012 is 4.1 £ 1.5 %. This number is close
to the middle scenario (4%) reported by Pétron et al. [2012] for 2008 for the same region.
Our current measurements do not allow us to separate the emission contributions from oil
production versus natural gas production. Our total loss rate is substantially lower than
the 8.9 + 2.8 % (1-0) loss rate reported by Karion et al. [2013] for the Uinta Basin gas

field in northeastern Utah for one mass-balance flight conducted in February 2012.

5 Conclusions

This study presents estimates of total emissions of methane (CHy), propane (C;Hg), n-
butane (nC4Hjy), i- and n-pentane (iCsH;» and nCsH,), and the carcinogen benzene
(C6Hp) from the most densely drilled region of the Denver-Julesburg oil and natural gas
basin in Weld County in May 2012. Our estimation approach is based on aircraft in-situ
continuous (CH4) and discrete (CH4, NMHCs) chemical measurements and ground-based

wind profilers.

Our top-down total hourly average emission rates for CHa4, C3Hg, nC4H,0, iCsH» and
nCsHj; are 26.0 + 6.8, 11.8 £ 3.8, 7.7 £ 2.6, 2.7 £ 0.9, 3.0 £ 1.0 tonnes/hr, respectively.
Based on the lack of correlation we observe between these alkanes and combustion
tracers (CO, C;H>) in the airborne flask-samples along with previous analysis of NMHC
observations in the Basin [Gilman et al., 2013], we attribute 100% of these non-methane
emissions to oil and natural gas operations. We also derive a top-down average emission

estimate for C¢Hg emissions from oil and natural gas operations of 173 + 64 kg/hr.
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Inventory estimates for non-oil and gas CH4 sources in the region suggest that 7.1 + 1.7
tonnes/hr on May 29 and 6.3 +1.0 tonnes/hr on May 31 were emitted by non-oil and
natural gas sources. On average, we estimate that 75% (19.3+6.9 tonnes/hr) of the total

CH,4 emissions we detected are attributable to O&G operations in the study region.

Overall, our top-down emission estimates for CH4 and NMHCs from oil and natural gas
sources are at least twice as large as available bottom-up emission estimates. Accurate
estimates of emissions from oil and natural gas operations at the regional and national
levels are still needed to quantify (and minimize) their impacts on climate forcing and air
quality. Research studies like this one, relying on recent technical developments in
atmospheric measurements, are a necessary component for the evaluation of emissions
inventories and emissions reduction programs. Further efforts are underway to overcome
some of the limitations of the regional mass-balance approach. Specifically, the use of a
dense network of CHy, 8'°CH, and hydrocarbon observations to attribute the total CHy4
emissions between different sources is under investigation. Longer-term monitoring
observations ingested into inverse models (such as Miller et al. [2013]) can also provide a
valuable approach to extend the temporal coverage of top-down emission estimates. More
top-down studies are needed to evaluate 1) hydrocarbons emission inventories for dry
gas/wet gas/oil production regions, and 2) the actual impacts of emission mitigation
regulations and best management practices including Leak Detection and Repair (LDAR)
programs. Future research should also include the investigation of the apparent gap
between bottom-up and top-down hydrocarbon emission estimates at the regional and

national scales to track down which sources are either missing or underestimated and to
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quantify the contribution of anomalously large emitters, as suggested by Brandt et al.

[2014].
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Tables

Table 1: CH4 emission estimates for Weld County for May 29 and May 31, 2012

CH,4 emissions (tonnes/hr) May 29° May 31 Averageb
Measuremenrltﬂ-(‘)t;[:;ed estimates 25.848.4 26.210.7 26.0£6.8
(33%) (41%) (26%)
Animals 3.9+0.7 3.9+0.7
Animals 0.7+0.2 0.7+0.2
waste
Landfills 1.5+1.5 0.7+0.7
Non-O&G sources ™= ool | 0.5£0.15 0.520.15
— Inventory based
estimates wastewater
plants
(see Text and Tables Indtustrlill 0.5+0.15 0.5+0.15
2 and 3 for details) wastewater
plant
Total non oil 7.1x1.7 6.3£1.0
and gas
sources
Remaining balance:
0&G sources 18.7+£8.6 19.9£10.7 19.3+6.9

* The value from May 29 is the average of calculations from two separate downwind legs.
® The variance of the average flux is calculated as sum of the individual day variance

divided by 4.
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Table 2: Bottom-up information and CH4 emission estimates (tonnes/hr) from livestock
operations, enteric fermentation in ruminants (E1) and manure management (E2 and E3),
in the region encompassed by the May 29 and May 31, 2012 flights. Units for the
emissions factors EF1, EF2 and EF3 are g/head/hour (10° g = 1 tonne). The derivation of
the head count for each animal category is provided in the main text.

Source Enteric fermentation Manure

Livestock Head | EF1" | Std. El Std. | EF2° E2 EF3* E3
count” dev | tonnes/hr | dev® tonnes/hr tonnes/hr
x1,000 b

Cattle in

feedlots 308 4.3 1.4 1.32 0.51 0.23 0.07 0.97 0.30

Beef cows 51 7.8 1.6 0.40 0.11 0.23 0.01 0.97 0.05

Beef cows

calves 41 1.0 0.2 0.04 0.01 0.23 0.01 0.97 0.04

Beef

stockers 10 5.7 1.2 0.06 0.02 0.23 <0.01 0.97 0.01

Beef heifers 10 7.1 1.4 0.07 0.02 0.23 <0.01 0.97 0.01

Bulls 7 10.0 | 2.0 0.07 0.02 0.23 <0.01 0.97 <0.01

Dairy cows 76 183 | 3.7 1.39 0.36 6.16 0.47 2.74 0.21

Dairy cows

calves 38 32 0.7 0.12 0.03 0.23 0.01 1.76 0.07

Replacement

heifers 7-11

months 11 5.6 1.1 0.06 0.02 0.23 <0.01 1.76 0.02

Replacement

heifers 12-

23 months 27 7.9 1.6 0.21 0.06 0.23 <0.01 1.76 0.04

Sheep 200 0.9 | 0.2 0.18 0.05 |0.003 <0.01 0.066 0.01

Poultry

(mostly egg

layers) 3,000 na na - - 0.014 0.04 0.025 0.08

Total - - - 3.9 0.7 - 0.6 - 0.8

a. Estimated based on 2012 Colorado Agricultural Statistics for county-level total
numbers of beef cows, dairy cows and other cattle and calves, rounded 2007 Agricultural
Census statistics for poultry and sheep totals and calves production and cattle
replacement statistics from US EPA 2013.

b. Cattle emission factors (EF1) based on Johnson and Johnson. [1995] (Table 2).
Standard deviation on EF1 is set to 20% except for feedlot cattle including stockers,
where it is 33%.

c. The emission estimate standard deviation takes into account the prescribed standard
deviation of emission factor EF1 and 20% uncertainty in head count for each animal
category.

d. Source for EF2 emission factors used to derive emission estimates E2 [IPCC, 2000]

e. Source for EF3 emission factors used to derive emission estimates E3 [CDPHE, 2002]
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Table 3: Hourly CH4 emission estimates for the five major landfills operating in or near
the region encompassed by the flights based on annual estimates reported for 2012 [EPA

GHGRP, 2013].
2012
Facility Latitude | Longitude | Emissions
tonnes/hr
North Weld o o
Sanitary Landfill 40.585 -104.826 0.50
Central Weld
Sanitary Landfill | 40.349° | -104.806° 0.16
(closed)
Denver Regional
Landfill 40.022° | -105.028° 0.51%*
(closed) *
Denver Regional
North Landfill 40.031° | -105.032° 0.02*
(closed)”
Front Range o o
Landfill 40.022 -105.009 0.25%
Total Upwind on May 29, 2012 1.44
Total Upwind on May 31, 2012 0.66

* The last three landfills were beyond the downwind transect for the May 31 flight.
* These two closed (no longer in operation) landfills have recovery systems.
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Table 4: See Table in separate file

Table 5: Emission estimates for methane and five non-methane hydrocarbons in Weld

County based on aircraft measurements in May 2012.

Compound Total emissions Method
(tonnes/hr)
2 days in May 2012
CH,4 26.0£6.8 Mass-balance estimate
11.8 £3.8 Based on CH4 to C3Hg mixing ratios
C;sHg
enhancements slope
nCsHio 7.7+2.6 Based on CH4 total emissions estimate
and nC4H,¢ to CsHg mixing ratios slope
iCsHy 2.7+0.9 qued on C;Hg emissions estimate and
iCsHj, to C3Hg mixing ratios slope
nCsHpp 3.0£1.0 Based on Cs;Hg emigsipns estimate and
nCsH;, to C3Hg mixing ratios slope
Based on C;Hg emissions estimate and
CeHs 0.17+0.06 CsHe to CsHg multi-regression coefficient
meseured 254582 Sum of CaHy, nCiHio, iCsHia , nCsH
NMLC and C¢Hg emissions
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Figure 1: Map of Colorado’s northern Front Range. Locations of ground-based
meteorological measurements HRDL and CHILL and the BAO tower are shown in white
symbols. The locations of the aircraft discrete air samples collected in May 2012 are
shown with colored circles: light blue for boundary layer samples, dark blue for free
troposphere samples, light pink for background samples, light purple, red and orange for
flights on three different days (May 17, 29 and 31, 2012). Natural gas production in May
2012 (binned by township 6x6 km?) is shown on a gray scale in the background.
Compressor stations and processing plants are shown with blue hourglass symbols,
feedlots with orange triangles, dairy farms with yellow triangles, landfills with green
pentagons, and wastewater treatment plants with blue crossed squares. The size of the
symbols for animal operations reflect their permitted capacity and the size of the symbols
for the landfills reflect the 2012 facility-level CH4 emission estimates reported to the
EPA GHGRP.
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Figure 2. Measurements used in May 29, 2012 CHj flux calculation. (a) Map of flight
track color-coded with CH4 mole fraction, 4-hr back trajectory of the downwind air mass
(from HRDL winds, black line and dots), and the locations of oil and gas wells (gray
dots). (b) Vertical profiles of CH4 mole fraction (red, top axis) and potential temperature
(green, bottom axis) measured during a spiral at the northernmost point of the flight track,
during the red-colored downwind segment (indicated by green star in inset of panel (c));
blue line indicates the top of the PBL and the black line at the bottom shows the mean
ground level for the region. (¢) CH4 mole fraction as a function of distance along the
flight track perpendicular to the mean wind direction. The average upwind mole fraction
(1881+4 ppb CH4, black dashed line) derived from the upwind measurements (light blue
line), is subtracted from the two downwind segments (dark blue, flown at ~2000 masl
(~400 magl), and red, before they are integrated along the flight path perpendicular to the
wind direction. The downwind segments were flown at ~2150 masl (~550 magl)) along
the western and northern sides of the flight track; the upwind measurements (light blue),
were made in the southeast and eastern portions of the track (inset) at 2000 masl (400-
600 magl depending on ground elevation). A narrow large CH,4 plume was sampled in the
upwind leg, most likely from a local point source given its narrow width. Green symbols
on the figure correspond to locations indicated with same symbols in inset map. (d) Wind
speed (top) and direction (bottom) from HRDL, averaged through the PBL (black, with
dashed line indicating the average used in the calculation and gray bar indicating the
uncertainty derived in Supplementary Section 6); green line indicates the same
measurement from the radar wind profiler near Greeley. Light blue, red, and dark blue
vertical lines indicate the average times of the upwind and two downwind legs,
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corresponding to the same colors in panel (c). Local (daylight savings) time was GMT-6

hours.
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Figure 3. Same as Figure 2 but for measurements used in May 31, 2012 CHy flux

calculation. (c) One downwind segment (red, flown at 2020 masl (~500 magl)) was
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integrated for the flux calculation after the background mole fraction (1870 = 4 ppb CHa,
black dashed line) was subtracted. The upwind measurements (light blue), sampled in

the northeastern portion of the track (inset) at 2000 masl (~400 magl), were used to

define the background condition for the flux calculation. The dark blue line shows the
mole fraction along the earlier downwind segment at the same altitude that captured only
part of the plume. (d) The purple line indicates the average time of a second descending
profile, shown in Supplementary Figure 4.
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Figure 4: Correlation plots for different hydrocarbon versus propane mixing ratios (or
enhancements above background as noted) in flasks sampled by aircraft in the boundary
layer. The dotted lines show the correlation slopes of the single regression as reported in
Table 4. The dashed line in the benzene to propane figure shows the multi-regression
slope also reported in Table 4. All the data come from the NOAA GMD multiple species
analysis by GC-MS of discrete air samples collected with the aircraft on different days in
the Denver-Julesburg Basin in May 2012.
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