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ABSTRACT: Quantifying ammonia (NH;) to methane (CH,)
enhancement ratios from agricultural sources is important for
understanding air pollution and nitrogen deposition. The northeast-
ern Colorado Front Range is home to concentrated animal feeding
operations (CAFOs) that produce large emissions of NH; and CH,.
Isolating enhancements of NH; and CH, in this region due to
agriculture is complicated because CAFOs are often located within
regions of oil and natural gas (O&NG) extraction that are a major
source of CH, and other alkanes. Here, we utilize a small research
aircraft to collect in situ 1 Hz measurements of gas-phase NH;, CH,,
and ethane (C,H;) downwind of CAFOs during three flights
conducted in November 2019. Enhancements in NH; and CH, are
distinguishable up to 10 km downwind of CAFOs with the most
concentrated portions of the plumes typically below 0.25 km AGL. We demonstrate that NH; and C,Hg can be jointly used to
separate near-source enhancements in CH, from agriculture and O&NG. Molar enhancement ratios of NH; to CH, are quantified
for individual CAFOs in this region, and they range from 0.8 to 2.7 ppbv ppbv_'. A multivariate regression model produces
enhancement ratios and quantitative regional source contributions that are consistent with prior studies.

KEYWORDS: ammonia, methane, enhancement ratios, agricultural emissions, concentrated animal feeding operations, oil and natural gas,
northeastern Colorado front range, multivariate regression

1. INTRODUCTION raised in confinement, and NH; emissions from CAFOs can
vary widely based on climate, livestock type, manure
management techniques, feed, and other practices."> The
cattle industry is centrally located within the U.S. with Texas,

Ammonia (NHj;) plays an important role in the formation of
particulate matter and contributes to damagl ng eutrophication
and acidification of ecosystems worldwide.' ™ Anthropogenic

sources, particularly agricultural, combustlon, and industrial Nebraska, Kansas, Colorado, and Iowa accounting for more
activities, dominate emissions of NH;.% Reduced nitrogen than 70% of the cattle-on-feed inventory in 2012."
now domlnates n]trogen dep051t10n in the U. S and thlS has The work presented here is conducted in the northeastern
been driven by unregulated and growing emissions of NH; Colorado Front Range (NCFR; Figure 1) where large cattle
accompamed by successful decreases in nitrogen oxide (NO,) and dairy operations produce large enhancements of
emissions.””"" Controlling the emissions of NH; has been NH,.'*""® There are >500000 head of cattle concentrated
proposed as a cost-effective strategy for reducng fartlculate within 8 counties in northeastern Colorado, and ~75% of
matter and improving human health in the U.S." those cattle are in beef feeding facilities.'” NH; emissions from
Though there have been large research strides with respect CAFOs have a large impact on nitrogen chemistry and

to NH; over the last several years,'* a recent analysis of global
satellite observations of NH; from the Infrared Atmospheric
Sounding Interferometer (IASI) implies that we should
prioritize quantifying NH; emissions from large point sources
because the emissions from many of these large point sources
can be underestimated by an order of magnitude."

Agricultural NH; emissions hotspots identified in this analysis
were often associated with intensive animal farming, also
known as concentrated animal feeding operations (CAFOs).
Beef cattle, dairy cows, swine, chickens, or hens can all be

transport in this region. Major sources of NH; in this area are
often collocated with dense regions of oil and natural gas
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Figure 1. Map of the northeastern Colorado Front Range showing the locations of concentrated animal feeding operations (colored circles sized by
maximum capacity per animal type for each facility) that were permitted and/or registered as of 2017 and producing oil and gas wells as of 2015
(cyan dots) with respect to major roads (gray lines), a coal-fired power plant (orange triangle), and urban areas (brown outlines). The UWKA
flight track from flight 1 conducted on November 9, 2019 (black line) is overlaid on the map to highlight an initial survey of concentrated animal

operations in this region.

(O&NG) extraction from the Denver-Julesburg Basin (DJB),
which is a heavily developed oil and gas basin consisting of
25000+ active wells and numerous compressors and
processing plants.'”'”*° Upslope flows of pollutants from the
NCFR that contain elevated levels of reactive nitrogen can
reach the eastern slolz)e of the Continental Divide and be lofted
into the mountains.”'~>* The deposition of NH; and other
nitrogen-containing compounds has a measurable effect on
ecosystem health in nearby Rocky Mountain National Park
(RMNP).>*~*° Reduced nitrogen can be up to 50% of the total
nitrogen deposition to RMNP and much of this reduced
nitrogen is from concentrated sources in the NCFR.”

Sampling plumes of ammonia in a consistent systematic way
downwind of CAFOs can be challenging as plumes are lofted
and dispersed downwind of their source. Dispersion models
show that surface-based observations can be highly impacted
by deposition within the first few kilometers downwind of the
source,”” and sampling plumes at consistently repeatable
distances downwind of the source using a ground-based mobile
platform can be limited by the locations of access roads and
property lines.'”*> Another approach for sampling plumes
from CAFOs is from a research aircraft. A few prior airborne
studies have been conducted in the NCFR;**™*° and
elsewhere.®*” Although, probing individual agricultural
plumes was typically not a primary objective of the airborne
studies conducted in the NCFR and they often utilized larger
airborne research platforms that cannot sample below 300 m
over land without special permissions or performing special
maneuvers at designated locations (e.g.,, missed approach). As
described in other aircraft-based case studies,>*>” airborne data
is also often acquired using a nonoptimized suite of
instrumentation and a nonidealized flight pattern for
individually sampling a large number of CAFOs.

Here, we describe an opportunistic proof-of-concept
sampling exercise aimed at optimizing an airborne payload
and a lower-altitude sampling strategy for characterizing
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plumes from agricultural point sources. The goals of this
study are to (1) optimize an airborne sampling strategy to
identify and track plumes from multiple individual CAFOs and
(2) assess the utility of two different analysis methods for
isolating plumes from agricultural sources in the NCFR and
quantifying enhancement ratios of NH; to methane (CH,).
We demonstrate the utility of using a smaller research aircraft
for sampling CAFOs and show that agricultural plumes can be
isolated from other sources even in regions where sources are
heavily mixed, such as the NCFR. Using the two analysis
methods, we demonstrate that measured enhancements in
pollutants from CAFOs can be separated from enhancements
originating from nonagricultural sources and quantified. The
first approach uses tracer—tracer correlations of co-emitted
species to quantify molar enhancement ratios of NH; to CH,
from individual CAFOs. The second approach uses source
apportionment from a multivariate regression (MVR) model to
determine an area-wide ratio of NH; to CH, as well as the
percent contribution of the different sources in this region to
the CH, observations. Results from the two approaches are
compared with each other and with values reported in the
literature from prior studies in the NCFR.

2. METHODS

2.1. Airborne Data Collection. The University of
Wyoming King Air (UWKA) research aircraft conducted
three flights in fall 2019 (Flight 1 on November 9, Flight 2 on
November 11, and Flight 3 on November 15). The UWKA
Research Flight Center at the Laramie Airport in Laramie,
Wyoming (KLAR), was utilized as the base of operations.
Flights were conducted in the afternoon when enhancements
from agricultural sources are expected to be at a maximum and
the mixed boundary layer (MBL) is expected to be well
established. The UWKA typically departed KLAR at 12:00
Mountain Standard Time (MST) and landed 2—4 h later. The
altitude of the UWKA during these flights ranged from a

https://doi.org/10.1021/acs.est.1c07382
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Figure 2. UWKA flight tracks (black lines) from (a) F2 conducted on November 13 and (b) F3 conducted on November 15 are shown with
respect to the locations of beef cattle and dairy cattle (yellow circles and pink circles, respectively, sized by the maximum capacity per animal type
for each facility) as well as major roads (gray lines), a coal-fired power plant (orange triangle), and oil and gas wells (cyan dots). Facilities with
strong outflow plumes that the aircraft attempted to follow downwind are highlighted by the numbered and dashed boxes. Arrows indicate the
predominant wind direction sampled from the aircraft during each flight. Note that the latitude range is similar in both plots, but the longitude

range is offset to center the flight tracks in each plot.

maximum of 3 km AGL to a minimum of 0.06 km (or 200
feet) AGL. Flight plans were optimized for sampling
agricultural sources in this region and following their outflow
plumes downwind [see Text S1 of the Supporting Information
(SD].

The UWKA was outfitted with instrumentation for
measuring in situ ambient mixing ratios of NH;, CH,, carbon
monoxide (CO), carbon dioxide (CO,), and ethane (C,Hj).
The instruments and associated measurement uncertainties are
described in detail in Text S2. Briefly, NH; and C,Hy were
measured at 1 Hz using dedicated commercial (Aerodyne
Research, Inc.) quantum-cascade tunable infrared laser direct
absorption spectrometers (QC-TILDAS).**™* The QC-
TILDAS measuring NH; operates at 967 cm™' and the QC-
TILDAS measuring C,Hy operates at 2990 cm™'. CH,, CO,
CO, (and H,0) are collected in rotation at 0.25 Hz and
averaged to 1 Hz using a Picarro G2401-m flight-ready
analyzer employing infrared cavity ring-down spectrosco-

y.*"* In addition to the user-supplied equipment, the
UWKA was equipped with the standard suite of sensors for
collecting state and meteorological parameters including three-
dimensional (3D) winds, relative humidity, temperature, and
pressure.

2.2. Data Treatment. Data points associated with
individual CAFOs are defined by the geographical portions
of the flight tracks in the immediate vicinity and downwind of
each target facility (e.g, the dashed boxes in Figure 2). Data
points representing an area-wide assessment of the NCFR are
defined by a larger geographical area bound between 40.0 °N
and 41.0 °N latitude and 103.0 °W and 105.25 °W longitude.
The bounds of this area primarily serve to eliminate
measurements collected during take-off, landing, and transits
to the area of interest. In both the individual and area-wide
cases, only the data points sampled within the mixed boundary
layer (MBL) are retained for further analyses. The MBL
heights are estimated as 800 m AGL for flight 1 (denoted as F1
from here on), 1500 m AGL for flight 2 (denoted as F2), and
<500 m AGL for flight 3 (denoted as F3) from visual
inspection of the vertical profiles of the trace gases and
potential temperature (e.g.,, Figure S1). Data points sampled
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directly downwind of a coal-fired power plant (located at
40.219 °N latitude and 103.679 °W longitude) that are
identified in F3 by enhancements in CO, relative to CO are
also eliminated prior to all further analyses. Measured mixing
ratios during all flights exceeded the method detection limit
(MDL) for all instruments; thus, uncertainties used for
weighted linear fits are represented as a percent accuracy
associated with each measurement (see Text S2 for details).
Only data from F2 and F3 are used for further analysis since
multiple downwind transects of the outflow plumes were
performed for individual facilities during these flights.
Although, separate analyses are performed for F2 and F3
owing to the different meteorological conditions and boundary
layer conditions observed during each flight.

2.3. Molar Enhancement Ratios from Tracer—Tracer
Correlations. Molar enhancement ratios for individual
CAFOs (notated throughout as EnhRs) are determined from
tracer—tracer correlations of the NH; and CH, measurements
associated with agricultural emissions. EnhRs are interpreted
from the slopes of orthogonal distance regressions (ODRs) of
the observations weighted by the uncertainties of the
measurements. We use the real-time measurements to identify
the nature of enhancements from the different source types in
this region, where NH; is primarily associated with agriculture,
C,Hg is predominantly associated with O&NG, and CH, is
associated with a mixture of both. As shown in Figures S2a and
S3a, enhancements in CH, associated with area-wide non-
agricultural sources are determined for all data points in the
mixed boundary layer over the NCFR by retaining the area-
wide data points with NH; <5 ppbv for F2 and NHj; <15 ppbv
for F3. These NHj; thresholds are conservatively selected as
two times the maximum NH; mixing ratio observed in the
mixed boundary layer upwind and immediately outside of the
individual plumes (e.g., Figures S4 and SS). The resulting
C,Hg to CH, EnhR (also denoted here as AC,H;:ACH,)
represents an area-wide average of nonagricultural emissions
during each flight day. Since C,H¢ and CH, are predominantly
associated with O&NG operations in the NCFR,>’™>* we
further use the resultant AC,Hs:ACH, from each flight to
remove data points influenced by O&NG from those
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agriculturally impacted data points collected downwind of the
individual CAFOs. The deviation of the data points associated
with O&NG from the AC,H4:ACH, slope is used to guide the
selection of agriculturally impacted versus nonagriculturally
impacted data points. We define this threshold as 2-sigma of
the standard deviation of the AC,H4:ACH, slope. Data points
with CH, values below this threshold (e.g., data points that lie
to the left of the dashed lines in Figures S2a and S3a) are
assumed to be associated with O&NG, while data points with
CH, above this threshold (e.g,, data points that lie to the right
of the dashed lines) are associated with agricultural sources.
Although this approach eliminates data points that could
represent a mixture of agricultural and nonagricultural sources,
this approach is conservative in assuring that the data points
remaining for further analysis are predominantly associated
with the CAFO plumes. EnhRs of NH; to CH, (or
ANH,;:ACH,) are then determined for each individual facility
using the agriculturally impacted data points (e.g, Figures
S2b—d and S3b—d).

2.4. Regional Source Apportionment Using a Multi-
variate Regression Model. Here, we use NH; and C,H, in a
multivariate regression model to estimate the relative
contributions of emissions sources in this region to the
observed CH, mixing ratios. This approach has been used for
prior analyses of emissions in the NCFR.>>** In this model,
NH; is used exclusively as a marker for agricultural
enhancements from CAFOs and C,Hy is used exclusively as
a marker for natural gas production. The expression used for
the MVR analysis is shown in eq 1.

ACH, = CH,(excess) + {ER’ammonia*[ammonia,]}

+ {ER’ethane*[ethane;]} (1)
In eq 1, ACH, is the mixing ratio (in units of ppbv) above the
regional background that is to be fitted, [ammonia,] and
[ethane,] are the observed NH; and C,H¢ mixing ratios (in
units of ppbv), and ER’,.. .. and ER’ 4. (in units of ppbv
ppbv™") represent the respective derived values of the CH,
emission ratio relative to NH; and C,H,. CH,(excess) is equal
to the observed CH, that exceeds the regional background
estimate and is associated with neither ammonia from
agriculture nor ethane from O&NG, and thus, it is considered
to be from “other” regional sources. ACH, is determined as
the observed mixing ratio minus a constant regional back-
ground of CH, estimated for the NCFR. The sensitivity of the
model results to the selection of a regional background value is
discussed further in Section 3.3. ER’, . . ... and ER’ ...
represent the inverse of ANH;:ACH, and AC,Hs:ACH,,
and thus, the area-wide results from the MVR model can be
directly compared with the EnhRs determined for individual
CAFOs. Studies of background sensitivity”* showed that the
best fits to eq 1 are obtained when CH,(excess) is held
constant and ER' ... and ER' ... are unconstrained, and
thus, our MVR analyses reported in Section 3.3 follow the
same approach. CH,(excess) is calculated as the minimum
value of CH, observed in the mixed boundary layer of the
region of interest during a given flight minus the regional
background determined for that day.

In this analysis, we also utilize the MVR expression to
estimate the relative contribution of each source to the
observed ACH, mixing ratio. For example, eq 2 expresses the
percent contribution from agricultural facilities to the ACH,
observations.
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% Ag = ( 100) * ( { ER/ammonia * [ammoniaO] } )
/(CH,(excess) + {ER’

+ {ER/

ammonia * [ammoniao] }

ethane * [ethaneo] }) (2)
The percent contributions from O&NG and other sources to

the ACH, observations can be calculated in a similar manner.

3. RESULTS AND DISCUSSION

3.1. General Observations and Sampling Strategy.
Winds in northeastern Colorado during the November 2019
flight period varied in speed and predominant wind direction
for each flight (e.g., Figure S6). The strongest average wind
speed (9.0 + 2.5 m s™') was observed during F2 and the
calmest winds were observed during F3 (3.1 + 1.7 m s™").
Wind direction was consistently from the north-northeast
during F2 and was largely from the west-southwest during F3.
In addition, cooler temperatures and low-level inversions
contributed to lower boundary layer heights during F1 and F3
(e.g, Figure S1). The meteorological conditions were stable
enough that distinct plumes from individual facilities could be
observed. Wind and boundary layer conditions during these
flights permitted some facilities to be systematically sampled
with repetition at multiple altitudes such as facility #1 (e.g,
Figure 2a). In other cases, flight patterns were evaluated for
sampling more than one facility per flight, and thus, less
repetition is available for facilities 2—S.

A total of 10 CAFOs in this region were identified and
surveyed during F1. These target facilities span a range of
difficulties, both in terms of potential influence from nearby
O&NG extraction and proximity to other CAFOs (e.g., Figure
1) and in terms of flight logistics and other sampling
constraints (e.g., proximity to aviation hazards such as towers,
airports, commercial aircraft corridors, sky jumpers, and
aviation schools). Figure 2 shows the flight tracks from F2
and F3 where the aircraft attempted to characterize plume
outflow downwind of five facilities that showed large NH;
enhancements during the F1 survey flight. A combination of
circles, stacked legs, and racetracks were evaluated for
characterizing plume outflow during F2 and F3. Figure 2
highlights that most of the facilities sampled during these
flights were located on the eastern edge of the DJB where there
are fewer O&NG wells; only facility #1 is nestled within a large
concentration of O&NG wells in the DJB. We also note that
the wind direction had shifted from west to south, while the
aircraft sampled facility #4, and that facility #3 represents a
collocated beef and dairy CAFO. Facility #3 is also located 2.3
km east of a poultry CAFO as shown in Figure 1 and 9.5 km
east of another beef cattle facility as shown in Figure 2; these
facilities could have contributed to the observed enhancements
from agriculture during F3 when the wind direction was
predominantly from the west.

Figure S1 shows vertical profiles of trace gas mixing ratios
and potential temperature from the aircraft during each flight.
We found that the aircraft did not need to fly much below 100
m AGL to capture the most intense parts of the plume (e.g,,
the maximum mixing ratios observed in the plumes during all
three flights were between 120 and 150 m AGL). Elevated
mixing ratios confined between 100 and 200 m AGL during F3
highlight the compressed mixed layer that was formed by the
temperature inversion on November 15. In contrast, smaller
enhancements and more vertical variability in the mixing ratios
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Figure 3. (a) Example time series of NH; (black), CH, (blue), C,H, (orange), and altitude above the ground level (gray) measured from the
UWKA during F2 while sampling target facility #1. Times that the aircraft sampled in the vicinity of facility #1 and in the mixed boundary layer are
indicated by the red line and correspond to the dashed box in Figure 2a. (b) Flight track from F2 during the entire time that the aircraft sampled
inside the dashed box for facility #1 (gray line) and only those data points in the mixed boundary layer that are associated with sampling target
facility #1 (facility #1 shown as a solid blue star; data points are colored and sized by NH;). Note that enhancements in NHj; associated with a
nearby facility (open blue symbol) are also detected during the downwind horizontal transects.
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Figure 4. Scatter plots of C,H, versus CH, sampled during F3 on 15 Nov 2019. (a) Data points from the entire flight (gray) are compared with
those associated with specific target facilities (facility #3b in green, facility #4 in purple, and facility #S in orange). (b) Data points associated with
NH; enhancements from CAFOs are highlighted by the colorscale. Data points with NH; <15 ppbv are associated with O&NG (blue symbols). An
area-wide C,H:CH, EnhR is determined from the slope (solid black line) of an ODR of the data points associated with O&NG operations.

are observed for the trace gases during F1 and F2 when the
boundary layer height was not as low.

Substantial enhancements of NH; and CH, could be
detected in the outflow from most facilities during all three
flights (e.g., only one of the smaller facilities did not produce a
detectable plume during low wind conditions in the F1 survey
flight). This is a particularly important observation since the
flights occurred in fall when NH; enhancements from CAFOs
were expected to be less than during the warmer summer
months and because the flights were conducted under gentle to
moderate wind conditions (e.g., higher wind speeds have been
shown to increase the emission rate of NH; from
CAFOs).” ™" Although NH; emissions generally increase
during the daytime with increasing temperature, wind speed,
and animal activity and decreasing relative humidity, reports in
the literature indicate large variability in observed diurnal
patterns of NH;.”

Figures 3, S4, and SS show that the mixing ratios of NH; and
CH, are significantly enhanced in the downwind plumes from
CAFOs compared to the areas immediately upwind and on the
sides of the plumes. In the example for facility #1 shown in
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Figures 3 and S4a, NH; in the downwind plume ranged from a
maximum of 259 ppbv at close range to ~20 ppbv further
downwind compared to the average NH; mixing ratio (3
ppbv) sampled upwind of the facility. The response times of
the trace gas instruments (e.g, 1 Hz) are sufficiently fast with
respect to the duration of the plume transect time (~30 s) to
adequately capture fine structure within the plume. An
expanded view of the time series during F2 while sampling
facility #3a (e.g., Figure S7) shows the relative signal recovery
times of the NH;, CH,, and C,Hy instruments as the UWKA
ascended above and away from the plume. The signal recovery
times are similar for all species, and thus, a slower time
response from any one particular instrument is not a limiting
factor for this analysis.

3.2. Molar Enhancement Ratios Associated with
Individual CAFOs. Figures 4, S2a, and S3a show scatter
plots of C,Hg versus CH, from F2 and F3. During both flights,
there are clear enhancements in CH,, associated with elevated
NH; from individual CAFOs that are distinguishable from
area-wide enhancements of C,Hs and CH, from non-
agricultural sources (e.g., data points associated with NH; <$
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ppbv for F2 and NH, <15 ppbv for F3). Linear least squares
(LLS) fits show strong correlations (R* = 0.80 for F2 and R* =
0.98 for F3) between C,Hy and CH, associated with these
nonagricultural sources. Since C,Hy is almost exclusively
emitted from O&NG activities, we associate the resultant
slopes from ODR of these nonagricultural data points (0.11 +
0.02 for F2 and 0.084 + 0.002 for F3) with the C,H:CH,
EnhR for O&NG. We note that dividing the data points
sampled in the NCFR during F2 into an eastern (impacted by
few O&NG wells) and a western (impacted by a large
concentration of O&NG wells) portion prior to ODR results
in a similar AC,H4:ACH, slope within the 1-sigma standard
deviations. This suggests that the C,Hs:CH, EnhR associated
with O&NG is fairly homogeneous throughout the NCFR
region regardless of the heavier concentration of active wells in
the western half of this region. As shown in Figure S8, our
airborne assessments of C,Hg:CH, EnhRs from area-wide
O&NG activities in the NCFR are on par with area-wide
averages reported in the literature for O&NG activities in the
DJB*"**%°! and measurements from a “wet” gas well.**
Isolating the data points in Figure 4 to those with CH,
enhancements that exceed the observed O&NG C,H:CH,
EnhRs allows separation of the agricultural enhancements in
NH,; and CH, associated with individual CAFOs (e.g,, Figures
S2 and S3). Table 1 and Figure S9 summarize the NH;:CH,
EnhRs determined for individual facilities sampled during F2
and F3 using the tracer—tracer correlation method. The EnhR
for facility #2 is excluded from the table and further
comparisons owing to too few data points retained to perform

Table 1. Capacity, Sampling, and Tracer—Tracer
Correlation Statistics for Individual Beef Cattle Facilities
Sampled during F2 and F3

max # downwind ANH;:ACH,

facility” capacityb N°¢ transects (10)° R*
1 100000 126 5,63,6 2.7 (1.5) 0.58
o 18 400 8 333 NA NA
3a 50000 37 332 2.7 (2.0) 032
3b 50000 49 4 1.4 (0.7) 0.22

35000 134 4 0.8 (0.2) 0.71
5 42000 138 633 1.1 (0.1) 0.81

“Beef cattle facilities sampled during F2 and F3. Influence from
smaller “satellite” facilities (cattle and dairy) within the dashed boxes
is possible, although the maximum capacity of cattle or dairy heifers at
nearby satellite facilities is tygically <10% of the max capacity of beef
cattle at the target facilities. “The maximum capacity of cattle that a
registered/permitted facility can confine at any given time.'” This
number does not necessarily reflect the actual number of animals
confined at these facilities during the time of these flights. “The
number of 1 Hz data points collected during flight while sampling the
outflow plume from each target facility that were retained for analysis
of the agricultural plumes. “The number of downwind transects
performed in the MBL when sampling within the dashed box around
each facility. Transects included spirals, racetracks, and/or horizon-
tally stacked legs. A comma indicates that the aircraft moved further
downwind of the facility before performing additional transects of the
outflow plume. °NH; versus CH, correlation statistics for each target
facility. ANH;:ACH, is represented as the slope and 1-sigma standard
deviation in units of ppbv ppbv™' from ODR and R* is the goodness
of fit from an LLS fit of the data points associated with each facility.
FToo few agriculturally impacted data points were retained for facility
#2 to be able to perform a meaningful tracer—tracer correlation
analysis.
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a robust ODR. In general, NH;:CH, EnhRs varied between
flights (which had different meteorological conditions) and
between facilities (which had different numbers of animals and
potentially different management practices). We note that
consistency in the C,Hs:CH, EnhRs determined in this work
with values reported in the literature lends credibility to the
NH;:CH, EnhRs determined for individual CAFOs using
these observations and validates the tracer—tracer correlation
approach used in this work for determining molar enhance-
ment ratios.

3.3. Regional Source Apportionment and Area-Wide
Ratios. The MVR model effectively separates and attributes
the CH, observations to agricultural, O&NG, and other
regional sources. Figure S illustrates the observed ACH,
mixing ratios compared to those derived using the MVR
model (e.g,, eq 1) for F2 and F3. The MVR model effectively
captures the observed variability in ACH,, and the enhance-
ments in ACH, can be reconstructed reasonably well using the
multivariate fit with only NH; and C,Hj as variables in eq 1. As
shown in Figure Sef, we find strong correlations between
ACH, predicted by the multivariate fit model and the
measured ACH, (e.g,, R* = 0.83 for F2 and R* = 0.97 for F3).

Figure S and Table 2 show results of the MVR analysis using
eq 1 and a regional background value of 1930 ppbv for CH, for
the F2 data and 1912 ppbv for the F3 data. These values
represent approximate regional background CH, abundances
in the NCFR during the time of these flights. A background
value of 1912 ppbv corresponds to the minimum mixing ratio
of CH, observed in the MBL during all three flights, and this
occurred during F1 under westerly wind conditions. CH,
mixing ratios observed between November 9 and November
15 at Niwot Ridge were also within a few ppbv of this value.®”
The background CH, surrounding our target facilities was
likely higher during F2. The winds during F2 had an easterly
component, and depending on the altitude, would have likely
facilitated the transport of CH, from nearby upwind sources
spanning from Sterling, CO to Yuma, CO. Further upwind
regions (e.g., Kansas and Nebraska) also often have elevated
CH, abundances®® that may have contributed to the higher
regional background observed on this day. Consistent with
prior findings in the NCEFR,* we find that the regression
parameters are insensitive to the selection of a regional
background value for CH,. Area-wide averages of
AC,Hs:ACH, and ANH;:ACH, are determined for each
flight from ER’, 00t and ER gpe in eq 1 and are reported in
Table 2. A direct comparison with the molar EnhRs
determined above shows that the range of values determined
for individual CAFOs is on par with the area-wide average
determined from the MVR analysis.

Figure S illustrates that ACH, in the NCFR is representative
of a mixture of agricultural, O&NG, and other sources.
However, the percent contributions from each source (e.g, pie
charts in Figure S) determined using eq 2 are dependent on
the regional CH, background value selected. Figure S10 shows
how the MVR model results change over a range of regional
CH, background values. The lower end of this range is selected
as 1910 ppbv to be on par with the minimum discrete values
observed at Niwot Ridge in November 2019°* and the upper
end of the range is determined by the minimum CH, mixing
ratio observed in the MBL during F2 and F3, which are 1931
and 1918 ppbv, respectively. As the background value is
increased (in S ppbv increments), there is little change in the
contribution from agriculture, yet the percent contributions
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Figure S. Results of the MVR analysis for flight F2 and F3 using eq 1 and regional background values for CH, of 1930 and 1912 ppbyv, respectively.
(a, b) Time series of ACH, measured in the NCFR in the mixed boundary layer during F2 (upper) and F3 (lower). MVR-derived ACH,, (colors)
from eq 1 are compared with the measured enhancement (black lines) in the time series. Gray areas represent portions of the flight within the MBL
that are used for calculating the average percent contributions in the pie charts. (c, d) Pie charts depict the mean percent contribution of each
source term from eq 2 to the ACH, observations. (e, f) Scatter plot compares the MVR-derived ACH, with the measured ACH,. An LLS fit (red
dashed line) of the data points is compared with unity (dashed gray line); fit parameters (text boxes) and fit residuals (gray symbols) are also
shown.

Table 2. Results of the MVR Analysis Using Equation 1

CH, (excess) ER’ mrmonia ER cthane
flight ~ N“ prbv) (ppbv [ppbv NH,]™) (ppbv [ppbv C,He]™")  ANH;:ACH,” (ppbv ppbv™!) AC,HgACH,” (ppbv ppbv™")
F2° 6388 1.149 £ 0 0.75 + 0.01 8.47 + 0.0S 1.34 £ 0.02 0.118 + 0.001
F3° 3286 6.323 £ 0 1.17 = 0.01 11.48 + 0.03 0.85 + 0.01 0.087 + 0.001

“Number of 1 Hz samples used in the MVR analysis from each flight. "ANH;:ACH, and AC,H:ACH, are reported as the inverse and propagated
uncertainties of ER’onia and ER ¢p0ne from the MVR model, respectively, for comparison with molar enhancement ratios in Table 1. “A regional
CH, background of 1930 and 1912 ppbv was used for F2 and F3, respectively.

from O&NG and other sources are redistributed (i.e., the 4, COMPARISON WITH THE LITERATURE

contribution from O&NG sources increases, while the Figure 6 summarizes the results for individual beef cattle
contribution from other sources decreases). Overall, the facilities and the NCFR region from this work and compares
changes are within the 1-sigma standard deviations of the them with values reported in the literature. The figure
average values (e.g., the error bars in Figure S10). Assuming a highlights a few key observations. First, there are very few

simultaneous, collocated measurements of NH; and CH, for
CAFOs in this region, and of the measurements that are
reported in the literature, most were collected within the past

range of background values, we determine that the percent

contributions from agricultural, O&NG, and other sources in

the MBL of the NCER are within the ranges of 8-17, 3775, 10 years. Second, NH;:CH, EnhRs determined from individual
and 8—55%, respectively, during F2 and within the ranges of CAFOs in this work are variable and span a large range.
16—17, 75—79, and 4—8%, respectively, during F3 (as Finally, the NH;:CH, EnhRs determined from the airborne
summarized in Table S1). As shown in Figure Sc,d and observations collected during the 2019 flights are 2—5 times

larger than values reported in the literature from prior studies
in the NCFR that used surface- and column-based measure-
ments.'>* In one prior study, ANH;:ACH, was determined
for several CAFOs in the NCFR as a function of time of the
day, season, and ambient air temperature using a surface-based
the MBL of the NCFR to 17 + 14, 7S + 1S, and 8 £ 5% for F2 mobile laboratory in 2014."” ANH;:ACH, values ranged from
and 17 + 12, 77 + 14, and 6 + 9% for F3, respectively. 0.2 to 0.8 mol mol™" (~0.4 mol mol™" on average) at the time

summarized in Table S1, using the regional background value
for CH, estimated for each flight day (e.g,, 1930 ppbv for F2
and 1912 ppbv for F3) narrows down the percent

contributions from agricultural, O&NG, and other sources in
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Figure 6. ANH;:ACH, determined from the in situ airborne
observations collected during the November 2019 flights for
individual CAFOs (black triangles) and from an area-wide MVR
analysis (orange squares). Values are compared with those reported in
the literature from prior surface-based studies in the NCFR (blue
circle'” and blue triangle®*). Data points are shown in reference to
their year of measurement; F2 (open symbols) and F3 (solid
symbols) are x-offset for clarity.

of day that these flights were conducted (e.g., 12:00 and 16:00
MST) and for the ground-based air temperatures during fall
that were observed during these flights (i.e, ambient air
temperature at Fort Morgan Regional Airport averaged 12 °C
in the early afternoon on November 13, 2019, and November
15, 2019). Another study, conducted in 2015, presented the
first source apportionment of NH; and CH, from agricultural
sources and natural gas using the concept of excess columns.”
They used a mininetwork of instruments at four fixed ground-
based sites in the NCFR with two sites located upwind of
CAFO areas to determine background (Boulder/Broomfield)
and two located downwind for capturing agricultural enhance-
ments (Eaton and Greeley). They determined an area-wide
ANH;:ACH, of 43 + 12% for the NCFR. We note that a
ground-based mobile laboratory study conducted in the
California San Joaquin Valley in 2013°° (similar to the
ground-based mobile laboratory study conducted in the
NCFR'”) reported a geometric mean NH;:CH, EnhR of
0.17 + 0.03 ppmv ppmv ' for statistically significant linear
correlations.

An in-depth exploration of the differences between
ANH;:ACH, from this work and the literature is beyond
the scope of this limited “proof-of-concept” dataset. However,
we note that the differences may be related to a number of
factors. First, environmental conditions (e.g., temperature,
relative humidity, and soil moisture) can affect NH; emissions
from the various CAFOs. Second, variability in the operating
conditions at individual CAFOs (e.g., feed, waste manage-
ment) is also a possible source of variability in the observed
NH; and CH, enhancements since CH, largely comes from
enteric fermentation, while NH; largely comes from animal
excrement. Third, there are likely differences in ANH;:ACH,
from different point sources and from measurements collected
over different geographical scales (e.g, individual facilities
versus area-wide assessments). Fourth, within the same facility,
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there are different sources of emissions of NH; (e.g., animal
waste) and CH, (e.g,, animal rumination as well as waste),
even though these emissions are often closely situated (e.g.,
animal feeding pens located next to waste lagoons).'¥>’
Finally, surface-based measurements of NH; are more
impacted by deposition than airborne measurements.*”

There are also a few studies that have apportioned sources of
CH, from O&NG and agriculture using in situ observa-
tions.”"»*** A summary of the literature values and the
source apportionment results from the MVR analysis in this
work are shown in Table S1. The contribution to CH, from
O&NG is largely in agreement with column density measure-
ments,”* surface-based mobile lab measurements in Weld
County,” and in situ airborne measurements over the DJB.”'
Some differences between this work and the literature are to be
expected owing to measurements being collected during
different seasons with different meteorological conditions and
possible changes over time with evolving policies on CH,
emissions. However, source attributions to CH, from both
flights largely agree with the literature values within the
reported uncertainties.

5. CAVEATS AND ASSUMPTIONS

One limitation of the molar enhancement ratio analysis for
individual CAFOs in this work is how data associated with the
individual sources are parsed prior to tracer—tracer correlation
analysis. For example, data points associated with O&NG are
identified as those points with near-background levels of NH;,
and then, data points associated with O&NG are eliminated
from the correlation analysis of the agriculturally impacted data
points. However, data points often represent a mixture of
multiple sources, as evident from the MVR analysis. Therefore,
the criteria used here to identify and eliminate data points
heavily influenced by O&NG may have biased the agricultural
data points retained for tracer—tracer correlation analysis.
Another limitation of the EnhR method is that background
mixing ratios measured upwind of the individual target
facilities are not subtracted from enhancements measured in
the downwind plume. This may be of particular consideration
in the NCFR since CAFOs tend to be tightly clustered
geographically (e.g., Figure 2 shows that the target facilities
were often located downwind of other facilities). However,
upwind mixing ratios of NH; (which are on the order of a few
ppbv) are negligible compared to the downwind enhance-
ments, which ranged from tens to hundreds of ppbv (e.g,
Figures S4 and S5). Further, the agriculturally impacted data
points identified for individual facilities in this analysis are
largely well correlated (e.g, R* ranges from 0.22 to 0.81 in
Table 1), and thus, subtraction of any upwind component is
expected to have minimal impact on EnhRs that are
interpreted from slopes. In general, an advantage of
interpreting slopes as molar enhancement ratios is that it is
not necessary to know a priori background pollutant
abundances.

In contrast to EnhR, the MVR model makes use of all of the
available samples, and it provides a clearer separation of source
contributions to the observations. However, there are several
limitations of the MVR model. First, the model does not
include terms that consider production or loss (e.g., deposition
or photochemistry). Second, the term for agriculture is
ER jmonia = 1 and ERgane = 0 and the term for O&NG is
ER’, imonia = 0 and ER 4.0 = 1 by definition. This means that
the model assumes that all NH; is solely emitted by
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agricultural sources and all C,Hy is emitted by only O&NG
sources; although, in reality, we know that there are other
potential sources of NH; and C,H, in the NCFR (e.g., from
vehicles).®"® Third, percent contributions determined from
MVR model results are sensitive to a regional background
estimate of CH,.

Common assumptions when applying any of these analysis
methods are that gaseous species disperse in a similar manner
downwind of their source and that tracers are not altered by
deposition or chemical reaction between release and detection.
The latter is of particular consideration since NH; can undergo
gas to particle conversion to form ammonium nitrate and
deposition rates can be large near concentrated sources.’’
However, particulate ammonium formation is dependent on
having an adequate supply of anions that form aerosols with
NH;,), such as nitric acid (HNO;), as well as the local
meteorological conditions. In the NCFR, HNO; mixing ratios
are typically much less than NH; (i.e., HNO; mixing ratios are
typically <1 ppbv)'”* and chemical transport models using
observations from this region have shown that ammonium
nitrate formation is limited by HNO, availability.”””" In one
airborne study in Canada, it was found that the export of NH,
through advection accounted for the majority (~90%) of the
emissions from CAFOs and that chemical transformation of
gas-phase NH; to particulate ammonium (NH,") was not
significant within 8 km of the target facility.”” In another study
in the California San Joaquin Valley, airborne observations of
NH; and NH,, (= NH; + NH,") were used to compare EnhRs
of NH;:CH, and NH,:CH, for dairy facilities’® and showed
that the percent difference in values ranged from —3 to 5%
indicating minimal gas to particle conversion on the timescale
of the airborne sampling. Therefore, we anticipate that NH; to
NH," conversion will be small on the spatial and temporal
scales of the transects performed downwind of CAFOs during
these flights. Although deposition is still of consideration, a
recent study’” shows that NH; measured aloft is less subject to
rapid deposition in close proximity to CAFOs compared to
surface-based measurements.

NH; may be emitted by nona§ricultural sources such as
automobile catalytic converters.”~®® The CAFOs studied here
were largely located in rural areas with less automobile traffic
than the more highly populated areas of the NCFR located to
the west of Interstate 25 and in the vicinity of Denver to the
south. Large enhancements in NH; observed downwind of
CAFOs were not well correlated with CO, demonstrating that
NH; from combustion sources was not a significant influence
in the analysis of individual CAFOs. We also note that the
measurements are used as collected from the aircraft regardless
of local agricultural management practices. As noted in prior
studies,"” livestock age and changes in CAFO management
practices (e.g., feed processing, stocking rates, and waste
handling procedures) may all contribute to the day-to-day and
site-to-site variability in the observations. Other seasonal
variables (e.g., soil temperature, pH, and animal activity),
environmental conditions (e.g, day-to-day meteorology, soil
moisture, snow cover), and seasonal fertilization of nearby
agricultural fields likely also affect NH; emissions from
agriculture, and thus, there is the potential for these factors
to influence any analysis of NH;:CH, EnhRs.

6. IMPLICATIONS

There are several implications of the proof-of-concept
sampling and analysis exercise presented here. First, we find
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that CH, enhancements from CAFOs and O&NG in
northeastern Colorado can be separated using measurements
of NH; and C,Hy, even in regions where sources are heavily
mixed. Using the MVR model, we are able to quantify the
percent attributions for CH, to agricultural, O&NG, and other
(aka. urban or regional background) sources. Consistent with
the literature, we find that the majority of the CH, can be
attributed to O&NG-related activities. Second, from tracer—
tracer correlation analyses, we find that ANH;:ACH, for
individual CAFOs are highly variable and span a large range
(0.8—2.7 ppbv ppbv'). The NH;:CH, EnhRs reported here
are 2—5X larger on average than values reported in the
literature that used surface- and column-based measurements.
Third, our observations show that NH; enhancements are
substantial outside of the summer months. There are a limited
number of observations during colder seasons in the NCFR,
and from these November flights, we are able to demonstrate
that NH; enhancements inside CAFO plumes can range from
tens to hundreds of ppbv above mixing ratios upwind and
immediately outside of the plumes. Overall, these findings
indicate that more systematic and repeated sampling of
agricultural plumes is needed to constrain EnhRs in the
NCFR and elsewhere. The methods presented here should
prove useful in this pursuit.
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