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Abstract: One of the major challenges for the Australian feedlot and meat sectors is to have accurate
and robust long-term greenhouse gas (GHG) emissions data. Long-term measurements of methane
(CH4) emissions (2015–2017) were made at two Australian beef feedlots having different climates,
cattle types, and management practices. Emissions were measured using the inverse-dispersion
model (IDM) micrometeorological technique, using CH4 concentrations measured at the feedlots
with a closed-path Fourier transform infrared spectroscopic technique (CP-FTIR). The emissions data
were used to evaluate methods used by the Department of Climate Change, Energy, the Environment
and Water to estimate CH4 emissions from feedlots in Australian national inventory calculations.
Expressed as a CH4 yield (emissions per unit dry matter intake, DMI), the two feedlots had emissions
of 13.1 and 18.9 g CH4 kg−1 DMI. The lower-emitting feedlot had emissions that were 30% lower than
the national inventory calculations based on feed intakes, while the second feedlot had emissions that
were similar to the inventory calculations. The accurate quantification of emissions from feedlots, as
demonstrated as part of this study, is important for validating the national accounting methods and
therefore the sector’s GHG emissions profile.

Keywords: beef cattle; gas emissions; greenhouse gas emissions; micrometeorological measurements;
inverse-dispersion model

1. Introduction

The latest Australian national cattle feedlot survey data [Australian Lot Feeders’
Association (ALFA) and Meat & Livestock Australia (MLA), September 2022] recorded
more than 1 million beef cattle on feed in Australian feedlots. The sector is highly efficient in
the conversion of feed to high-value protein but there are concerns that large feedlots, which
house many thousands of animals, act as hot spots for greenhouse gas (GHG) emissions.
Despite this, the feedlot sector in Australia is estimated to be responsible for 2.5 Mt carbon
dioxide equivalent (CO2 eq), or only 4.5% of emissions, from the total red meat sector in
Australia. The research reported in this short paper provides the first long-term emissions
data set for the Australian feedlot industry and allows a re-evaluation of the approaches
taken by the Australian National Inventory to estimate GHG emissions from the sector.

Livestock industries contribute about 15% of global GHG emissions. In 2019, it was
reported that global CH4 emissions from livestock have increased by a factor of four in
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the last 130 years, mainly as a result of increased emissions from South Asia, tropical
Africa, and Brazil [1]. Feedlots are sources of GHGs due to emissions of methane (CH4)
from enteric fermentation [2], CH4 emissions from anaerobiosis in manure stockpiles, and
nitrous oxide (N2O) emissions from manure management systems. Ammonia emissions are
a significant source of indirect GHGs. Enteric and manure CH4 is believed to be the largest
feedlot GHG source, accounting for 63% of the feedlot GHG emissions in Canada [3] and
over 70% in Australia [4]. Methane emissions also represent an energy loss from the rumen
fermentation process, and thus the reduction of CH4 emissions is not only an important
goal of the feedlot industry [3,5] but also contributes to climate mitigation [6]. Recently,
the Australian Government signed the State commitment of Global Methane Pledge to
collectively reduce global CH4 emissions across the energy and resources, agriculture, and
waste sectors. Furthermore, MLA has committed to supporting the red meat industry to
become carbon neutral by 2030 [7]. To achieve a pathway to these commitments, both long-
term measurement of GHG emissions from feedlots as well as a review of the approaches
used by the Australian National Inventory to estimate feedlot emissions are required.

The Australian national inventory methodology for estimating feedlot emissions is
based on the Moe and Tyrrell equation [8], which uses the relationship between CH4
production, feed intake, and diet composition. The IPCC method (Tier 2), described in 2006
and refined in 2019 [9,10], estimates feedlot emissions based on the known cattle feed intake
values. These approaches provide the basis for the inventory models used in Australia.
They also provide baseline estimates used to examine potential management strategies and
assess new abatement technologies to reduce the GHG footprint of production and drive
long-term sustainability outcomes [5,11].

Previous work has yielded considerable information on CH4 emissions from Aus-
tralian feedlots [12,13]. Research by our group and others between 2006 and 2015 pro-
vided a large feedlot emission data set [14–16]. However, the majority of these data
were collected over short-duration measurement campaigns (<2 months) using microm-
eteorological techniques based on open-path laser and FTIR spectroscopic concentration
measurements [13,17]. In addition, Velazco et al. [18] deployed the Greenfeed techniques to
measure CH4 emissions from a herd of feedlot cattle fed with nitrate and urea supplements
over 2 weeks. The problem with these studies is that the emission liabilities are calculated
over short periods of time and measured over limited feedlot areas (the measurement
footprint is small), with little account for variables such as changes in the number of cattle
on feed, ration variability, and regional meteorological effects. Long-term measurements
(>6 months) are difficult to undertake but they provide accurate data series that can be
interrogated to understand the impact of these factors, such as cattle numbers, rations, and
local meteorological conditions.

Methane emissions from cattle feedlots include enteric emissions originating directly
from the cattle and emissions from their deposited manure. Manure management at feedlots
involves periodically scraping the manure accumulated on pad surfaces for stockpiling
(with or without composting) before land application as fertilizer [19]. According to
IPCC [9], CH4 emissions from manure management are relatively low compared to enteric
emissions, and Bai et al. [13] showed that emissions from an Australian feedlot were
dominated by pen emissions, with a minority coming from manure treatment areas and
from runoff ponds. Methane emissions from pen manure were as low at approximately
3–4% of total livestock emissions, as reported by Redding et al. [20].

The objectives of this study were to: (1) quantify long-term CH4 emissions from two
feedlots (focusing on pen emissions) which represent southern and northern Australian
conditions; (2) compare the difference in CH4 emissions between the two feedlots; and
(3) calculate CH4 emission factors and compare those with estimates used by national
inventory methods.
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2. Materials and Methods
2.1. Experimental Sites
2.1.1. Southern Feedlot Site (Victoria)

The southern site was a commercial feedlot 220 km northwest of Melbourne, Victoria.
The terrain around the feedlot is typical of the eastern Wimmera region—flat topography,
with dry bare soil in summer and crops growing in winter. The climatological average
minimum and maximum air temperatures were 8.4 and 21.9 ◦C, respectively (Bureau of
Meteorology, BOM, station ID 080128). Rainfall during the study was 553 mm in 2016,
which was much higher than the average annual rate of 431 mm (BOM, station ID 080128).
The feedlot is isolated and not impacted by other nearby sources of CH4, as demonstrated
by atmospheric sampling surveys reported by Hacker et al. [21]. The main CH4 source
areas included cattle pens (23.7 ha), a manure stockpile area (20 ha), and run-off ponds
(0.3 ha) (Figure 1). The manure stockpile area consisted of mixed processed manure (with
old (cured) and fresh manure), compost windrows, and stabilized sorted compost piles.
As mentioned previously, emissions from manure processing areas are small compared to
cattle enteric emissions, and therefore manure emissions were not measured in the study.
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Figure 1. Aerial photos of the southern feedlot in Victoria (left) and the northern feedlot in Queens-
land, Australia (right). Red stars show the location of the instrument towers at both sites. Highlighted
areas: red, cattle pens; blue, manure stockpiles; yellow, run-off ponds; green, dam.

The average capacity of the feedlot was 16,200 heads over the period 2015–2017, with
about 230,400 cattle being finished during the period of the experiment. The major cattle
breeds were Angus and Angus crossbreeds (1–1.5 years of age) with an average live weight
of 380 kg at entry. The cattle were fed a finishing diet of barley and silage (over 70–100 day
finishing cycles), consuming a daily average of 10.6 kg dry matter (DM) per head (Table 1).
The daily feeding time was twice a day (09:00 and 16:00). The average production and feed
information from the feedlot are given in Tables 1 and 2.
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Table 1. Average diet composition fed to the cattle during the measurement period at the southern
and northern feedlots.

Composition Southern
Feedlot

Northern
Feedlot

Dry matter (DM) g kg−1 760 707

Crude protein g kg−1 DM 138 138

Non-protein nitrogen g kg−1 DM 6.9 6.6

Neutral detergent fiber g kg−1 DM 213 207

Acid detergent fiber g kg−1 DM 97 92

Net energy for maintenance MJ kg−1 DM 2.00 1.94

Net energy for bodyweight gain MJ kg−1 DM 1.33 1.30

Table 2. Animal live weight, weight gain, feed intake, dry matter intake (DMI), and N intake from
the southern feedlot between 2015 and 2017, and from the northern feedlot in 2017.

Feedlot No. of Animal Induction Live Weight Weight Gain DMI N Intake

kg head−1 day−1 kg head−1 day−1 kg head−1 day−1 kg day−1

Southern feedlot 16,233 381 ± 3.7 1.5 10.6 3.69

Northern feedlot 16,881 483 ± 1.3 1.4 11.4 3.84

2.1.2. Northern Feedlot Site (Queensland)

The northern site was a commercial feedlot located in the Darling Downs region of
Queensland, 200 km west-northwest of Brisbane. The terrain was relatively flat, and
the feedlot was surrounded by cropland (Figure 1). There were no other large CH4
sources nearby. The climatological average minimum and maximum air temperatures
were 11.9 and 26.2 ◦C, respectively, with an average annual rainfall of 676.4 mm (BOM,
station ID 041522). The average capacity of the feedlot was ~16,500 heads during this study,
with cattle having an average live weight of 483 kg at entry. The animals at this feedlot were
custom-fed for 13 different clients. The site managed two major breeds: Angus, long fed for
240–260 days, and Brahman cross cattle, short fed for 10–100 days. All pens received the
first feeding between 9:00 and 11:00 and a second feeding before 16:30. The average daily
feed intake during the study (ration-dependent) was 11.4 kg DM per head. The average
production and feed information from the feedlot are given in Tables 1 and 2.

Cattle manure is stockpiled in pens and after the closing out of each lot, the manure is
removed and applied directly to nearby cropping land owned by the feedlot. No dedicated
manure stockpiles are located at this feedlot.

2.2. Methodologies and Instrumentation
2.2.1. Concentration-Profile Inverse-Dispersion Modelling

An inverse-dispersion modelling (IDM) measurement technique is used to measure
CH4 emissions. This is a flexible technique that calculates emissions from the increased
CH4 concentration measured above or downwind of the feedlot, and from local microme-
teorological conditions [22]. There is great freedom to choose the measurement locations.
In this study, concentrations were measured near-continuously at three heights within
(northern site) or adjacent to (southern site) the feedlot (Figure 2). This “vertical-gradient”
IDM approach was used by Flesch et al. [23] to calculate soil gas fluxes from spatially
limited plots, but is a departure from previous IDM feedlot studies that have used upwind
and downwind concentration measurements (“horizontal gradient”). The advantage of
the vertical gradient approach is that it better fits our equipment situation, where a single
gas analyzer was available to measure CH4 concentration at several heights on a tower. A
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disadvantage is that vertical concentration differences (over measurable heights) can be
smaller than upwind-downwind differences, requiring a more sensitive analyzer.
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Figure 2. Concentration-profile tower at the southern feedlot with sampling heights of 7, 11, and
13 m (left panel); northern feedlot with sampling heights of 3, 5, and 8.5 m (right panel). Red arrows
represent the gas sampling inlets. Closed-path FTIR at both sites was located in a shed office next
to the tower (not shown in the northern site). The sonic anemometer was located 13.5 m above the
ground (on the top of the tower) for the southern site, and 8.5 m above the ground at the northern
site. Photos are created by the author, with the permission of farm owners.

Methane concentrations were measured with a low-resolution (1 cm−1) closed-path
Fourier transform infrared (CP-FTIR) trace gas analyzer (Spectronus, Ecotech Australia) [24].
The CP-FTIR was housed in an air-conditioned hut (Figure 2), and the concentration was
measured at three heights above ground at each feedlot. Air was continually drawn from
three filtered air inlets placed at heights of 7, 11, and 13 m above ground for the southern
feedlot and 3, 5, and 8.5 m at the northern feedlot (Figure 2). A 20 L buffer volume on
each line dampened short-term fluctuations and allowed the CP-FTIR to sample from each
of these three volumes in succession to obtain a complete average concentration profile
every 30 min. Every 10 min, the CP-FTIR initiated a sampling protocol for one inlet which
involved flushing and purging the internal sample lines and the sample measurement cell
with gas from the new inlet. The sample cell was then evacuated and re-filled at 1 SLPM
to 950 hPa. After settling time, the CP-FTIR’s broadband infrared source and detector
collected spectral information of the air within the sample cell for a 3 min interval before
purging and flushing in preparation for the next measurement period. Gas concentrations
were obtained through on-board spectral analysis of collected samples. All collected spectra
were stored in a database within the CP-FTIR’s internal computer and data were uploaded
daily to a remote server backup. All data that were retrieved and analyzed were based
on the best-fitted spectrum using MALT (Multiple-Atmospheric Layer Transmission) [25]
and the absorption line database HITRAN (High-resolution Transmission Molecular Ab-
sorption) [26], as detailed in [24]. Laboratory calibration of the instrument was performed
at the University of Wollongong’s laboratory using SI-traceable gas standards before and
after each campaign. A 10L tank was also analyzed at this time and then served as a
standard for regular (daily) calibration checks of the CP-FTIR during the field campaigns.
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Quality control of collected spectra was performed with the cooperation of the University
of Wollongong and a post-trial calibration was performed to correct for small drifts over
the period of study and to generate an adjusted, quality-checked dataset containing 30-min
average concentrations for CH4. Very little drift was noted over many months of continu-
ous measurement. The accuracy of the CH4 measurements was conservatively assessed at
2–4 ppb based on the analyzer specifications [24] and field measurements during times of
low variability in the atmospheric measurements.

The software “WindTrax” (www.thunderbeachscientific.com (accessed on 5 January
2018)) is used for the IDM calculations of the feedlot emission rate Q. The calculations start
with the creation of feedlot maps, where occupied cattle pens are outlined and defined
as CH4 area sources. The maps include the location of the concentration measurements
(Figure 3). For each 30 min observation, the average CH4 concentration at the three heights
(Ci, i = 1, 2, 3) and wind information (friction velocity u*, Obukhov stability length L, the
inferred surface roughness length z0, wind direction β, and velocity standard deviations
σu,v,w) are input into WindTrax. A Lagrangian stochastic (LS) dispersion model [22] then
calculates the theoretical concentrations, minus the atmospheric background concentration
Cb, at the three measurement heights ((Ci − Cb)/Q)model for the given wind conditions and
source configuration. The result is a three-equation set:(

Ci − Cb
Q

)
model

QLS = (C i − Cb),

used to get a best-fit solution for the pen emission rate QLS and the ambient background
gas concentration Cb. The statistical fit is calculated using the singular value decompo-
sition technique [27]. Figure 3 shows a WindTrax fit for an example set of concentration
measurements. Our interest is the emission rate QLS, and the calculated Cb is used only as
a diagnostic of the quality of the QLS fit (see below).
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Many IDM studies use threshold values for u*, L, z0, etc., to remove periods when the
dispersion model calculations are error-prone [23], or the inferred emissions are likely to be
unrepresentative of the source average. In this study, we accept QLS estimates meeting the
following criteria:

i. u* ≥ 0.1 m s−1. This removes error-prone light wind periods from the analysis.
It is common in IDM to remove data when u* falls below a threshold value, and
previous studies have used thresholds ranging from 0.05 to 0.20 m s−1.

ii. Inferred background concentration: 1.50 ≤ Cb ≤ = 2.10 ppm for CH4. A best-fit
Cb outside these realistic ranges indicates the WindTrax model has produced an
unrealistic fit to the Ci profile, possibly due to Ci errors, or due to non-ideal wind
conditions (e.g., non-stationary winds) or WindTrax errors.

iii. Percentage of the LS model trajectories that intersected the cattle pen area (touch-
down coverage) ≥ 5% of the feedlot pen area. The touchdown coverage is calculated
in WindTrax and provides an estimate of the feedlot area contributing to Ci (the
measurement “footprint”). This criterion removes periods where QLS is calculated
from a small area of the feedlot.

We did not filter on stratification, surface roughness, or wind direction.
At both feedlots, a three-dimensional sonic anemometer (3-D sonic, CSAT−3, Camp-

bell Scientific, Logan, UT, USA) was used to characterize the wind conditions. The
anemometer was mounted 13.5 m above the ground at the southern site (on top of the CH4
sampling tower) and 8.5 m above the ground at the northern site (on a tower ~1 m away
from the CH4 sampling tower). Wind measurements were recorded at a frequency of 10 Hz
and stored on a datalogger (CR-3000, Campbell Scientific, Logan, UT, USA). Concentration
and wind statistics were calculated over 30 min intervals using the SAS program (9.4, SAS
Inc., Cary, NC, USA), and the 30 min statistics were used for the emission calculations.

2.2.2. Calculating Daily Emissions Rates

Our measurement data set consists of a discontinuous time series of 30 min average
emission rates from the occupied cattle pens. Data gaps occur because of IDM data quality
filtering, or equipment downtime. The 30 min data were used to estimate daily emissions
in our analysis. To minimize the potential for time-of-day bias in our calculations caused
by irregular emission sampling combined with an underlying diel (diurnal) cycle in cattle
emissions, our 30 min data were grouped into 4 or 6 h time bins over the course of the day,
and daily emissions were calculated from the sum of the bin averages. Only days having
measurements in all time bins were used in our analysis.

2.2.3. Animal Modeling

Animal performance data were used to estimate emissions of CH4 using the ap-
proaches outlined in the Australian National Inventory [28]. The Australian National
Inventory assessment uses the Moe and Tyrrell [8] equation as the basis for the estimation
of CH4 emissions from beef feedlot cattle based on feed intake, with feed intake values
estimated using simplified IPCC [9] procedures (Tier 2). It should be recognized that the
Moe and Tyrrell equation was developed using enteric emissions from dairy cattle and the
bio-conversion of various carbohydrate fractions to CH4. The emission estimates from the
National Inventory models were adjusted for actual DM intakes measured on a daily basis
(group intake) using IPCC methods. Methane emissions from manure were calculated
based on the volatile solids (VS) entering the manure management system (MMS) and
default IPCC methane conversion factors (MCF). An integrated methane conversion factor
(iMCF) was calculated taking into account the proportion of manure managed in each
system, the MCF of each system, and VS losses from earlier stages in the MMS. A default VS
excretion rate for Oceania was reported in IPCC [10]. Methane emission factors (EFs) have
been further disaggregated in 2019 to enable different factors to be used for the different
MMS. The 2019 Refinement to the 2006 IPCC Guidelines for National Greenhouse Gas
Inventories [10] informed improvements to Australia’s country-specific estimation.
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3. Results and Discussion

3.1. CH4 Emissions (g head−1 day−1) and CH4 Yield (g CH4 kg−1 DMI)

Figure 4A shows an example of the CH4 emission time series calculated for the
southern feedlot during a 36 h period. The 30 min data set is not continuous due to data
quality filtering. We group the available 30 min data into 3 h (or 6 h) bins and calculate the
bin average emission rates, which are used to calculate daily emission rates. The 3 h bin
averages (Figure 4A) show the diurnal pattern of emissions from the feedlot, with peak
emission rates at ~18:00, and minimum rates in the late morning. This is a typical pattern
and is associated with animal feeding times and animal activities, and has been reported in
many publications including our previous work by Bai et al. [13].
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Daily CH4 emission rates varied between 50 and 200 g head−1 day−1 from the southern
feedlot, with a daily average of 138.5 ± 3 (mean ± s.e., n = 287 days) g head−1 day−1 in
the period between 14 March 2015 and 23 February 2017. Emission rates from the northern
feedlot were larger, ranging between 100 and 250 g head−1 day−1, with a daily average of
215.4 ± 8 (n = 83 days) g head−1 day−1 in the period between 15 April and 30 September
2017. A summary of daily emissions from both feedlots is shown in Table 3. The northern
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feedlot had a much shorter measurement period than the southern feedlot (6 months vs.
2 years) due to FTIR instrument problems and the de-stocking of the northern feedlot
(which led to changing pen occupancies that complicated the measurement interpretation).

Table 3. Feedlot CH4 emissions (g head−1 day−1) and CH4 yield (g CH4 kg−1 dry matter intake,
DMI) at the southern and northern feedlots.

Feedlot Cattle CH4 Emissions CH4 Yield

g head−1 day−1 g CH4 kg−1 DMI

Southern feedlot 138.5 (3) 13.1

Northern feedlot 215.4 (8) 18.9

The monthly average CH4 emission rates (Figure 4B) showed that the per-animal
emission rates at the southern site were relatively constant over time, with values generally
between 100 and 150 g head−1 day−1. The northern site gave higher emissions and showed
a time trend in emissions: per-animal rates increased from 162 to 275 g head−1 day−1

within 6 months from April to September. The difference in the time trends between the
two feedlots could be attributed to the animal type, age, live weight, and the feed (Table 2),
and the increasing emissions at the northern site could be associated with a seasonal change
from the dry season into the wet season, when the animals likely increased their daily
intake. Higher emissions at the northern feedlot may relate to high levels of sorghum in
the ration, which is a major source of bypass starch. If the starch is readily degraded in
the rumen, sorghum-based diets can cause higher emissions [29]. Monthly meteorological
parameters used for emission calculations are shown in Appendix A Table A1.

The long-term average emissions correspond to a CH4 yield of 13.1 and 18.9 g CH4 kg−1

DMI for the southern and northern feedlots, respectively (Table 3). These yields are broadly
comparable to the range of 14–17 g CH4 kg−1 DMI based on CH4 reduction with/without
feed additive (Mootral), respectively, reported by Roque et al. [30], and at the lower range
of 10 to 30 based on a meta-analysis from a range of diets using various forages reported
by Grainger and Beauchemin [31].

The CH4 yield at the southern site was similar to that found in several feedlot studies
in North America (having a high grain finishing diet): Beauchemin and McGinn [32] found
yields of 9.2 and 13.1 for diets of either 91% barley or corn grain [32]; Todd et al. [33] found
yields of 9.2 and 11.4 at a Texas feedlot in winter and summer; and McGinn and Flesch [34]
found yields of 12.6 and 11.4 at two feedlots in Alberta. The southern feedlot yield is also
very similar to the short-term value of 12.9 measured by Bai et al. [13] at this same feedlot.

The CH4 yield for the northern feedlot (18 g kg−1 DMI) is similar to the yield of
between 18.0 and 19.2 with a typical low-forage feedlot diet in California [30]. Beauchemin
et al. [35] studied the variability and repeatability of enteric CH4 production from feedlot
cattle and found that cattle with high CH4 emissions (‘high emitter’) have a higher CH4
yield (17.4), while ‘low emitter’ cattle have a lower CH4 yield (10.9). Beauchemin et al.
concluded that the yield difference could be associated with the variable retention time
of dietary organic matter that is fermented in the animal rumen. If this same relationship
holds for our two feedlots, then we would expect that the higher emitting cattle from the
northern feedlot would also have higher CH4 yields, which is what our data show.

3.2. Measurement Uncertainty

There are several potential sources of error in our emission calculations. One is the
uncertainty in the CH4 concentration measurements. As described above, the precision
(1-sigma) of the FTIR is taken as 2–4 ppb. For the observations used in our emission
calculations, the median absolute concentration difference (top–bottom height) was approx-
imately a hundred times higher than the precision, i.e., 250 ppb for the southern feedlot
(Appendix A Figure A1). Thus, we expect a relatively small error contribution due to un-
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certainties in the measured concentrations compared to uncertainties in the IDM modeling
as discussed in the next paragraphs.

Our calculations rely on the accuracy of the WindTrax LS dispersion model for relat-
ing feedlot emissions to downwind concentration. The model assumes the atmospheric
surface layer winds are described by the Monin–Obukhov similarity theory (MOST). Flesch
et al. [36] discuss how the feedlot environment does not strictly conform to MOST, but
argues that accurate dispersion calculations can still be made assuming idealized winds.
Harper et al. [37] compiled a list of tracer-release validation studies of WindTrax IDM taken
in various agricultural settings and with different meteorological conditions. These studies
indicate a nominal accuracy in the emission calculations of 100 ± 10% (for the average of
multiple measurement periods).

Errors can also occur if the occupied pens are not properly mapped in WindTrax.
Feedlots are a dynamic mix of occupied and unoccupied pens. Daily records of feedlot
populations were used to determine the occupied pens, but within a given day, the time
of animal departures and arrivals is unknown, and some level of error in our maps exists.
A related source of error would result from CH4 emissions from unoccupied pens. We
assume that the large majority of feedlot emissions are of enteric origin (from the animal’s
breath) and the only gas source is occupied pens. However, emissions do occur from
old manure left in unoccupied pens (before being removed). The IPCC [9] gives Tier
1 emission factors for enteric emissions of 145 g CH4 head−1 day−1, and for manure
emissions of 2.7 g head−1 day−1. This suggests a small error in ignoring emissions from
unoccupied pens.

Another potential source of error in our calculation of total feedlot emissions is the
representativeness of emissions measured within the IDM “measurement footprint”. This
footprint corresponds to a subset of the feedlot pens, and the size and location of the
footprint depend on wind conditions. We assume the spatial intensity of emissions (g m−2

of area) is the same for all occupied pens. However, this is unlikely, as different pens have
different stocking rates and different diets. For our measurements to accurately give total
feedlot emissions, the measurement footprint needs to encompass enough pens to reflect
an average feedlot pen. For discussion purposes, we estimate the footprint for a single
30 min observation with neutral stratification is a rectangle extending upwind from the
tower by 600 m, with a crosswind extent of 40 m (Estimated by modeling concentration
differences (top–bottom height) for different-sized area sources. The footprint was defined
by the upwind distance (the fetch) over which the surface emissions contribute 90% of
the concentration gradient (relative to an infinite source). The crosswind distance was
calculated as the footprint dimension that gives 90% of the flux (at the fetch length) relative
to an infinite crosswind dimension (so surface emissions within the footprint box give 81%
of the flux of an infinite source)). In stable stratification, the footprint would expand in the
upwind direction but contract in the crosswind, and vice-versa in unstable conditions. This
footprint covers over 10 pens. As we calculate average emissions from many observations
with different wind conditions, the averages will correspond to a sizeable portion of
the feedlot.

3.3. Model Prediction

The CH4 emissions from the feedlot cattle were modeled (g head−1 day−1) based
on the Moe and Tyrrell equations using DMI information. For the southern feedlot, the
weighted average emission rate was calculated as 206 g head−1 day−1, and for the northern
feedlot, the average was calculated as 216 g head−1 day−1. Average emissions of CH4 from
manure management were calculated as 3.5 g head−1 day−1. These calculated emissions
correspond to a CH4 yield of 19.1 and 18.6 g CH4 kg−1 DMI for the southern and northern
feedlots, respectively. Again, these estimates are in the middle of the range of 10–30 g kg−1

DMI based on the measurements using the respiration chamber and SF6 tracer methods
reported by Grainger and Beauchemin [31]. However, emissions from the southern feedlot
were 31.4% lower than the value calculated using the Australian National Inventory method



Atmosphere 2023, 14, 1352 11 of 14

(Moe and Tyrrell equation and estimated animal feed intake using the IPCC model). No
substantial deviation between the measured and modeled emissions was observed for
the northern feedlot, although the northern feedlot data are representative of only the
dry season.

There are approximately 400 cattle feedlots in Australia, and we anticipate that each
feedlot has its own emission factor. The population of 400 feedlots can be conceptualized
as a distribution of emission factors. Future work could be performed to estimate the
mean and spread of this distribution and how this varies with feedlot management and
climate conditions. In this study, we sampled two feedlots (0.5% of the population) from
this distribution. One feedlot had an emission factor 34% below the Australian National
inventory model estimate. The other feedlot had an emission factor similar to the Australian
National estimate. Sampling additional feedlots should be performed in future work to
investigate if the apparent overestimate from the Australian National model generalizes to
unsampled feedlots.

4. Conclusions

We collected a unique long-term record of CH4 emissions from two cattle feedlots. The
measured CH4 yield at the southern feedlot fell within the range found for feedlot cattle
in North America on high-grain diets, and close to previous measurements taken at the
same feedlot during a short-term study. However, the yield was much lower (31.4%) than
the one given in the current Australian National Inventory estimate. In contrast, the CH4
yield at the northern feedlot agreed well with the national estimate but was 45% higher
than that from the southern feedlot (and higher than values measured in North American
feedlots). It is difficult to draw a definite conclusion about the mean emission factor for
the Australian feedlot sector based on the measurements at these two sites, as they only
represent less than 1% of Australian feedlots. The results from this study suggest that long-
term measurements are essential to create quality emission factor datasets but more feedlots
(e.g., with a focus on Queensland and New South Wales which contain 90% of the feedlots
in the country) should be investigated to develop accurate Australian National Inventory
estimates. In addition, this information will be useful to guide mitigation strategies at State
and National levels.

Based on this study, recommendations for future research or improvements in quan-
tifying GHG emissions from cattle feedlots include refining measurement techniques,
addressing uncertainties, and/or exploring additional factors that may influence emissions.
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Appendix A

Table A1. The meteorological parameters that are used for flux calculations for both feedlots.

Southern Feedlot

Year Month Air Temp (◦C) u* (m s−1) L (m) z0 (m) SU_US SV_US SW_US Air Pressure (kPa)

2015 3 18.6 0.4 −6786.6 0.1 2.9 2.9 1.3 99.1

2015 4 15.7 0.3 16.2 0.2 3.0 2.9 1.3 99.3

2015 5 11.9 0.4 −301.8 0.1 2.6 2.4 1.3 99.7

2015 6 9.6 0.2 31.9 0.2 3.1 3.1 1.3 100.3

2015 7 8.4 0.3 −81.7 0.1 2.8 2.5 1.3 99.9

2015 8 9.6 0.3 284.2 0.1 3.0 2.9 1.4 99.8

2015 9 11.5 0.3 −52.3 0.2 2.9 2.9 1.4 99.9

2015 10 23.6 0.4 79.8 0.2 3.1 2.9 1.3 99.7

2015 11 21.5 0.5 −569.5 0.2 3.0 3.0 1.3 99.1

2015 12 27.6 0.5 5.6 0.2 3.3 3.3 1.3 98.9

2016 1 26.4 0.4 −103.6 0.2 3.7 3.7 1.5 98.6

2016 2 25.8 0.4 −29.0 0.2 3.5 3.5 1.5 99.1

2016 3 29.6 0.3 −25.4 0.2 3.7 3.9 1.7 99.4

2016 4 18.5 0.3 −23.0 0.2 3.0 2.8 1.4 99.7

2016 5 13.9 0.5 106.9 0.1 2.7 2.3 1.3 99.1

2016 6 9.2 0.4 −126.5 0.1 2.8 2.3 1.3 98.7

2016 7 9.2 0.4 121.1 0.1 2.7 2.3 1.3 99.3

2016 8 9.7 0.3 −46.1 0.2 2.8 2.5 1.3 99.5

2016 9 10.5 0.3 196.4 0.2 2.7 2.4 1.4 99.7

2016 10 12.3 0.4 409.8 0.2 2.7 2.5 1.3 99.2

2016 11 17.4 0.5 −479.8 0.2 2.9 2.8 1.3 98.9

2016 12 23.0 0.5 −12,522.2 0.2 3.1 3.1 1.4 98.6

2017 1 24.8 0.4 151.8 0.2 3.1 3.1 1.4 98.6

2017 2 22.2 0.4 77.9 0.2 3.0 2.9 1.4 98.8

Northern Feedlot

Year Month Air Temp (◦C) u* (m s−1) L (m) z0 (m) SU_US SV_US SW_US Air Pressure (kPa)

2017 5 18.2 0.3 −584.4 0.2 2.8 2.5 1.2 96.5

2017 6 15.9 0.3 10.2 0.2 3.0 2.8 1.2 96.8

2017 7 15.1 0.3 18.4 0.2 3.1 2.7 1.2 96.9

2017 8 19.1 0.3 −159.0 0.2 2.9 2.7 1.2 96.7

2017 9 18.3 0.4 47.5 0.2 3.2 2.6 1.2 96.6
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