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Abstract. Australia uses a blend of [IPCC Tier 2 and 3 bottom-up approaches to estimate and report fugitive coal
mine methane (CH,4) emissions. To date, Tier 3 reporting for underground coal mines, which predominantly relies
on direct measurements of ventilated air, has not been systematically assessed against top-down atmospheric
measurements. Tier 2 coal core-based emission factors and Tier 3 model guidelines for estimating surface (open-
cut) mine emissions similarly lack verification.

Here, an in-situ and a remote sensing aircraft-based approach were used to quantify CH4 emission rates
from 17 coal mines in the Bowen Basin, Australia. When compared to bottom-up mean annual reported esti-
mates, airborne estimates from underground mines showed a non-significant mean positive bias of 0.28 th™!
(p =0.28, n = 8 estimates) and good agreement (normalised root mean squared error (NRMSE) = 0.20). When
aggregated, top-down measured emissions from all underground mines were within 8 % of bottom-up reported
totals. In contrast, aircraft-based estimates from surface mines showed a significant mean positive bias of
3.7th~! CHy4 (p = 0.001, n = 10 estimates) and poor agreement (NRMSE = 0.86). In aggregate, top-down emis-
sions from all surface mines were 3.6 times the bottom-up totals.

Alignment between airborne top-down and measured vented underground coal mine emissions increases con-
fidence in Australia’s Tier 3 direct monitoring methods, while the difference between top-down and bottom-up
surface mine emission estimates suggests core-based methods require review. Given that surface mines in the
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Basin alone account for ~ 38 % of national production, the contribution of coal mining to Australia’s CH4 emis-

sions may exceed the reported ~ 19 %.

1 Introduction

Methane (CHy) is an abundant greenhouse gas with over 80
times the global warming potential of carbon dioxide (CO»)
over a 20-year horizon (Arias et al., 2021). Its relatively
short atmospheric lifetime means that reducing CH4 emis-
sions rapidly lowers total radiative forcing, supporting Paris
Agreement mitigation targets (UNFCCC, 2015). The coal
sector is estimated to account for 38—43 Tga™!, represent-
ing roughly one-third of global CH4 emissions from fossil
fuels (Saunois et al., 2025), highlighting it as a key sector for
mitigation. Although coal production is expected to decline,
global CH,4 emissions from coal mining are projected to rise
over the 21st century (Kholod et al., 2020), underscoring the
importance of both accurate measurement and targeted miti-
gation to track and reduce coal mine CHy emissions.

As a signatory of the Global Methane Pledge (European
Commission and United States Government, 2023), Aus-
tralia has committed to reduce its CH4 emissions by at least
30 % below 2020 levels by 2030. This commitment is signifi-
cant given that in 2024, Australia was the world’s fifth-largest
coal producer, second-largest exporter, and holds the third-
largest reserves globally (Energy Institute, 2025; Geoscience
Australia, 2024). The Bowen Basin in Queensland accounts
for roughly 45 % of saleable coal production, making it Aus-
tralia’s largest producing region, particularly for metallurgi-
cal coal exports. Much of the remaining production comes
from the Hunter Coalfields in New South Wales, the coun-
try’s main source of thermal coal exports. Reported fugitive
CH4 emissions from coal mining accounted for 24.8 Mt CO,
equivalent (CO»-e), representing approximately one-fifth of
Australia’s total reported CH4 emissions of 132.8 Mt CO»-e
within Australia’s UNFCCC/Paris Agreement inventory for
2023 (Department of Climate Change, Energy, the Environ-
ment and Water (DCCEEW), 2026).

The substantial contribution of coal sector emissions to
Australia’s national total has prompted growing interest in
verifying the bottom-up facility-scale methods used to es-
timate fugitive CHy in the national inventory. Australian
coal mine operators report greenhouse gas emissions un-
der the National Greenhouse and Energy Reporting (NGER)
scheme, using different methods for estimating fugitive CHy
depending on whether mines are underground or surface
(open-cut) operations (Australian Government, 2008). Data
reported through the NGER Scheme contribute to Australia’s
national inventory, which is compiled in line with Intergov-
ernmental Panel on Climate Change (IPCC) Guidelines to
meet Australia’s international reporting obligations (IPCC,
2006). Facilities with total Scope 1 emissions exceeding
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100000t CO»-ea~! (aggregated across CO,, CHy, and ni-
trous oxide (N,O)) are covered by the Safeguard Mechanism,
a regulatory framework which requires emissions to remain
below a declining baseline (Clean Energy Regulator (CER),
2026).

For underground coal mines, NGER methods distinguish
between emissions from coal extraction and those from waste
gas flaring (Clean Energy Regulator (CER), 2023). Emis-
sions from coal extraction are estimated using Method 4, a
Tier 3 IPCC approach that requires direct measurement of the
gas stream either in return ventilation or surface gas drainage.
These measurements can be conducted continuously (CEM)
or periodically (PEM). Emissions from flared waste gas are
estimated using Method 1 or 2, both constituting Tier 2 IPCC
approaches. Method 1 calculates post-combustion emissions
in CO;-e using an assumed gas composition and country-
specific emission factor, while Method 2 calculates discrete
CH4 emissions from the measured waste gas volume and an
applied country-specific emission factor.

Open-cut coal mine operators report fugitive CHy emis-
sions using Method 1, 2, or 3. In Method 1, a state-wide
emission factor is multiplied by the tonnes of run-of-mine
(ROM) coal extracted to estimate annual fugitive CHy emis-
sions (a Tier 2 IPCC approach). Method 1’s emission fac-
tor of 1.65m3 CH4t~! of raw coal mined was updated in
2022 using coal core gas content records from the Queens-
land Petroleum Exploration Database (Australian Govern-
ment, 2022). Methods 2 and 3 (both Tier 3 IPCC approaches)
require a mine-specific coal core gas distribution model to es-
timate CH4 and CO» released during coal extraction (Burra
and Esterle, 2011; CER, 2025a), with Method 3 additionally
requiring adherence to an approved gas sampling standard
(CER, 2025a). During financial year 2024 (FY24; spanning
from 1 July 2023 to 30 June 2024), operators of 21 out of
51 (41 %) open-cut coal mines reporting under the Safeguard
Mechanism used Method 1 to estimate fugitive CH4 emis-
sions, while the remaining operators used Method 2 (CER,
2025b). As of July 2025, all open-cut mines reporting under
the Safeguard Mechanism extracting more than 10 Mt ROM
coal are required to use Method 2 or 3. From July 2026, this
requirement will apply to all open-cut coal mines covered by
the Safeguard Mechanism, regardless of production volume.

While Australia’s NGER scheme applies methodologies
that are consistent with the requirements for IPCC Tier 3
reporting of coal mine CHy emissions, this alone does not
ensure regulatory adequacy, as the methods have not been
systematically compared with top-down atmospheric mea-
surements, and discrepancies with bottom-up approaches
have been observed. Top-down measurements are a key
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component of effective measurement, reporting, and veri-
fication (MRV) frameworks, supporting bias detection and
emission factor refinement (IPCC, 2006, 2022). Early evi-
dence of discrepancies between top-down and bottom-up es-
timates in Australia was reported by Sadavarte et al. (2021)
and Palmer et al. (2021) using coarse-resolution satellite
observations and modelled emissions from Bowen Basin
coal mines. Higher-resolution aircraft measurements later
enabled facility-level assessments, revealing differences be-
tween annualised top-down estimates and Method 1 report-
ing at an open-cut coal mine in the basin (Borchardt et al.,
2025). Moreover, although Method 2 is used to estimate
annual emissions from surface mines and included in Aus-
tralia’s inventory reporting, coal core gas content-based ap-
proaches lack peer-reviewed validation beyond descriptive
work (Burra and Esterle, 2011; Saghafi, 2012, 2014). The
sampling and geostatistical modelling guidelines underpin-
ning Method 2 for open-cut mines, as well as the scope
of emission sources it is designed to capture, have also
been questioned in the literature (Borchardt et al., 2025;
Vigil et al., 2025) and in public submissions (e.g., Brain et
al., 2025) to the Australian Government’s ongoing review
of these methods (Australian Government, 2024; Climate
Change Authority (CCA), 2023). Moreover, apart from lim-
ited satellite-based evaluations of mine ventilation fans (e.g.,
Duren et al., 2025; Varon et al., 2018), NGER reporting from
underground mines has not been systematically compared
to high-resolution top-down data, and their consistency with
such approaches remains uncertain.

Assessing the consistency of Australia’s NGER bottom-up
methods for coal mining with top-down measurements re-
quires measurement techniques of established reliability at
the facility scale. Aircraft equipped with in-situ or infrared
spectroscopic sensors provide the tens-of-meters spatial cov-
erage required for facility-scale CH4 surveys, allowing direct
assessment of NGER reporting methods. These aircraft have
been deployed at the facility-scale across the fossil fuel (e.g.,
Borchardt et al., 2025; Gordon et al., 2015; Lunt et al., 2025;
Piihl et al., 2024; Sherwin et al., 2024), waste (e.g., Cusworth
et al., 2020; Krautwurst et al., 2017), and agricultural sectors
(e.g., Amini et al., 2022; Yu et al., 2021). The measurements
made by these aircraft can quantify both point (e.g., Forster
et al., 2025; Krautwurst et al., 2021; Krings et al., 2013) and
diffuse CHy sources (e.g., Gasbarra et al., 2019; Krautwurst
et al., 2017), enabling verification of coal mine CH4 emis-
sions.

In Australia, underground mines primarily emit fugitive
CHy through point sources such as ventilation fans and
flares, whereas open-cut mines release methane more dif-
fusely from exposed coal seams, the pit floor, waste piles,
and water management ponds, which often lack the distinct
plumes associated with localised sources. A key benefit of
in-situ and certain remote sensing aircraft is their ability to
quantify emissions downwind and outside surface coal min-
ing pits (e.g., Borchardt et al., 2025). By measuring down-
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wind, these aircraft are expected to more reliably quantify
emissions that have undergone sufficient atmospheric trans-
port beyond the mine pit. This reduces reliance on within-pit
wind fields, which potentially differ from regional conditions
(Kia et al., 2021) and make remote sensing approaches that
depend on regional modelled winds subject to greater uncer-
tainty. Measuring downwind also enables whole-of-facility
emission estimates. In addition, aircraft offer the potential to
sample downwind plumes for CHy4 isotopic composition, al-
lowing emissions to be apportioned among multiple sources
located near coal mines (Kelly et al., 2022).

The detection limits and accuracy of aircraft-based sys-
tems have been evaluated in various controlled release stud-
ies (Chulakadabba et al., 2023; El Abbadi et al., 2024;
Forster et al., 2025; Sherwin et al., 2021). Single-blind
testing showed consistent quantification of releases above
10kgh~! CHy4 by a combination of both in-situ and remote
sensing-based aircraft (El Abbadi, 2024). Based on reported
annual emissions under the Safeguard Mechanism, roughly
90% of coal mines emit at rates exceeding this thresh-
old (CER, 2025b), indicating that similar aircraft-based ap-
proaches should be capable of quantifying emissions from
most reporting coal mines. In fully blinded trials, downward-
facing aircraft-based imaging spectrometers produced par-
ity slopes of 0.76-1.13, indicating close agreement with re-
leased quantities (El Abbadi, 2024). In the same study, a con-
tinuous in-situ aircraft yielded a lower parity slope of 0.5,
which improved to 0.82 after excluding one outlier. More re-
cently, Forster et al. (2025) validated a helicopter-borne mea-
surement system using mass balance modelling with con-
trolled CHy releases of ~21kgh~! and demonstrated that
it could reliably quantify emissions within the method’s un-
certainty.

Evaluating Australia’s NGER methods across coal-
producing regions using aircraft-based approaches requires
sampling a sufficiently large number of facilities to iden-
tify potential trends or systematic biases in reporting. At a
basin-scale, population-level comparisons are more reliable
than analyses of individual sites since aggregating results re-
duces random errors arising from quantification uncertainty
and stochastic temporal variability. This approach provides a
clearer picture of reporting performance and mitigates con-
cerns that aircraft surveys capture only a limited snapshot of
emissions. To date, top-down studies of Australia’s coal sec-
tor have largely focused on single mines (Borchardt et al.,
2025) or lacked the resolution to attribute emissions to in-
dividual facilities except for those sufficiently isolated from
adjacent mines (Palmer et al., 2021; Sadavarte et al., 2021).
While the Borchardt et al. (2025) results may represent an
anomalous case due to the high gas content of the coal seams
at that mine, they underscore the need to assess a larger num-
ber of coal mines to enable a systematic evaluation of Aus-
tralia’s NGER reporting methods for fugitive CH4 emissions
from coal mining.
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The aim of this study was to use an in-situ and a re-
mote sensing aircraft-based approach to quantify CHy emis-
sions from multiple underground and surface coal mines in
the Bowen Basin during September and October 2023, and
to evaluate the consistency between airborne quantifications
and operator estimates derived from NGER methods. Sec-
tion 2 describes the study area, the location of known CHy
sources, and the instrumentation, measurements, and quan-
tification approaches used by the aircraft. Section 3 compares
the airborne quantifications against FY24 operator reporting
and across the two aircraft, and evaluates the potential con-
tribution of non-coal sources to the airborne quantifications
using inventory and airborne CHy isotope data. Section 4 dis-
cusses the results and their implications for the regulatory
adequacy of NGER reporting. It also examines the factors
affecting the quantification and interpretation of coal mine
CH4 emissions using airborne measurements.

2 Methods

2.1 Study area and known CH4 sources

The Bowen Basin covers an area of over 60 000 km? in Cen-
tral Queensland (Fig. 1a). During FY24, there were 47 oper-
ational coal mine facilities in the Bowen Basin: 36 open-cut,
8 underground, and 3 integrated open-cut and underground
operations (referred to herein as mine complexes). The loca-
tion of all operational mines is shown in Fig. 1a, and pro-
duction details for each mine during FY24 provided in the
Supplement (S1). In this study, a unique identifier was as-
signed to each coal mine: open-cut coal mines were num-
bered OC-1 to OC-36, underground coal mines UG-1 to UG-
8, and mine complexes MC-1 to MC-3. Run-of-mine (ROM)
coal extraction totalled 256 Mt, with 215 Mt (84 %) extracted
from surface mining and 41 Mt (16 %) from underground op-
erations. 198 Mt (77 %) was extracted from open-cut, 27 Mt
(10 %) from underground, and 31 Mt (12 %) was extracted
from mine complexes (Queensland Government, 2025a; S1).

Aside from coal mines, other potential sources of CHy in
the Bowen Basin include oil and gas infrastructure (such as
coal seam gas (CSG) and conventional gas onshore produc-
tion wells, transmission and gathering pipelines, produced
water treatment plants, gas processing and compressor sta-
tions, and abandoned oil and gas wells), abandoned coal
exploration and groundwater boreholes, feedlot cattle, graz-
ing cattle, farm dams, coal mine waste gas (CMWG) power
stations, landfills, wastewater treatment plants (WWTP),
termites, macropods, residential- and transportation-related
emissions, and two ammonium nitrate plants (which repre-
sent downstream industrial CSG consumers). The methods
used to derive the location of these sources are outlined fur-
ther in S2. Figure 2a plots the locations of all known CHy
sources in the Bowen Basin.
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2.2 Spatially resolved bottom-up inventory for FY24

To assist in the interpretation of data collected by the air-
borne surveys conducted in this study, a bottom-up inven-
tory of CHy emissions for the Bowen Basin during FY24 was
developed. Herein this bottom-up inventory is referred to as
the UNSW inventory. In Sects. 2.3.3 and 3.3, the UNSW in-
ventory is used exclusively to assess, both qualitatively and
quantitatively, the potential contribution of coal and non-
coal CHy sources to aircraft-based quantifications. Where
possible, bottom-up emissions from coal mines are the re-
ported emissions submitted under the Safeguard Mechanism
reporting requirements for FY24 (CER, 2025b), and esti-
mates from non-coal sources are derived using emission fac-
tors and methods as documented within Australia’s National
Inventory Report for 2023 (Australian Government, 2025a,
b). Further details on the methods used to derive the loca-
tion and annualised emissions from coal and non-coal CHy
sources for the UNSW inventory are outlined in S2.

Figure 2a plots annualised emission rates from station-
ary CHy sources in the bottom-up UNSW inventory for
FY24, expressed in kgh™!. The UNSW inventory totals
463 kta~! CHy (equivalent to ~ 13MtCO;-e a~! using a
GWP of 28), comprising approximately 385kta=! (83 %)
from coal mines (S2). Other sources, totalling 17 % of the
inventory, comprise 59kta~! from grazing cattle (13 %),
5kta”! from termites (1.1%), 4kta~! from feedlot cat-
tle (0.9 %), and gas infrastructure (0.7 %). All other CHy
sources, while visually abundant in Fig. 2a, each contribute
<1 % of total CH4 emissions.

Figure 2b plots the distribution of emission rates ac-
cording to each discrete CHy4 source within the bottom-up
UNSW inventory in kgh™! CH4. Based on bottom-up re-
porting, coal mines are the largest sources of CHs emis-
sions in the region (median =393 kgh~! CHy), with emis-
sion rates that can be several orders of magnitude higher
than other source types. Coal mines also show the largest
variability in emission rate in absolute terms, ranging up to
~ 5000kg h~! CHa. Solid waste, wastewater, CMWG power
stations, and feedlot cattle exhibit moderate median emission
rates, ranging from 8 to 32kgh~! CHy. While some larger
cattle feedlots are estimated to emit up to ~ 150kgh~!,
the median emission rate for feedlots is 3.5kgh~! CHy.
Farm dams, while abundant, have a median emission rate of
0.01 kgh~! CHy. Although per-head emissions from grazing
cattle are small (0.006 kgh~! CHy), their large region-wide
population means they contribute significantly to the bottom-
up inventory only when considered on a regional scale.

2.3 Airborne surveys

2.3.1 Aircraft and instrumentation

Two aircraft were deployed in this study: one equipped with
an in-situ instrument and the other with a remote sensing in-
strument. Both aircraft were Diamond Aircraft HK36TTC-
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Figure 1. (A) Open-cut, underground and coal mining complexes operational in the Bowen Basin, Australia, during FY24. (B) Flight paths
(black lines) and the location of airborne grab samples (red dots) for all in-situ aircraft flights. (C) Flight paths for all remote sensing aircraft
flights. Bowen Basin boundary data © Queensland Government (2025b).

ECO Dimonas, owned and operated by the Independent
Non-Profit Research Institute Airborne Research Australia
(ARA), and piloted by ARA scientists. These aircraft are
purpose-built sensor aircraft, derived from a motorized glider
design capable of carrying a large instrument payload and
providing flight characteristics well-suited to sensitive atmo-
spheric measurements.

The in-situ aircraft measured meteorological parameters
alongside atmospheric dry mole fractions of CH4 using an
ABB Los Gatos Research Ultraportable Greenhouse Gas An-
alyzer (UGGA) along its flight path. This aircraft was previ-
ously used in Australian studies quantifying CH4 emissions
from coal seam gas production (Neininger et al., 2021), an
open-cut coal mine (Borchardt et al., 2025) and onshore LNG
liquefaction facilities (Lunt et al., 2025). The second aircraft
was fitted with the passive airborne remote sensing imaging
instrument MAMAP2DL, which maps atmospheric CO, and
CH4 column anomalies beneath the aircraft. This approach
was previously used by Borchardt et al. (2025) to estimate
emissions from an open-cut coal mine in Australia.

Details on the instrumentation onboard both aircraft are
provided in S3. Readers are also referred to Lunt et al. (2025)
or Borchardt et al. (2025) for more detailed descriptions of
the instrumentation onboard the in-situ aircraft, and Bor-
chardt et al. (2025) for details on the remote sensing aircraft.
In this study, unlike in previous campaigns where such mea-
surements were not reported, a purpose-built device for ac-
quiring airborne grab samples for subsequent laboratory CHy
isotope analysis was installed on the in-situ aircraft. A de-
scription of this grab sampling device is also provided in S3.

https://doi.org/10.5194/acp-26-10043-2026

2.3.2 Sampling and quantification approaches

Details of each in-situ and remote sensing aircraft flight, in-
cluding flight time, wind conditions, upwind coal mines, and
isotope data collection, are provided in S4.

In-situ aircraft

Nineteen flights were undertaken by the in-situ aircraft be-
tween 5 September and 5 October 2023 (Fig. 1b; S4). A
downwind single-screen sampling approach was used to de-
termine CH4 emission rates via mass balance (Borchardt et
al., 2025; Cambaliza et al., 2014; Fiehn et al., 2020; France et
al., 2021; Hacker et al., 2016; Krings et al., 2018; Lunt et al.,
2025). In this approach, the aircraft flew a series of vertically
spaced transects ranging from ~ 0.1 to 20 km downwind of
coal mine facilities, forming a “curtain”. Transects were con-
ducted at discrete altitudes along the same flightline, ori-
ented roughly perpendicular to the mean wind direction, typ-
ically ranging from 120-250 m up to ~ 2500 m above ground
level (m a.g.1.) to sample plumes within the convective mixed
layer. Reconnaissance legs were selectively flown to identify
upwind CHy sources but were not conducted in all cases due
to flight time constraints and the absence of detectable emis-
sions on the remote sensing aircraft from previous flights.
Accordingly, the influence of upwind CHy4 on the curtains
was assessed independently using the methods in Sect. 2.3.3.
Mass balance modelling applied to the data captured onboard
the in-situ aircraft followed the approaches of Borchardt et al.
(2025) and Lunt et al. (2025), as outlined in S5.

Atmos. Chem. Phys., 26, 10043-10069, 2026
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on source classification and inventory construction are provided in S2.

In total, 39 curtains were acquired by the in-situ aircraft. A
schematic example of a curtain flown during this campaign is
shown in Fig. 3. Atmospheric CH4 concentrations collected
throughout each flight, along with the locations of individ-
ual curtains, are provided in S6. The number of curtains per
flight ranged from 1 to 9 (mean 2, median 2). Individual cur-
tains took between 15 min and 3 h 25 min to complete, with
a mean duration of 1h 20 min. The number of transects per
curtain ranged from 2 to 12 (mean 5.4, median 4). Of the 39
curtains, 10 were excluded from subsequent analysis, leaving
29 that met suitable measurement conditions and were con-
sidered sufficiently reliable for comparison with operator-
reported estimates. Reasons for exclusion included low wind
speeds, variable wind directions, insufficient transect density,
and incomplete background sampling, all of which increased

Atmos. Chem. Phys., 26, 10043-10069, 2026

uncertainty and potential bias in the derived emission rates
(each exclusion criteria is further detailed in S5). Emission
rate estimates and associated uncertainties for the 29 retained
curtains are hereafter referred to as “quantifications” to dis-
tinguish them from the initial 39 curtains.

Remote sensing aircraft

Fourteen flights were undertaken by the remote sensing air-
craft between 5 September and 1 October 2023 (Fig. Ic;
S4). Flights were designed following the approaches of
Krautwurst et al. (2025) and Borchardt et al. (2025). The air-
craft collected measurements at an altitude of approximately
3300 ma.g.l., covering a swath width of about 1.3 km. Across
the swath, the 28 ground scenes had a ground scene size of
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Figure 3. Three-dimensional visualisation of measured downwind
CHy4 enhancements from a flight performed by the in-situ aircraft on
28 September 2023. The red dot marks a quantified coal mine, and
the colour bar indicates measured CH4 mole fractions downwind of
the coal mine.

roughly 45 m x 45 m. Flight legs were positioned above po-
tential sources at varying upwind and downwind distances,
and oriented perpendicular to prevailing winds, based on ex-
pected emission strengths and forecasted wind speeds. Up-
wind legs monitored the inflow of clean background air
masses, which could include CH4 enhancements or clean air,
while downwind legs were used to quantify emission rates.
Legs flown directly above emitting sources within facilities
ensured that observed CH4 enhancements could be attributed
unambiguously to their respective source locations.

CHy emission rates were estimated from the retrieved CHy
column anomaly maps using a cross-sectional mass balance
approach, a method widely applied in remote sensing stud-
ies (Frankenberg et al., 2016; Fuentes Andrade et al., 2024;
Krings et al., 2018; Reuter et al., 2019; Varon et al., 2018;
Wolff et al., 2021). The specific approach applied in this
study has been described in detail by Krautwurst et al. (2025)
for estimating CHy emissions from landfills in Madrid,
Spain, and was also applied by Borchardt et al. (2025) to
quantify emissions from an open-cut coal mine in Australia.
In short, downwind of a source, multiple cross-sections were
explicitly defined (i.e. geometrically constructed) through the
observed plume, spaced at 10 m intervals. Within each cross-
section, CHy was sampled at 10 m resolution. The trans-
ported mass of CHy4 per unit time (th~!) was then calculated
for each cross-section using the component of wind speed
perpendicular to the transect. This process also included a
dedicated normalisation step for each cross-section, in which
the plume was separated from the surrounding background
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on either side. This allowed the local CH4 background to be
estimated and subtracted prior to flux calculation. Further de-
tails on the computation of emission rates, associated errors,
and their propagation into final estimates are provided in SS5.

In total, 204 flight legs were collected during the 14 remote
sensing aircraft flights (S7; see S5 for the definition of the
term flight leg). Of these, 86 contained one or more plume
signals (CHs column enhancements), yielding 122 plumes
identified through visual inspection of the retrieved data. An
example of persistent CH4 emissions observed in multiple
legs and days is shown in Fig. 4. Of the 122 plumes, 66
were excluded from subsequent analysis after data quality
assessment, leaving 56 that met suitable measurement condi-
tions and were considered sufficiently reliable for flux analy-
sis. Exclusions fell into six categories: an absence of distinct
plumes under calm winds, the mixing of plumes with other
sources, suboptimal observing geometry causing truncation
or tilt, cloud-induced data gaps or artifacts, insufficient en-
hancements for plume-background separation, and/or chal-
lenges over open-cut mines where wind-field modelling was
infeasible (each exclusion criteria is further detailed in S5).
For underground and mine complex facilities with more than
one ventilation fan, flux estimates from individual plumes
were summed to produce a single facility-level estimate (see
Sect. 2.4). Seven plumes represented emissions from only
part of a facility and were not considered representative of to-
tal facility emissions (see Sect. 2.4), and three plumes lacked
a clearly identifiable source linked to coal mining infrastruc-
ture and possibly corresponded to emissions from abandoned
coal exploration boreholes or groundwater boreholes (Ho-
erning and Hayes, 2025; see S9). After accounting for these
cases, the 56 individual plumes became 46 plumes that com-
bined produced 24 emission rate estimates, hereafter referred
to as “quantifications”, that could be directly compared with
operator-reported values. MAMAP2DL imagery of the 46
plumes used to derive the 24 quantifications are shown in
S8.

2.3.3 CH4 emission source attribution and evaluation of
upwind sources

In-situ aircraft

For each curtain sampled by the in-situ aircraft, the upwind
domain containing all potential CHy sources (both coal and
non-coal sources) was defined using Hybrid Single Particle
Lagrangian Integrated Transport (HYSPLIT) backward tra-
jectories (Rolph et al., 2017; Stein et al., 2015) using GFS
(0.25°) meteorology at the time the curtain was flown by the
aircraft. Two backward trajectories at altitudes correspond-
ing to the midpoint of the mixing layer height were modelled
from the lateral extremities of each curtain. These trajectories
were used as bounds to determine which coal mines were
potentially contributing to the CHy signals in each curtain.
Where there was clear separation between plumes within

Atmos. Chem. Phys., 26, 10043-10069, 2026



10050

S. J. Harris et al.: Evaluation of coal mine methane inventory methods

Figure 4. MAMAP2DL CH4 column observations over a ventilation shaft (cyan circle). (a) Google Earth imagery showing the shaft lo-
cation. (b—d) Five of eleven flight legs acquired during research flights on 5, 9, and 16 September 2023, showing downwind CHy plume
enhancements. Winds were from the north on 5 September and from the south-east on 9 and 16 September. Base map data © Google,

Imagery © 2026 CNES/Airbus.

a curtain originating from different coal mines (i.e., back-
ground CHy concentrations are reached for a substantial por-
tion of the transect prior to sampling another distinct plume)
a wind direction filter was applied to isolate emissions and
derive a facility-scale for each mine.

Although emissions from dispersed, low-strength sources
such as grazing cattle, termites and macropods would be
rapidly diluted in the atmosphere and accounted for through
the background subtraction method (outlined in S5), emis-
sion rate estimates for each upwind source located within
0.25° upwind of the curtains were calculated using the
bottom-up methods used in the UNSW inventory outlined
in S2. These upwind emission rate estimates were then
summed, and the totals compared with each curtain’s quanti-
fied emission rate to determine the magnitude of the upwind
inventory compared to emissions derived for the curtain. In
the case of grazing cattle, since the area of suitable graz-
ing land upwind of the curtain varies on a curtain-by-curtain
basis, the area (ha) of suitable grazing land within the up-
wind domain was estimated by generating land use reports
from the AGTrends Spatial database (Queensland Govern-
ment, 2025c¢), customised to include only the upwind domain
using the “polygon” feature in the AGTrends Spatial inter-
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active mapping tool. This upwind area was then multiplied
by the approximated average cattle density in the study area
(0.20headha™!; see S2) to approximate the number of up-
wind grazing cattle and their emission source strengths up-
wind of each curtain. This area was also used to estimate
emissions from termites and macropods. While the number
of dispersed CHy4 sources included in these calculations car-
ries substantial uncertainty, this approach serves as a rea-
sonable reference against which the magnitude of emissions
from the curtains can be compared.

Remote sensing aircraft

Unlike the in-situ aircraft, which sampled plumes at vari-
ous distances downwind of the source(s), the remote sens-
ing aircraft provided 2D images of detected CH4 plumes (see
Fig. 4). Flight legs directly over a source, referred to as over-
head legs, were used to unambiguously identify and locate
the position of the source. These flight legs captured mea-
surements of the plume upwind, directly over, and downwind
of the source. In the resulting concentration maps, the start of
a plume appears as a CHy4 column enhancement in red, with
CHy transported and dispersed downwind from that point on.
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On the opposite side (upwind of the source), no CHy en-
hancements are visible, and column concentration anomalies
typically fluctuate around 0 % due to measurement noise, in-
dicating clean air masses and the absence of enhanced CHy
inflow. Thus, the plume origin clearly identifies the source
and the facility or facilities responsible. For each identified
plume signal in a leg, the plume and corresponding back-
ground areas on either side are determined by visual inspec-
tion. To isolate the plume from background CHy, a straight
line is fitted to measurements of the two background areas
across a cross-section; this line represents background CHy
levels and is removed from the measurement, leaving only
the plume signal. This processed signal is then used to esti-
mate the emission rate of the source.

2.3.4 Airborne grab sample laboratory CH4 isotope
analysis

Airborne grab samples for CHy isotope analysis were ac-
quired during 13 of the 19 flights undertaken by the in-situ
aircraft (S4) and were used to assist in attributing sources be-
tween fossil and non-fossil CH4. Samples were taken over
the course of sampling one or multiple curtains at different
altitudes in the convective mixed layer. Analysis was under-
taken at Royal Holloway University of London (RHUL) us-
ing a Picarro G2210-i cavity ringdown spectrometer (CRDS)
(Picarro, Inc., USA) for CH4 mole fraction and a modified
gas chromatography isotope ratio mass spectrometry (GC-
IRMS) system (Trace Gas and Isoprime mass spectrometer,
Elementar UK Ltd., UK) (Fisher et al., 2006) for the mea-
surement of §'3C-CHy4. Each bag was analysed for at least
5min using the Picarro G2210-i (flow rate 40 mL min~"!)
and the mean CH4 mole fraction of the last three minutes of
measurement calculated. CH4 mole fractions were calibrated
to the WMO X2004A CHjy scale using air cylinders pro-
vided by Max Planck Institute-Jena. The accuracy of the re-
ported measurements is <1 ppb. Each GC-IRMS §'3C-CHy
measurement used 75 mL air, and each bag was analysed at
least three times. §'>C-CH,; measurements have a repeata-
bility of 0.05 %o and are reported on the V-PDB scale. Fur-
ther information about calibration and intercomparison of
isotopic measurements with other laboratories is reported in
Umezawa et al. (2018).

Analysis for 82H-CHy4 was undertaken at Utrecht Univer-
sity on a GC-IRMS system described in (Menoud et al.,
2022; Rockmann et al., 2016), consisting of a custom-built
CH,4 extraction system and a Thermo Fisher Delta plus XP
IRMS. The isotope scale at Utrecht University was estab-
lished as described in Brass and Rockmann (2010) and is
linked to the international reference materials via intercali-
bration with the Max-Planck-Institute for Biogeochemistry,
Jena, Germany (Sperlich et al., 2016). The Utrecht CH4 iso-
tope system has participated in various international inter-
comparison programs (Dasgupta et al., 2025; Umezawa et
al., 2018).
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2.4 Comparison of top-down and bottom-up estimates
from coal mines

The in-situ and remote sensing aircraft quantifications were
compared with mean annual emission rates (t h~! CHy) de-
rived from operator-reported annual emission totals (reported
inta~! COy-e, using a GWPyg value of 28) submitted under
Australia’s Safeguard Mechanism for FY24 (CER, 2025b).
To enable a direct comparison, it was necessary to define
what the airborne estimates quantify. Accordingly, the fol-
lowing terms were defined to describe the scope of each air-
borne quantification:

— Facility quantification: quantified all CH4 emissions
from a single coal mine facility with no emission con-
tribution from any other mine. For the remote sens-
ing aircraft, a facility quantification on occasions com-
prised multiple sub-facility quantifications (defined be-
low), such as from ventilation shafts and flaring infras-
tructure within an underground or mine complex, that
were summed to represent total emissions from an in-
dividual facility. Facility quantifications were directly
compared with operator-reported estimates reported un-
der the Safeguard Mechanism.

— Multi-facility quantification: quantified combined CH4
emissions from two or more coal mines where plumes
from multiple mines had mixed or could not be reason-
ably separated based on wind direction. In this case,
the quantification was compared against the sum of
operator-reported figures for the relevant facilities re-
ported under the Safeguard Mechanism.

— Sub-facility quantification: quantified emissions from
an individual piece of mine infrastructure that did not,
by itself, represent total facility emissions. Where pos-
sible, sub-facility quantifications were summed to pro-
duce a facility estimate if they accounted for all emis-
sion sources from the mine. If a sub-facility quantifi-
cation could not be combined to represent total facility
emissions, it was not compared with operator-reported
estimates.

When comparing top-down and bottom-up estimates, the
analysis also evaluated the different NGER methods used in
operator reporting. Of the 28 open-cut coal mines located in
the Bowen Basin, 16 operators reported CH4 emissions us-
ing Method 1, with the remaining 12 using Method 2 (S1;
CER, 2025b). Operators from two of the mine complexes dis-
closed the use of Method 1 to estimate emissions from their
open-cut operations (MC-1 and MC-2). In this case, it was
possible to separate the estimated CHy4 emissions from the
open-cut (assigned as MC-1-OC and MC-2-OC) and under-
ground (assigned as MC-1-UG and MC-2-UG) operations,
since the relative amount of coal extracted from the surface
and underground operations was disclosed. This was not pos-
sible for the third mine complex (MC-3), which disclosed the
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use of a Method 2 for their open-cut operations, meaning the
emissions from the open-cut (assigned as MC-3-OC) and un-
derground (assigned as MC-3-UG) operations could not be
disaggregated.

All underground coal mine operators applied Method 4 to
estimate ventilated fugitive emissions from coal extraction,
and either Method 1 or Method 2 to estimate emissions from
flared coal mine waste gas (S1; CER, 2025b). However, the
use of CEM or PEM to derive Method 4 estimates is not
publicly disclosed under the Safeguard Mechanism. In addi-
tion, CHy emissions are aggregated at the facility level, with
no publicly available breakdown by method, meaning com-
parisons were made against total reported facility emissions
(i.e., the combined contribution of Method 1/2 and Method
4). As a result, individual NGER methods (and their meth-
ods of operation) for underground coal mining could not be
separately assessed in this study and were instead evaluated
on an aggregated basis.

3 Results

3.1 Comparison of airborne estimates with bottom-up
NGER estimates

Fifty-three individual quantifications of 17 coal mines were
acquired across both aircraft. These quantifications were
grouped by mine or mine grouping and averaged to produce
24 independent mean emission rate estimates across 10 open-
cut, 8 underground, 2 mine complex, and 4 multi-facility
groupings covering multiple mine types. Some mines con-
tribute more than one estimate where both aircraft were de-
ployed. Table 1 presents these 24 estimates for each quan-
tified mine or mine grouping, alongside the correspond-
ing mean annual operator-reported CHy emission rate in
th~! CHy4 and the applied NGER method(s). All individual
quantifications are listed in S10.

The median estimated 1o uncertainty for individual quan-
tifications was 21 % for the in-situ aircraft (mean 25 %,
n =29; S5) and 25 % for the remote sensing aircraft (mean
28 %, n = 24; S5). For facilities with multiple quantifications
(n > 2), reflecting a more representative sampling than single
quantifications, the median standard error was 15 % for the
in-situ aircraft (mean 18 %, n = 7), equivalent to 30 % at the
95 % confidence level. Similarly, the median standard error
for the remote sensing aircraft was 19 % (mean 19 %, n = 4),
equivalent to 37 % at the 95 % confidence level.

Figure 5 compares the 24 mean airborne emission rates
against mean annual reported CH4 emission rates for each
quantified mine or mine grouping, distinguished by mine
type and NGER method. Figure 5 shows that airborne esti-
mates derived solely from underground mines or solely from
mine complexes were typically within 20 of reported val-
ues. All airborne estimates derived solely from open-cut coal
mines, regardless of whether Method 1 or 2 was applied, ex-
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ceeded reported values by more than 1o of the estimated un-
certainty.

Trends within the multi-facility estimates spanning dif-
ferent mine types were less apparent, likely due to the un-
equal contribution of surface and underground ROM pro-
duction and the resulting range of NGER methods applied
by operators to estimate emissions. Two of the four esti-
mates, which combined emissions from underground mines,
mine complexes, and open-cut mines, were within 20 of re-
ported values. The third was lower than reported values, and
the fourth, which combined one underground and one open-
cut mine, exceeded reported values by more than the esti-
mated 20 uncertainty. Therefore, to further assess underlying
trends for estimates from facilities applying multiple NGER
methods, the percentage of ROM produced via underground
extraction methods was calculated for each mine quanti-
fied based on reported production data for FY24 (Queens-
land Government, 2025a; S1). When presented in this way
(Fig. 6), mean airborne emission rates from facilities that
predominantly produced coal via underground operations
(> 50 % underground production) were typically within +2¢
uncertainty of reported values, while 100 % of estimates from
those facilities predominantly producing coal via surface ex-
traction methods (<50 % underground production) exceeded
reported values by more than 2o of the estimated uncertainty.

Based on the trends shown in Figs. 5 and 6, biases between
mean airborne estimates and mean annual operator-reported
estimates were assessed by grouping the estimates by mine
type as follows:

— Group 1: Estimates exclusively from underground coal
mines

— Group 2: Estimates exclusively from open-cut coal
mines (not distinguished by NGER method)

— Group 3: Estimates exclusively from open-cut coal
mines where operators applied Method 1

— Group 4: Estimates exclusively from open-cut coal
mines where operators applied Method 2

— Group 5: Estimates from coal mines with > 50 % of
ROM production from underground extraction

— Group 6: Estimates from coal mines with <50 % of
ROM production from underground extraction.

Groups 5 and 6 allow multi-facility estimates spanning
various mine types and NGER methods to be included, in-
creasing the statistical power of the bias analyses. They also
allow the few mine complexes that report emissions from
both underground and open-cut operations to be included in
the bias assessment.

To assess systematic differences between facility level
operator-reported and aircraft-measured emission rates
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Table 1. Mean CH, emission rates from facility- and multi-facility airborne estimates, compared with mean annual operator-reported emis-
sion rates derived using NGER methods. Estimates from Borchardt et al. (2025) are also included. Values are reported to two significant

figures; rounding may introduce minor discrepancies.

Type of Coal mine(s) Aircraft n? Mean CHy Mean annual El Aircraft Eloperator NGER %
quantification quantified emission rate reported CHy (kg CHy (kg CHy Method uGd
(th~!CH, + emission rate tTrROM)  tTROM)
20)° (th~!1 CHy)®
Open-cut
Method 1
Facility OC-12 In-situ 3 44+1.0 0.43 11 1.1 1 0
Facility 0OC-30 In-situ 1 82+23 1.0 8.7 1.1 1 0
Multi-facility 0OC-12, MC-2-0C In-situ 1 39+1.8 0.93 4.7 1.1 1,1 0
Multi-facility 0C-12,0C-13 In-situ 2 5015 0.90 6.1 1.1 1,1 0
Multi-facility 0C-28, OC-30 Remote sensing  1(2) 6.6+1.7 1.5 4.8 1.1 1,1 0
Method 2
Facility OC-14 In-situ 1 0.22+0.10 8.4x 1074 0.17 64x1074 2 0
Facility OC-16 In-situ 1 1.0£0.75 0.27 0.78 0.21 2 0
Facility 0C-32¢ In-situ 7 9.6+1.9 43 8.8 4.0 2 0
Facility 0C-32¢ Remote sensing  1(6) 11£53 4.3 10 4.0 2 0
Multi-facility 0C-16, OC-17 In-situ 1 1.2+0.78 0.38 0.47 0.15 2,2 0
Underground
Facility MC-1-UG Remote sensing  1(1) 1.3+1.0 0.77 7.8 4.5 1,4 100
Facility MC-2-UG Remote sensing ~ 3(8) 3.1+0.92 3.0 5.3 5.2 1,2,4 100
Facility UG-2 Remote sensing  1(9) 5.6+39 3.8 6.4 43 1,4 100
Facility UG-2 In-situ 1 3.8+2.0 3.8 43 4.3 1,4 100
Facility UG-3 Remote sensing ~ 2(11) 224085 2.6 32 3.7 2,4 100
Facility UG-3 In-situ 2 2.9+0.97 2.6 4.2 3.7 2,4 100
Facility UG-4 Remote sensing  2(3) 35+1.8 3.6 4.4 4.5 1,2,4 100
Facility UG-6 Remote sensing ~ 2(5) 5.0+23 5.0 11.7 12.3 1,2,4 100
Mine complex

Facility MC-1 In-situ 2 0.92+0.50 0.87 1.9 1.8 UG:1, 4 82

OC: 1
Facility MC-2 In-situ 2 43+3.1 35 4.1 34 UG: 1,2,4 56

OC: 1

Open-cut & Underground

Multi-facility 0OC-5 & UG-1 In-situ 1 4.6+12 2.0 32 1.4 ocC: 1 1

&ndf

Underground & Mine complex

Multi-facility UG-3 & MC-2 In-situ 2 6.4+£0.94 6.1 2.3 22 UG:2,4& 74

UG: 1,2,4

OC: 1

Open-cut, Underground & Mine complex
Multi-facility 0C-12,UG-3 & In-situ 1 5.8+1.8 6.5 2.7 3.1 OC: 1, 60
MC-2 UG:2,4 &

UG: 1,2,4

OC: 1
Multi-facility 0OC-13,UG-3 & In-situ 1 42+14 6.1 2.4 3.6 OC: 1, 75

MC-2-UG UG: 2,4 &
UG: 1,2,4

4 For the in-situ aircraft, n represents the number of quantifications used to derive each mean emission rate estimate. For the remote sensing aircraft, n represents the number of days
the mine(s) were sampled, with the number in brackets representing the number of flight legs used in the estimate. b Uncertainties represent 2o errors (see S5 for further details).

¢ Mean annual operator-reported CH4 emission rate derived from FY24 Safeguard Mechanism reporting. d Percentage of ROM coal produced from underground operations.

¢ Estimates previously reported in Borchardt et al. (2025). f n.d. = not determined.

within each group (Table 2), mean bias was calculated ac-

cording to:

. 1
Meanbias = ;Zizl(TD,- — BU;)

ey

where n is the number of estimates within in each group,
T D; is the mean airborne emission rate for the ith estimate,
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and BU; is the mean annual operator-reported emission rate
for the ith estimate. In Eq. (1), positive values signify that
airborne estimates exceeded mean annual operator-reported
estimates on average. Statistical significance of the mean bias
was evaluated using one-sample z-tests with 95 % confidence
intervals derived from the ¢-distribution. Normalised root
mean square error (NRMSE; normalised to the mean) was
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Quantification type

O Facility (in-situ aircraft)

O Facility (remote sensing aircraft)

<> Multi-facility (in-situ aircraft)

A\ Multi-facility (remote sensing aircraft)

Mine type (NGER Method(s))
Mine complex (Open-cut Method 1)
@® Open-cut (Method 1)
Open-cut (Method 1) & Underground
@® Open-cut (Method 1) & Underground & Mine complex (Open-cut Method 1)
Open-cut (Method 1) & Underground & Mine complex (Undergound only)
@® Open-cut (Method 2)
Underground
® Underground & Mine complex (Open-cut Method 1)

Figure 5. Comparison between mean airborne emission rates and reported mean annual CH4 emission rates, distinguished by mine type and
NGER method. Each data point represents a mean emission rate (£20) estimate derived from one or more quantifications of a single mine

or mine grouping (see Table 1 for full details).
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Figure 6. Comparison between mean airborne emission rates and reported mean annual CH4 emission rates (+20), coloured according to
percentage of underground ROM coal production for FY24 (Queensland Government, 2025a; S1).

used as a scale-independent measure of agreement. Fixed-
origin linear regression (intercept constrained to zero; Fig. 7)
was used to evaluate proportionality, with a slope of unity
expected under no bias. Statistical significance of slope devi-
ations from unity was assessed using ¢-tests, and 95 % confi-
dence intervals were derived from the ¢-distribution. Analy-
ses were performed in R 4.2.2 (R Core Team, 2022).
Aggregate bias within each group was quanti-
fied using four metrics (Table 3): the ratio of to-
tal aircraft to total operator-reported emissions
(Aircrafty, /Operator,,, ), the absolute  difference

Atmos. Chem. Phys., 26, 10043-10069, 2026

between these totals  (JAircraftioa — Operator;,,|),
the percentage deviation relative to the operator to-
tal (Aircraftior — Operator, ., /Operator,y, x 100),
and the normalised deviation from the estimated
lo uncertainty of the total top-down emission rate
(Aircraftmtal — Operatortota]/aAircraftma]). Assuming individ-
ual facility quantifications were independent, aggregation
reduces random errors arising from quantification uncer-
tainty and stochastic temporal variability via the central
limit theorem, thereby isolating and highlighting underlying
systematic reporting biases between top-down airborne
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Figure 7. Comparison between mean airborne emission rates (£2c) and reported mean annual CHy emission rates for: (A) exclusively
underground coal mines; (B) exclusively open-cut coal mines; (C) exclusively open-cut coal mines estimated using Method 1; (D) exclusively
open-cut coal mines estimated using Method 2; (E) coal mines with > 50 % underground production; and (F) coal mines with <50 %
underground production. The fixed-origin linear regression analysis model is indicated by the dashed line and the slope is indicated in each

panel. Symbol shapes are as in Figs. 5 and 6.

estimates and operator bottom-up estimates at the population
level.

In Group 1, airborne estimates from solely underground
mines showed minimal differences relative to operator es-
timates at the facility-level (Table 2). The mean bias was
small (0.28 th~!) and not statistically significant (p = 0.28),
with a slope that did not significantly differ from unity
(1.1, p = 0.33; Fig. 7a). The NRMSE value of 0.20 indicated
good agreement, consistent with the estimated airborne un-
certainties (&£ 30 %—-37 % at the 95 % confidence level for the
two aircraft). Aggregate-level emissions also aligned closely,
with the total airborne estimate within 8.3 % of the total oper-
ator estimate (Table 3). The absolute difference was less than
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the estimated 1o quantification uncertainty (0.820), confirm-
ing good agreement between the two estimation approaches.

In contrast, airborne estimates from solely open-cut
coal mines (Group 2) were systematically higher than
operator-reported estimates (Table 2). The mean positive bias
of 3.7th~! CH4 was statistically significant (p =0.001),
and the slope of 2.8 was significantly different from
unity (p = 0.001), indicating a systematic proportional bias
whereby airborne estimates were on average 2.8 times the
operator-reported values (Fig. 7b). The NRMSE value of
0.86 indicated poor agreement, with discrepancies exceed-
ing estimated airborne quantification uncertainties. Even
with the exclusion of data reported in Borchardt et al.

Atmos. Chem. Phys., 26, 10043-10069, 2026



10056 S. J. Harris et al.: Evaluation of coal mine methane inventory methods

Table 2. Summary of facility level bias within Groups 1-6. Value
discrepancies. CI = confidence interval.

s are reported to two significant figures; rounding may introduce minor

Group? n n Mean bias  p (Mean Slope p NRMSE
(estimates)b (quant.)® (th_1 CHy) bias)  [95 % CI] (slope)
[95 % CI]
(1) Underground 8 19 0.28 0.28 1.1 0.33 0.20
[—0.19, 0.76] [0.9, 1.3]
(2) Open-cut 10 25 3.7 0.001 2.8 0.001 0.86
[2.2,5.3] [1.9,3.7]
(3) Open-cut: 5 9 4.7 0.003 54 <0.001 0.87
Method 1 [3.3,6.1] [3.1,7.8]
(4) Open-cut: 5 16 2.8 0.11 24  <0.001 0.84
Method 2 [0.10, 5.5] [2.1,2.7]
(5) > 50 % ROM 13 27 0.05 0.83 0.98 0.67 0.22
production via [—0.42, 0.52] [0.85, 1.1]
underground
(6) <50 % 11 26 3.6 <0.001 2.7  <0.001 0.84
ROM production [2.2,5.1] [1.9,3.5]

via underground

 Refer to the text for further details on the groups. b Represents the number of independent mean emission rate estimates derived across facility-
and multi-facility quantifications. ¢ Refers to the total number of individual airborne quantifications used to derive the » mean emission rate

estimates.

Table 3. Summary of aggregate level bias within Groups 1-6. Where possible, values are reported to two significant figures; rounding may

introduce minor discrepancies.

Group n Total aircraft ~ Total operator ~ Ratio (aircraft: Absolute  Relative Deviation:

(estimates)? emission rate mean annual operator) difference  deviation uncenaintyb

(th™1CH4 +20)°  emission rate (th—1 CHy) (%)
(th—1 CHy)

(1) Underground 8 27+5.6 25 1.1£0.22 23 8.3 0.82
(2) Open-cut 10 51+6.9 14 3.6+0.49 37 264 11
(3) Open-cut: Method 1 5 28£3.8 4.8 5.8+£0.79 23 483 12
(4) Open-cut: Method 2 5 23+£5.7 9.3 2.5£0.61 14 150 4.8
(5) > 50 % ROM 13 49+6.9 48 1.0£0.14 0.66 1.4 0.19
production via
underground
(6) <50 % ROM 11 56+7.0 16 3.5+£043 40 247 11
production via
underground

a Represents the number of independent mean emission rate estimates derived across facility- and multi-facility quantifications. b The ratio of the relative deviation to the estimated
percentage 1o uncertainty of the total measured emission rate. © Uncertainty totals were derived by summing the estimated uncertainties in quadrature.

(2025), the positive bias remained statistically significant
(mean=23.1th~! CHy, p = 0.01; data not shown in Table 2),
the slope increased to 5.4 (p<0.001), and the NRMSE in-
creased to 1.0, indicating that the observed bias persists
despite the removal of these data. In aggregate, the total
airborne estimate from surface mines was 3.6 times the
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operator-reported total, with the relative deviation exceeding
the estimated 1o uncertainty of the total airborne estimate by
a factor of 11.

Airborne estimates from open-cut mines applying Method
1 (Group 3) showed the largest statistically significant pos-
itive bias (4.7th™! CHy, p =0.003) and poor agreement
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(NRMSE =0.87), together with strong proportional over-
estimation (slope =5.4, p<0.001; Fig. 7c; Table 2). When
aggregated, total airborne estimates were 5.8 times the
operator-reported emissions (Table 3). The absolute differ-
ence in total aggregated emissions corresponded to an ap-
proximately 120 deviation based on the estimated uncer-
tainty of the airborne quantifications.

Airborne estimates from open-cut mines applying Method
2 (Group 4) showed a positive mean bias of 2.8th~! CHy
that was not statistically significant (p =0.11), de-
spite a statistically significant slope different from unity
(2.4, p<0.001; Fig. 7d) and a large NRMSE (0.84) indicat-
ing poor agreement. This contrast likely reflects the large
variance in this group, compounded by the small sample size
(n = 5; Table 2). Nonetheless, in aggregate, total airborne es-
timates were 2.5 times the operator-reported emissions, with
the absolute difference in total aggregated emissions corre-
sponding to a 50 deviation compared to estimated airborne
quantification uncertainty (Table 3).

Bias metrics from Groups 5 and 6, which had greater sta-
tistical power because of the inclusion of multi-facility and
mine complex quantifications (n = 13 and 11 mines, respec-
tively), further confirmed the contrasting bias behaviour be-
tween underground and open-cut coal mines relative to air-
borne estimates. Group 5 showed a small and non-significant
bias (0.05th~!CHy; p =0.83, NRMSE =0.22), with a
slope not significantly different from unity (0.98, p = 0.67;
Fig. 7e). Aggregate-level emissions agreed within 1.4 %,
with absolute differences five times smaller than the es-
timated 1o uncertainty. In contrast, Group 6 exhibited a
large mean bias (3.6th~! CHy; p<0.001, NRMSE = 0.84)
and a slope significantly different from unity (2.7, p<0.001;
Fig. 7f). Aggregate-level emissions were 3.5 times the
operator-reported estimates (Table 3), with the absolute dif-
ference corresponding to an approximately 110 deviation.

Although not included as separate groups in the bias as-
sessment due to small sample size (n =2 of 3 mine com-
plexes in the Bowen Basin), emission totals from mine
complexes showed agreement between operator reporting
(4.4th~! CH,) and airborne estimates (5.2 1.6th™! CHy;
Table 1). A similar limitation applied to multi-facility quan-
tifications of several open-cut, underground, and mine com-
plexes (n = 2), where operator estimates (13th~! CHy) ex-
ceeded airborne estimates (104 1.1th~' CHy; Table 1).
Across both cases, underground mining accounted for 58 %
to 82% of ROM production (Queensland Government,
2025a; S1), and the trends are consistent with results from
Group 5, where airborne estimates from mines with mainly
underground production showed no significant bias com-
pared to operator reporting.

To further assess whether discrepancies in emission rates
persist after normalisation by coal production volume, Ta-
ble 4 presents mean CHs emission intensities (EI) for
each group derived from top-down aircraft quantifications
(ElAircraft) and bottom-up operator estimates (Eloperator). As
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in Tables 2 and 3, aircraft-based and operator Els agreed for
underground mines (Groups 1 and 5) but disagreed for open-
cut mines (Groups 2, 3, 4, and 6), with aircraft-based Els
substantially higher. Notably, mean aircraft Els were simi-
lar for underground and open-cut mines (5.4+2.7 (£10) vs.
5.6 £4.2 (£10) kg CHs t~! ROM, respectively), suggesting
that the intensity of CHy4 emitted per tonne of coal was inde-
pendent of mine type.

3.2 Comparison of in-situ and remote sensing aircraft
quantifications

Direct comparisons between in-situ and remote sensing air-
craft estimates were possible for three facilities (Fig. 8a;
Table 1). A forced-origin regression of the quantifications
yielded a slope of 1.2, which was not significantly different
from 1 (95 % CI=0.69-1.67; p = 0.27), indicating no sys-
tematic bias between the two approaches. Despite the lim-
ited sample size (n = 3), the relationship was strong (R*> =
0.98), demonstrating close proportional agreement. The un-
constrained regression showed a non-significant intercept
(—46th™!; p =0.94), supporting the use of a zero-intercept
model to assess proportional agreement between the in-situ
and remote sensing quantifications. Wind speeds used in
the individual airborne quantifications were compared across
multiple flights by the two aircraft on the same day (n =
11; Fig. 8b). A fixed-origin regression yielded a slope of
0.96, which was statistically indistinguishable from 1 (95 %
CI=0.87-1.05; p =0.30), and the relationship was very
strong (R? = 0.98). The unconstrained regression showed a
non-significant intercept (0.97, p = 0.12), indicating no evi-
dence of systematic offset.

3.3 Evaluation of upwind non-coal CH4 source emission
rates

The estimated emission rates of non-coal CHy sources within
the UNSW inventory located upwind of each in-situ aircraft
curtain, broken down by source, is provided in S11. Across
all curtains, the median emission rate of upwind non-coal
sources was 0.069 th~! CH, (mean: 0.077 th~! CHy), rang-
ing from 0.028-0.16 th~! CH4. Compared to individual in-
situ quantifications, these sources had a median emission rate
equal to 1.4 % of the quantified emission rate (mean: 2.6 %),
ranging from 0.4 % to 12.6 %. This indicates that median es-
timated upwind emission rates were roughly 15 times smaller
than the median estimated 1o quantification uncertainty for
individual curtains derived by the in-situ aircraft (21 %). A
sensitivity analysis of HYSPLIT footprints to release height,
performed for cases spanning the minimum, mean, and max-
imum other-source contributions (relative to the total cur-
tain emission rate) in our dataset, confirmed that our source-
region identification and quantitative estimates are robust to
release-height uncertainty (see S11). Grazing cattle were typ-
ically the largest estimated upwind source, emitting a median
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Table 4. Mean CHy emission intensities for each group derived from aircraft estimates (Elpjrcraft) and operator estimates (Elgperator)-

Group n (estimates)? Mean Elpjreraft Mean Eloperator

(kgCH4t— ' ROM)® (kg CH, t—! ROM)P
(1) Underground 8 54427 5.0+£3.1
(2) Open-cut 10 5.6+4.2 14+14
(3) Open-cut (Method 1) 5 7.2+2.6 1.1¢
(4) Open-cut (Method 2) 5 4.14£5.0 1.7£2.1
(5) =50 % ROM production via underground 13 43+25 42+£2.7
(6) <50 % ROM production via underground 11 54+£4.0 14+14

@ Represents the number of independent mean emission rate estimates derived across facility- and multi-facility quantifications. b Reported errors
represents one standard deviation of the mean. ¢ No standard deviation is reported since, by default, all reporting using NGER Method 1 from
open-cut mines in the Bowen Basin assumes an emissions intensity of 1.1 kg CHy t~! ROM coal.
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Figure 8. (A) Comparison of remote sensing and in-situ aircraft emission rate estimates from the same coal mine facility. Error bars represent
410 uncertainty of each estimate. Data from Borchardt et al. (2025) are used as one of the data points. (B) Comparison of ECMWF (ERAS)
modelled wind speeds used in the remote sensing aircraft flux analysis and those measured onboard the in-situ aircraft during the sampling
of curtains during the 11 flights undertaken on the same day. Error bars represent 1 standard deviation of mean winds speeds used to model

individual quantifications on each day.

of 0.052th~! CHy, or approximately 0.8 % of the estimated
uncertainty of the in-situ quantification rates. Median emis-
sion rates from all other sources were < 0.1 % of the mea-
sured in-situ emission rates. The upwind bottom-up invento-
ries derived in Sect. 2.3.3 incorporate non-coal CHy sources
located within the upper and lower extremities of each cur-
tain. Since the emission rate is derived only from enhance-
ments within the plume extremities, which do not span the
entire curtain, the upwind inventory for each curtain likely
overestimates the potential contribution of upwind non-coal
sources, making this a conservative approach.

All plumes quantified by the remote sensing aircraft and
used in the bias assessment did not exhibit visually ap-
parent upwind CH4 enhancements, indicating that the ob-
served emissions arise from the identified sources rather than
from inflowing polluted air masses. To support this observa-
tion, the upwind portion of a leg containing a quantifiable
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plume (P6.2_leg-f) was analysed using the standard emis-
sion rate quantification procedure, yielding an upwind flux
of 0.009th—! CH,4 (Fig. S6f). This value lies well within
the estimated flux error of the plume quantified within the
downwind portion of the same leg (Fig. S6e; 3.7+0.93
[+1o]th™1). Similar low emission rate estimates (0.15 and
0.013th~!) were obtained for two additional upwind legs
(P6.2_leg-d and leg-e, Fig. S6b and c) located up to 3km
upwind of the source and, therefore, did not show any de-
tectable enhancements. On average, the mean upwind emis-
sion rate based on the three upwind legs was 0.06th~!, ap-
proximately 1.5 % of the measured downwind emission rate
of P6.2 (based on legs f, g, and h: (3.840.82)th™ 1) and well
within the quantification error margins. This consistency in-
dicates that the absence of significant upwind contributions is
expected to hold for all other plumes measured by the remote
sensing aircraft.
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3.4 Airborne CHy4 isotope signatures

A total of 114 bag samples were acquired on 13 of the 19 in-
situ aircraft flights (S12). All samples were analysed for their
813C-CHy isotope signature, while only 34 were analysed for
their 2H-CHy signature. One grab sample bag could not be
analysed due to leakage during transit between the sampling
location and the laboratory.

Each bag sample was assigned according to whether it was
collected upwind of the same coal mine or group of mines.
The isotopic laboratory results were then combined to form
Keeling plots of 813C-CHy versus 1/CHy4 and §2H-CHj ver-
sus 1/CHyg4, following Keeling (1961). These plots were used
to derive the isotopic signature of the upwind CHy source. A
Keeling plot was only generated when four or more samples
were collected upwind of the same coal mine(s), resulting
in 12 sets being analysed for 8'3C-CHy, and four sets for
§2H-CH,4 (S11). For three 813C-CHy sets, the concentration
range was too narrow to provide sufficient spread in the data,
indicating that the plume(s) had not been thoroughly sam-
pled. These source signature intercepts were omitted due to
poor constraint of the regression best fit (S12). In addition,
airborne grab samples collected under low wind speed con-
ditions were omitted, as clean two-endmember mixing as-
sumptions were likely compromised.

Table 5 summarises the §'3C-CH4 source signatures
downwind of nine individual coal mines and groups of coal
mines, ranging from —64.9 %o (95 % CI: £5.6) to —42.9 %o
(95 % CI: £3.6). 82H-CH, source signatures were addition-
ally derived downwind of four individual coal mines and
groups of coal mines and range from —199.7 %o (95 % CI:
+21.4) to —153.4%0 (95% CIL: £30.3). In Table 5, the
strength of the mixing relationship used to derive the source
signatures is indicated by Pearson’s correlation coefficient
(r), which ranged from 0.85-0.99 for §'3C-CH4 and 0.87—
0.99 for 6°H-CHy. The high r values indicate strong linear-
ity in the Keeling plots, consistent with a dominant single-
source contribution and supporting the reliability of the de-
rived source signatures.

Four sets of dual isotopic signatures of CHy (§ Be.cHy
and 82H-CHy) were derived from airborne grab samples (Ta-
ble 5). Figure 9 presents these data in a dual 8'3C-CHy vs
82H-CHy plot, incorporating known fields for various CHy
sources (Whiticar, 1996), as well as values for coal bed CHy
in the Bowen Basin (Draper and Boreham, 2006; Golding
et al., 2013; Hamilton et al., 2020; Kinnon et al., 2010),
CH4 from Queensland feedlot and grazing cattle (Lu et al.,
2021), and CHy from Queensland landfills (Obersky et al.,
2018). All collected dual isotopic data closely match previ-
ously reported isotopic signatures for coal bed CHy in the
Bowen Basin, indicating that the CH4 concentrations mea-
sured during these curtains are consistent with a coal mine
CHy source. No isotopic signatures with §2H-CHy depleted
enough to indicate contributions from biogenic sources (such
as grazing or feedlot cattle, landfills, termites, macropods or

https://doi.org/10.5194/acp-26-10043-2026

10059

farm dams) were observed. The remaining five airborne iso-
tope source signatures, consisting of single §!'3C-CHy sig-
natures measured downwind of coal mines, ranged from
—64.9 %0 to —42.9 %o. While these values were also consis-
tent with coal bed CH4 in the Bowen Basin, they could not
be used alone to attribute emissions to upwind coal mines,
as they overlap with other microbial sources. Although in-
terpretation of these data is therefore limited, they remain
consistent with the other lines of evidence presented above.

4 Discussion

4.1 Implications for bottom-up reporting of coal mine
CHyg in the Bowen Basin, Australia and globally

The two aircraft used in this study quantified 17 coal mines,
representing approximately 36 % of the 47 total Bowen Basin
coal mines. Quantifications covered a range of underground,
open-cut, and mine complex facilities, providing good op-
erational coverage across the region. Given that the Bowen
Basin accounts for roughly 45 % of Australia’s coal produc-
tion, this study encompassed a substantial portion of national
coal mining activity. While the applicability of the open-
cut coal mine results to other coal basins with different ge-
ological conditions requires further investigation, if repre-
sentative, they have broader implications for reporting fugi-
tive coal mine CH4 emissions in Australia’s national inven-
tory and for meeting obligations under the Global Methane
Pledge and Paris Agreement (UNFCCC, 2015), particularly
since open-cut mines account for 80 % of production across
the country (Geoscience Australia, 2025).

The results reveal a clear distinction in biases between
airborne and operator estimates of fugitive CHy emissions
for underground and open-cut coal mines in the Bowen
Basin. For the case of underground coal mines (Group 1),
the bias between individual airborne and operator estimates
is small and non-significant (Table 2), and within the un-
certainties of airborne quantifications. The lack of bias is
confirmed at the aggregate level, with total emissions mea-
sured across all quantified underground coal mines agreeing
within 8.3 % between operator-reported and airborne esti-
mates (Table 3). Extending the dataset to include mine com-
plexes and multi-facility estimates, where coal was predom-
inantly produced via underground methods, further supports
this finding, with aggregated estimates agreeing within 1.4 %
(Group 5, Table 3). Collectively, these results provide statisti-
cally supported evidence of agreement between airborne esti-
mates and operator-reported emissions derived using NGER
Method 4, increasing confidence in both the airborne and
inventory-based approaches.

In contrast, the large and statistically significant bias ob-
served between airborne and operator estimates for open-cut
coal mines (Group 2) is particularly relevant given that these
mines account for approximately 85 % of production in the
Bowen Basin (Queensland Government, 2025a; S1), which
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Table 5. CHy4 source signatures and Pearson correlation coefficients () derived from the airborne grab samples. Further details are provided

in S12.

Upwind coal mine s13C-CHy r (813C-CH, §2H-CH,4 r (82H-CHy

(£95% CI, %0) linear regression)  (£95 % CI, %0) linear regression)
0C-30 —52.440.3 0.99 —199.7+214 0.99
0C-32 —-50.1£0.7 0.85 —153.4+30.3 0.87
0C-12, OC-13 —4294+3.6 0.97 N/A N/A
MC-2 —54.04+0.3 0.99 —167.5+£29.2 0.92
0C-5, UG-1 —64.9+5.6 0.93 N/A N/A
0C-25 to OC-27, UG-5, UG-6 —54.8+3.9 0.98 N/A N/A
0OC-18 to OC-32, UG-4 to UG-8, MC-3 —547+74 0.94 N/A N/A
0C-20 to OC-31, UG-4 to UG-8, MC-3 —55.6+2.7 093 —191.4+24.6 0.99
0C-22 to OC-30, UG-4 to UG-8, MC-3 —547+14 0.99 N/A N/A

N/A = not analysed.
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Figure 9. § 13C-CH4 Vs 82H-CH4 plot after Whiticar (1990) and Haghnegahdar et al. (2023). Coal bed CH4 data from the Bowen Basin are
from Golding et al. (2013; labelled 1), Hamilton et al. (2020; labelled 2), Kinnon et al. (2010; labelled 3) and Draper and Boreham (2006;
labelled 4). CHy4 isotopic signatures from grazing cattle (labelled 5), feedlot cattle (labelled 6) in Queensland are taken from Lu et al. (2021).
CHy4 isotopic signatures from landfill (labelled 7) are taken from Obersky et al. (2018). Error bars represent the 95 % CI bounds on the

Keeling plot intercept.

itself represents roughly 45 % of Australia’s coal produc-
tion, equivalent to roughly 38 % nationally. The facility-level
proportional bias indicates the gap between measured and
reported emission rates increases with emission magnitude
(Table 2; Fig. 7), and aggregated measured emissions being
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multiples larger than reported estimates suggests fundamen-
tal methodological disagreement rather than random quan-
tification variability (Table 3). This bias is confirmed regard-
less of the NGER reporting method applied (as evidenced
through Group 3 and 4 results), as well as across the wider
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number of sampled mines where coal production predomi-
nantly occurs via open-cut methods (as evidenced through
Group 6 results). Furthermore, the positive biases in Group
2 remained statistically significant after exclusion of the data
presented in Borchardt et al. (2025), indicating that reporting
biases for open-cut coal mines in the basin extend beyond
the mine considered in that study. Considered collectively,
this suggests that coal-core emission factor-based approaches
(NGER Methods 1 and 2) do not yield good agreement be-
tween top-down and bottom-up estimates.

The reliability of the aircraft-based quantifications in this
study is supported on two levels. First, direct comparison
of quantifications from three facilities measured by both air-
craft showed no systematic bias and strong linear correlation
(Fig. 8), demonstrating consistency across two independent
airborne methods. Second, the close agreement between op-
erator estimates and airborne estimates for underground op-
erations, where direct monitoring is employed under NGER
Method 4, indicates the aircraft quantifications can produce
good agreement with bottom-up reporting methods derived
from direct atmospheric measurement.

While the data presented here provide strong evi-
dence supporting the Australian Government’s phase-out of
Method 1 for reporting fugitive CH4 emissions from open-
cut coal mines, bias was also observed in facilities using
Method 2 (Tables 2 and 3). This suggests that higher-tier,
mine-specific emission factor approaches (consistent with an
IPCC Tier 3 approach) also exhibit systematic differences
from airborne quantifications; though to a lesser extent than
Method 1’s regional emission factor approach (consistent
with an IPCC Tier 2 approach). These findings reinforce the
Australian Government’s ongoing review of Method 2 re-
porting guidelines (Australian Government, 2024), indicat-
ing that improvements including, but not limited to, coal
core gas sampling procedures, borehole spatial distribution
requirements and gas content modelling approaches may be
needed to reduce systematic biases in open-cut emission re-
porting.

Another notable finding was that mean atmospheric Els
based on aircraft quantifications in this study are similar be-
tween surface (5.6 +=4.2kg CHy t! ROM) and underground
(5.41+2.7kg CHy t~! ROM) coal mines (Table 4). Despite the
high variability among open-cut Els, the comparability be-
tween underground and open-cut mines suggests that mine
type alone may not be a reliable proxy for CHs EI. While
underground mines are conventionally assumed to emit more
CHy4 due to greater depths and associated gas contents (IPCC,
2006), many modern open-cut operations extend to sub-
stantial depths where coal seams may retain significant gas
content consistent with Langmuir-type gas adsorption be-
haviour (e.g., Kholod et al., 2020). The similarity in EI ob-
served here therefore likely reflects overlapping depth and
gas-content ranges between mine types, rather than a break-
down of the underlying gas adsorption model. Additional mi-
crobial CH4 contributions may also occur at some mines,
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consistent with the thermogenic to mixed-thermogenic iso-
topic signatures observed in available isotope samples (Ta-
ble 5 and Fig. 9). The discrepancy between aircraft-derived
and operator-reported emissions for open-cut mines in the
Bowen Basin therefore further underscores the need for care-
ful implementation of emission factor-based methods and in-
dependent verification to ensure national inventories accu-
rately reflect actual CH,4 emission rates.

Within a global context, the limitations observed herein for
Australia’s CH4 inventory methods for surface mining may
also be relevant to emissions reporting in other major coal-
producing countries, including the United States, China, In-
dia, and Russia, where similar IPCC Tier 2 approaches are
currently used or Tier 3 methods are under consideration
(UNECE, 2021). By contrast, Tier 3 direct measurement ap-
proaches for underground mines, as demonstrated here for
Australia and supported by United States studies using Car-
bon Mapper aircraft-based remote sensing surveys (Penn,
2025) and Polish studies using HELiPOD (Forster et al.,
2025), show consistent agreement between measurement-
based estimates and inventory-based reporting frameworks
across regions.

4.2 Factors influencing airborne measurement and
interpretation of coal mine CHy

4.2.1 Attribution of quantified CH4 emissions to
individual coal mine facilities

Attribution of the measured airborne emission rates to the 17
coal mines was supported by four key lines of evidence. First,
the observed plumes were located downwind of the attributed
coal mines. The in-situ aircraft provided continuous, high-
resolution measurements of wind speed and direction, which
were used to identify upwind CH4 sources on a curtain-by-
curtain basis for both open-cut and underground coal mines.
Attribution of emissions relied on relatively consistent wind
directions throughout each quantification, and curtains that
violated this requirement were excluded from the analysis
(see S5). For the remote sensing aircraft, when plumes were
located downwind of both open-cut and underground mines,
wind direction was estimated using ECMWF ERA5 mod-
elled winds. These generally aligned with both in-situ air-
craft wind measurements (Fig. 8b) and visual observations
from column anomaly maps. Plumes measured directly over-
head of an open-cut or underground coal mine could be con-
fidently attributed to specific mine infrastructure or locations
within a mining pit void.

Second, the estimated median contribution of upwind non-
coal sources was only 1.4 % of the quantified emission rates
made by the in-situ aircraft, which was approximately 15
times smaller than the median individual quantification un-
certainty (Sect. 3.3). This estimation is also conservative,
given that non-coal CHy emissions were estimated upwind
of the entire extent of the in-situ curtains, not just the areas
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upwind of the detected plume(s). When performed, upwind
flight legs showed no detectable CH4 enhancements, indicat-
ing that upwind emissions were below the aircraft’s detec-
tion limits. Similarly, plumes quantified by the remote sens-
ing aircraft visually showed no upwind sources, and exem-
plary upwind fluxes computed in Sect. 3.3 were roughly four
times smaller than the aircraft’s representative quantification
uncertainty. Thus, even accounting for potential systematic
errors in the non-coal inventory, the typical contribution of
non-coal sources would likely be too small to meaningfully
influence the airborne quantifications.

Third, both aircraft quantification methods used local
background concentrations of CH4 measured directly on ei-
ther side of the plume(s) to isolate CH4 enhancements. This
background subtraction removed widespread regional ele-
vations arising from upwind sources during the quantifica-
tion procedures. Diffuse CH4 emissions from sources such
as grazing cattle and farm dams rapidly dilute in the atmo-
sphere (due to their low source strength) and are incorporated
into the background signal, which serves as the baseline for
deriving plume enhancements. These approaches ensure that
only discrete CHy sources with emission rates exceeding the
instrument detection threshold are included in the emission
rate estimate. While a diffuse, non-coal CHy4 source located
very close to a curtain and immediately downwind of a tar-
get coal mine could be partially incorporated into the plume
signal, emission rates from such sources are typically orders
of magnitude lower than those from coal mines (Fig. 2b) and
are therefore unlikely to have any impact exceeding the es-
timated quantification uncertainty of the airborne quantifica-
tions.

Fourth, dual isotopic signatures from the in-situ measure-
ments for which isotope samples were collected pointed to a
thermogenic to mixed-thermogenic coal CHy4 source, align-
ing with previously reported coal mine CH4 signatures for
the Bowen Basin (Fig. 9). These isotopic signatures are in-
compatible with microbial sources of CHy such as those from
cattle and farm dams, providing further evidence that their
impact on these quantifications is unlikely to be significant.

4.2.2 Temporal variability of coal mine CH4 emissions

Comparing instantaneous airborne quantifications with an-
nual mean operator-reported emission rates introduces un-
certainty due to temporal variability in coal mine emissions.
Coal mine CHy emissions are expected to fluctuate with
changes in extraction rates, blasting activity, barometric pres-
sure, rainfall and overburden removal. For verification of in-
dividual facility reporting, finer temporal comparisons down
to the hour or day would enable more accurate compar-
isons across bottom-up and top-down data (e.g., Forster et
al., 2025). In this study, such comparisons were not possible,
so comparisons were made to mean annual emission rates to
match the timeframe of the airborne quantifications.
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Despite this limitation, airborne estimates from under-
ground mines showed no statistically significant system-
atic bias relative to operator-reported annual averages, even
though the number of individual quantifications per facility
was limited (1-3 for the in-situ aircraft and 1-11 for the re-
mote sensing aircraft; Table 2). This agreement is noteworthy
given the documented temporal variability in underground
coal mine CHy emission rates (Forster et al., 2025; Karacan
et al., 2011, 2024, 2025; Swolkien et al., 2022; Qin et al.,
2024). Measured flux rates and in-mine flux data reported by
Forster et al. (2025) indicate temporal coefficients of varia-
tion on the order of 10 % to 30 % for underground emissions,
while shaft-scale CH4 fluxes in Swolkien et al. (2022) show
coefficients of variation from about 11 % to 106 % (median
~ 25 %, mean ~ 31 %; n = 15). In this context, the observed
NRMSE of ~ 20 % relative to operator data for underground
mines (Table 2) falls within the range expected given the
documented temporal variability of emissions from under-
ground coal mines and the estimated uncertainties of the air-
borne methods applied in this study. This level of agreement
across multiple facilities demonstrates that airborne quantifi-
cation can reliably characterise underground mine emissions
despite sparse temporal sampling.

Moreover, the approach of aggregating estimates across
multiple facilities allowed random errors from quantification
uncertainty and stochastic temporal variability to cancel, re-
vealing systematic patterns in reporting performance across
the population of sampled mines in the region. Aggregated
estimates from underground mines in this study showed close
quantitative agreement with operator estimates (Table 3).
In contrast, aggregated comparisons for open-cut mines re-
vealed a substantial absolute difference (37th~! CHy), ex-
ceeding the estimated lo uncertainty of the total airborne
estimate (£3.4th~! CHy) by an order of magnitude. Al-
though temporal variations in open-cut emissions remain
poorly characterised, the magnitude of this aggregate differ-
ence far exceeds the measurement uncertainty. Even if open-
cut mines exhibit substantially higher temporal variability
than underground mines, the aggregation across 10 facilities
should reduce the contribution of random temporal fluctu-
ations to aggregate totals, as demonstrated for underground
mines where no aggregate bias was detected. The scale of the
observed discrepancy for open-cut mines therefore suggests
systematic reporting bias as the most plausible explanation.

It is acknowledged that further research is needed to deter-
mine how many individual top-down quantifications are re-
quired to adequately capture annual emission variability for
individual facility characterisation across both underground
and open-cut mines. In regional assessments such as this
study, where estimates are aggregated across multiple facil-
ities, sparse temporal sampling per facility has less impact
on aggregate accuracy due to error cancellation. Enhancing
operator reporting transparency by reporting emissions on
shorter timescales than the current annual reports would fa-
cilitate more direct comparisons with all top-down quantifi-
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cation approaches, not only airborne methods. Higher tempo-
ral resolution emission data (e.g., monthly, weekly, or daily)
may be used by operators under Method 2 and Method 4 to
derive annual estimates; however, under the NGER scheme,
emissions are collected and reported on an annual basis. In-
corporating additional long-term continuous measurements,
such as regional ground-based tall monitoring networks and
EM27/SUN networks (e.g., Luther et al., 2022), provided
they can quantify emissions from individual or groups of
coal mines, would enable more reliable characterisation of
temporal emissions variability and further validation of finer
resolution verification approaches for annual emissions re-
porting. Similarly, the implementation of within-pit measure-
ment systems could offer essential reference data for evaluat-
ing and refining out-of-pit top-down quantification methods,
particularly in relation to temporal variability in emissions
and assessing in-pit wind conditions.

4.2.3 Impact of surface mine terrain on airborne

approaches

Surface mines have non-uniform terrain, which can change
rapidly throughout the year depending on the mining pro-
duction rates, mine design changes and management of waste
earth materials such as overburden. These waste materials are
commonly placed in spoil piles adjacent to the pit or back-
filled into mined-out areas, which can alter within-pit wind
fields (Kia et al., 2021). Moreover, the pit itself, which can be
more than 100-200 m deep, can form a topographic low sus-
ceptible to within-pit pooling of atmospheric gases. There-
fore, the impact of the interplay of meteorology and topog-
raphy on top-down quantifications from open-cut coal mines
should be assessed.

In this study, quantifications were performed in the af-
ternoon, when the convective mixing layer height was
typically highest and most stable. Acquiring quantifica-
tions during this period helped minimise the potential
influence of residual CHy that may have accumulated
overnight within the nocturnal boundary layer, as such
air masses were likely to be diluted or transported down-
wind by this time of day. The mean wind speed across
all in-situ curtains included in the analysis was 5.5+
25ms! (£lo; median=>5.1, range =2.3-8.9m s_l), and
52+1.8ms™ ! (+1o median=5.2, range =2.1-7.8 m s
for plumes quantified by the remote sensing aircraft. The
mean convective mixed-layer height used in the analysis
of each in-situ curtain was 2090 +=280ma.g.l. (+1lo; me-
dian = 2138, range = 1625-2500 ma.g.1.). These conditions
likely minimised the possibility of within-pit accumulation
of CH4 and were broadly conducive to effective plume trans-
port out of mine pits, thereby supporting the representative-
ness of the emission rate estimates used in the bias analysis.

Another key benefit of the two airborne approaches used
in this study was that all open-cut mine quantifications were
based on measurements taken outside the exposed pit. In-
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situ aircraft curtains were flown ~ 0.1-20 km downwind of
exposed pits (mean 6.4 km downwind), reducing the poten-
tial influence of disturbed wind fields within the mine void.
Similarly, all remote sensing aircraft quantifications of open-
cut mines used in the NGER method evaluation were based
on flight legs roughly 0.1-15 km downwind. Although the re-
mote sensing aircraft could, and in some cases did, detect and
quantify column anomalies directly within the pit, these data
were excluded because a coherent downwind flow could not
be guaranteed (e.g., see Kia et al., 2021) and/or plume sig-
nals were diluted below the MAMAP2DL detection thresh-
old. In total, 22 plumes detected within open-cut pits were
not quantified for these reasons (S7). Measuring from the far-
field ensured that plumes were more likely to be well mixed
through the convective layer, reducing the influence of local
topographic effects on plume structure.

While the mine topography could significantly affect the
emissions profile at the ground surface, the median impact
of changing the extrapolation of emissions to the ground
by +50 % for the in-situ aircraft quantifications was small
(£3 %; S5). This suggests that ground-level extrapolation
was not a major source of uncertainty in the in-situ aircraft
quantifications. The effects of topography, which could dis-
tort the vertical profile of emitted CHy, were also consid-
ered in the uncertainty budget for the remote sensing quan-
tifications but were less critical because the entire column
was measured from top to bottom. A change in topography
of 50 m, such as from a spoil pile, would result in an offset
of approximately 0.065 % in the retrieved column anomaly,
since this type of variation is not explicitly accounted for dur-
ing the retrieval process (S5). Compared to the 0.4 % noise
level of the retrieved column anomalies, this effect is neg-
ligible. Additionally, surface structures that could obscure
the measurement, such as water bodies (causing abnormally
low signal levels) or highly reflective surfaces (causing ab-
normally high signals), were filtered out during the column
retrieval. Measurements were excluded when the retrieval
fit did not meet quality standards, meaning the model could
not adequately explain the data and residuals were too large.
Overall, approximately 6 % of the collected ground scenes
were excluded due to these criteria.

5 Conclusions

Two aircraft-based approaches were used to quantify the rate
of CH,4 emissions from 17 coal mines in the Bowen Basin.
The consistency between top-down airborne estimates and
bottom-up mean annual emission rates reported under Aus-
tralia’s NGER scheme were then evaluated. When compared
with bottom-up estimates at both the facility- and aggregate-
levels, airborne estimates from underground mines showed
non-significant bias and good agreement with reported mean
annual emission rates. This agreement increases confidence
in the estimates produced by both methods and supports

Atmos. Chem. Phys., 26, 10043-10069, 2026



10064

Australia’s current Tier 3 direct monitoring approaches for
underground mines. In contrast, results from surface (open-
cut) mines showed statistically significant positive bias at the
aggerate-level. When considering all open-cut mines com-
bined, measured emissions were 3.6 times bottom-up totals,
increasing to 5.8 times for Method 1 alone. For Method 2,
aggregate measured emissions were approximately 2.5 times
bottom-up totals. Facility-level results also indicated a con-
sistent positive bias, although not all groups reached statis-
tical significance, with Method 2 in particular not achieving
statistical significance. This is likely a consequence of lim-
ited sample size, rather than providing evidence of no bias.
Overall, results suggest current Tier 2 and 3 coal core-based
methods approaches are unsuitable for estimating CH4 emis-
sions from open-cut mines. The contrast between surface and
underground reporting methods was consistent when esti-
mates from mine complexes were included in the bias as-
sessment, and when data were stratified according to the
proportion of underground extraction. Noting that surface
mines in the Bowen Basin alone account for ~ 38 % of na-
tional coal production, the contribution of coal mining to
Australia’s fugitive CH4 emissions may exceed the reported
~ 19 % (DCCEEW, 2026).

These findings support the Australian Government’s cur-
rent phase-out of NGER Method 1 (consistent with an
IPCC Tier 2 approach) for open-cut mines and reinforce the
need for continued improvements in reporting guidelines for
higher-tier NGER Methods 2 and 3 in Australia (consistent
with an IPCC Tier 3 approach). Furthermore, the similar-
ity in emissions intensities between underground and sur-
face mines in the Bowen Basin suggests that mine type alone
may not be a reliable proxy for CH4 emissions intensity,
underscoring the importance of accurate facility-level mea-
surement to ensure national inventories reflect actual CHy
emission rates. Within a global context, findings from the
Bowen Basin highlight that IPCC Tier 2 and 3 inventory
methods for surface mining require careful implementation
and independent verification, while the observed agreement
for underground operations is consistent with existing evi-
dence from measurement-based Tier 3 approaches applied in
underground mines.

Data availability. Atmospheric measurement data
from the in-situ aircraft can be downloaded at:
https://doi.org/10.5281/zen0do.16992959 (Hacker, 2026). The
CH4 column anomalies for each flight leg retrieved from
MAMAP2DL spectral data onboard the remote sensing aircraft
can be downloaded at: https://doi.org/10.5281/zenodo.18300535
(Krautwurst and Borchardt, 2026).

Supplement. The supplement related to this article is available
online at https://doi.org/10.5194/acp-26-10043-2026-supplement.
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