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Hybrid bottom-up and top-down
framework resolves discrepancies in
Canada’s oil and gas methane inventories
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Estimating accurate oil and gas methane emissions has been a global challenge, highlighted by a
twofold discrepancy between atmospheric measurement-based estimates and emission inventories.
The principle of continuous improvement in Canada’s National Inventory Report has led to an unstable
baseline in recent years for tracking emission reduction progress. The gaps between previous
inventory estimates and inversions exceeded 60%. Here we show that incorporating new source-
resolved information derived from low-altitude aerial survey data has narrowed this gap by 80%,
reducing the discrepancy to 10% for the 2010-2014 baseline. This study proposes a hybrid emission
reporting framework, complemented by an ensemble inversion top-down method using continuous
tower-based atmospheric measurements, to establish a stable baseline and provide independent
verification. As the 2030 target year for emission reduction approaches, we report a significant 27%
decline (19%-34%) in inverse oil and gas methane emissions from 2010 to 2022 in Alberta and
Saskatchewan, Canada, and a 41% decline (26%-56%) as calculated using the 2024 official

inventory.

Over the last two decades, numerous observational studies worldwide have
consistently found methane emissions from the oil and natural gas sector to be
1.5 to 2 times higher than figures reported in national inventories'"’. Recent
findings have revealed underestimations in fugitive methane emissions from oil
production, implying that oil production sites may be less able or motivated to
both capture and accurately quantify associated gases that are not sold but are
traditionally disposed of through flaring or venting''. A number of reports have
pinpointed the source of these underestimated emissions to unintentional leaks
from liquid storage tanks and other equipment'*"’. Some research suggests that
the discrepancy arises from unreliable data reported by operators, which is
subsequently used in inventory calculations. This unreliable data source can
lead to significant inaccuracies in emission estimates.""". Furthermore, the
presence of super-emitters poses a significant challenge in accurately repre-
senting the magnitude of emissions in official inventories*'. Methane
emission factors, which are developed for inventory calculations and often
based on limited samples of field data”, may not represent the full range of
potential emission sources in the oil and gas sector, especially when applied
across broad regions. Using methane emission factors often does not accurately
capture the impact of super-emitters, which tend to be rare, intermittent and
localized.

To mitigate key methane emission sources in the upstream oil and gas
sector, Canada designed and implemented regulations™ . These sources
include fugitive equipment leaks, production venting, and venting from
pneumatic devices, compressors, and well completions. From 2000 to 2014,
the oil and gas industry continued to grow substantially in Canada, but
fugitive methane emissions did not increase at the same rate. This was due to
the combined effect of improved inspection and maintenance programs,
better industry practices, technological improvements, and initiatives by
provincial regulators™. Initial federal regulatory requirements took effect in
January 2020, with additional provisions being phased in over the following
years. Additionally, during the COP28 UN Climate Change Conference,
Canada announced proposed regulatory amendments to fulfill its climate
commitment”. Since 2020, the Provincial Governments of Alberta (AB),
Saskatchewan (SK), and British Columbia (BC), have also implemented
their own methane regulations. These provincial regulations aim to achieve
methane emission reductions that are equivalent to or greater than those
mandated by federal regulations™*””. Both federal and provincial regulations
aim to achieve a 40-45% reduction in methane emissions from the oil and
gas sector relative to 2012 levels by 2025. Work is ongoing to enhance these
regulations with the further goal of achieving a minimum reduction of 75%
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by 2030”*” in alignment with the Global Methane Pledge. In summary, the
oil and gas sector in Canada is undergoing significant changes in manage-
ment practices and technologies, largely driven by the implementation of
current and impending regulations. Without the ability to reliably track
methane emission changes, ambitious reduction targets and pledges risk
being seen as futile.

While updates to the National Inventory Report (NIR) methodologies
can align with measurement-based estimates for the historical period, the
need for further inventory improvements remains critical. Continued
atmospheric monitoring of emission trends is essential to accurately capture
future emission changes, especially considering the significant methane
reductions expected over the next decade.

Aims and scope of this study

* Analyze Alberta and Saskatchewan collectively, as they accounted for
over 86% of Canada’s oil and gas methane emissions from 2010
to 2022.

* Discuss the official methane emission inventories for the 2021-2023
NIRs, highlighting the remaining challenges.

* Demonstrate the discrepancy between inventory and measurement-
based estimates, emphasizing the need for improved tracking of
emission changes to ensure greater consistency and transparency. This
discrepancy has driven significant improvements in the 2024 NIR.
Discuss the major methodological advancements in the 2024 inventory.

* Examine the long-term variations in oil and gas emission estimates over
the past decade and discuss the implications of forthcoming regulations.

* Calculate 5-year average emissions for 2010-2014 and 2015-2019
using ground-based atmospheric data and inverse modeling, and
synthesize these with inventory data to establish a robust baseline. The
5-year average from 2010 to 2014 is used as a proxy for 2012, which is
key to measuring regulatory effectiveness in achieving the oil and gas
sector’s 2025 and 2030 methane reduction targets.

Recent inventory updates and identified potential for further
improvements

Figure 1 shows the evolution of the annually reported anthropogenic
emissions of methane in Canada’s greenhouse gas inventory for AB and SK.
The magnitudes, inter-annual variations, and long-term trends in these
inventory editions are notably uncertain, especially regarding emissions
from the energy sector. In 2022, over 90% of methane emissions from the oil

and gas sector in the two provinces considered in this paper are contributed
by the upstream oil and gas sector (Supplementary Table 1). A recent study
has also demonstrated that the upstream sector dominates emissions from
the oil and gas industry in AB and SK*. For the years 2010-2019, the 2023
NIR indicated that, on average, 71% of anthropogenic methane emissions
originated from the energy sector. It is noteworthy that this contribution has
been revised to 77% in 2024 NIR with improvements in accounting for
fugitive sources and may further change in future inventory editions. As
shown in the pie chart in Fig. 1, fugitive oil and gas methane emissions’,
which include flaring, venting, and other unintentional releases, constituted
~95% of the emissions from the energy sector. The agriculture sector was
responsible for 18% (revised from 22%), while the waste sector for 5%
(revised from 7%). Updates to data and methodologies can result in upward
or downward revisions to emission estimates. For more details regarding the
2022, 2023 inventories, see Supplementary Method 1.

Figure 2 illustrates the contributions of different calculation methods
used to estimate methane emissions from the oil and gas sector in the 2023
and 2024 NIRs, which is included in the energy sector, as shown in Fig. 1. It
highlights that modeling plays an important role in AB’s energy emission
calculations, while direct estimation is the predominant contributor for SK.
Modeled emissions are estimated based on component-level emission fac-
tors and other source specific parameters, and directly estimated emissions
are based on volumetric data reported by facilities to the Petrinex reporting
system™. In the 2022 NIR (Supplementary Fig. 1), a significant drop was
reported in the emissions using the modeled method for both AB and SK in
2020. This decline is attributed to three main events in 2020: regulatory
implementations, the COVID-19 global pandemic, and changes in pro-
vincial reporting requirements. The assumed impact of Canada’s methane
regulations influenced the assumptions underlying the reduced emission
factors used to model emission reductions, while changes to provincial
reporting requirements introduced a methodological inconsistency between
pre-2020 and post-2020 industry reported data. These two issues conse-
quently led to a high degree of uncertainty regarding the significant drop in
2020 as presented in the 2022 NIR.

Given the challenges encountered during the compilation of the 2022
NIR (Supplementary Method 1) and the methodological inconsistencies
introduced as result of the changes to provincial requirements for reporting
fuel, flare, and vent gas volumes, the 2023 NIR made use of data from the
Alberta Energy Regulators’ OneStop reporting system™. OneStop requires
operators to report vent volumes delineated by pneumatic pumps and
instruments, compressor seals, glycol dehydrators, fugitive leaks, and

Fig. 1 | Recent inventories of the three main Energy
. . 2021 NIR
anthropogenic methane sources in Alberta and f 5022 NIR
imari A 2023NIR
Saskatchewan. The recent changes are primarily B e

due to revised methods for calculating fugitive
emissions in the energy sector. Sectoral emissions
are categorized as follows: energy (blue), agriculture
(green), and waste management (yellow). Each
inventory edition includes data up to two years
before its release; for instance, the 2024 NIR includes
data up to 2022. Methodological changes are applied
retroactively, updating all yearly emission estimates
back to 1990. The pie chart data cover the years 2010
to 2019, based on the 2024 NIR. Pumpjacks extract
oil and associated gas near northwest of Calgary,
Alberta. Pumpjacks and landfill photos by Jeff
McIntosh. Livestock photo by Meghan Flood/
Environment and Climate Change Canada.

3000 o

2000

1000 +

Methane emissions (kt per year)

Agriculture Waste 2024 NIR (2010-2019)
~= 2021 NIR —= 2021 NIR
- 2022NIR 2022 NIR
—~— 2023NIR —— 2023 NIR
-1~ 2024 NIR 2024 NIR

95%

Oil and gas
fugitive
emissions

Year

Communications Earth & Environment| (2024)5:566


www.nature.com/commsenv

https://doi.org/10.1038/s43247-024-01728-6

Article

2000 - (a) 2023 NIR by Estimation Method for AB

1800
1600 —
1400 +
1200 +

1000
800

kt Methane per year

600
400

200

0 -

T T T T T T T T T T T T T
90 eo eo eo eo D .Y Y. Y. D 2
0T RN e e s

2000 - (c) 2024 NIR by Estimation Method for AB
1800

1600

1400
1200

kt Methane per year
=)
o
o
|

2
7@90‘37%’

~0, 90 v’0;’0 ~0, v’0 90 v’o v’0 0, 05 S0+ SO

I Ay A&

Fig. 2 | Contributions to total methane emissions from Alberta and Saskatch-
ewan’s oil and gas sectors by estimation method. a Alberta oil and gas inventory
from 2023 NIR, b Saskatchewan oil and gas inventory from 2023 NIR, ¢ Alberta oil
and gas inventory from 2024 NIR and d Saskatchewan oil and gas inventory from
2024 NIR. Components include: 1) Extrapolation: includes emission estimates for
sources taken from detailed inventory studies compiled by Clearstone Engineering
Ltd. for the years 2000, 2005, and 2011 and extrapolated for the years without
detailed inventory data based on changes in various activity data. 2) Combustion
modeling: for natural gas combustion, facility reported fuel gas volumes are mul-
tiplied by consumption-weighted, technology specific CH, emission factors. Fuel
consumption volumes for other fuels (e.g., diesel, propane, gasoline, etc.) are mul-
tiplied by fuel specific CH, emission factors. 3) Direct Estimation: includes emission
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sources that are estimated directly by Environment and Climate Change Canada
(ECCC) using facility reported volumetric data and detailed gas composition data. 4)
Modeling: includes emission sources that are modeled by ECCC based on annual
facility counts, average number of components per facility, component-level emis-
sion factors and gas composition data. 5) Atmospheric Measurements: source-
resolved emission inventories for AB (2021) and SK (2020 and 2021) by Energy and
Emissions Research Laboratory (EERL) derived using aerial survey data are used as
the basis to estimate emissions from storage tanks, compressor buildings, unlit flares,
engine sheds in AB and SK, and wellheads in SK. As shown by the dashed lines, the
large drop in 2020 is the result of regulatory implementations, the COVID-19
pandemic, and changes in industry reporting requirements.

defined vent gas. The data were used to break down the total vent volumes
reported to Petrinex, extract the pneumatics portion from the operator-
reported vent volume data, and recompute emissions for both 2020 and
2021 using the modeling method for pneumatics consistent with the rest of
the time series. This led to an upward revision of methane emissions in
Alberta for 2020 between the 2022 and 2023 NIRs, as shown in Fig. 1 and
Supplementary Fig. 1. The drop of the oil and gas methane emissions from
2019 to 2020 was reduced from 34% in the 2022 NIR to 21% in the 2023
NIR. Additionally, the recently implemented regulations in 2020 have
required assumptions to be made regarding their impact on reducing

emissions as reflected in the modeling method for the 2022 and 2023 NIRs.
These assumptions may not accurately reflect actual emissions. Therefore,
the depicted significant drop of 364 kt/yr (21%) in total emissions from the
oil and gas sector from 2019 to 2020, as shown in Fig. 1, should be inter-
preted with caution. In summary, the 2023 NIR revisited and adjusted these
assumptions accordingly with refinements to the estimation methods, as
explained above. Therefore, we discussed the challenges in the 2021 and
2022 NIRs at the beginning of the manuscript to provide context, but
focused primarily on the more recent 2023 and 2024 NIRs for the sub-
sequent analyses.
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Fig. 3 | Contributions to total methane emissions from Alberta and Saskatchewan’s oil and gas sectors by source type. a Alberta oil and gas inventory from 2023 NIR,
b Saskatchewan oil and gas inventory from 2023 NIR, ¢ Alberta oil and gas inventory from 2024 NIR and d Saskatchewan oil and gas inventory from 2024 NIR.

Figure 2a illustrates the contribution of methane emissions in AB
according to the estimation methods used in the 2023 NIR. The primary
methods include modeling, direct estimation, combustion modeling, and
extrapolation. The majority of methane emissions were calculated using
modeling and direct estimation, with smaller contributions from combustion
modeling and extrapolation. Figure 2b shows the estimation methods used in
SK as reported in the 2023 NIR. Similar to AB, modeling and direct estimation
were the dominant methods, with extrapolation and combustion contributing
to a lesser extent. The figure also notes the impact of methane regulations,
including leak detection and repair requirements, which came into effect in
2020, as well as changes in reporting requirements for fuel, flare, and vent gas.

In Fig. 2¢, the 2024 NIR for AB is depicted, illustrating a shift in
estimation methods compared to the 2023 NIR. See Supplementary Table 2
for details on the 2023 NIR, and Supplementary Tables 3-5 for changes in
the 2024 NIR. The introduction of low-altitude aircraft-based atmospheric
measurements as a new estimation method is particularly significant,
contributing notably to the overall methane emissions reported in the
inventory. While the modeling method continues to play a major role, the

addition of atmospheric measurements has reduced the reliance on tradi-
tional approaches to estimating emission factors. The contribution of the
direct estimation method has also decreased. Figure 2d presents the esti-
mation methods used in SK as reported in the 2024 NIR. Similar to AB, there
is a reduced reliance on modeling, direct estimation, combustion, and
extrapolation methods. Specifically, source-resolved methane emission
inventories, derived from aircraft atmospheric measurements, were used as
the basis for estimating emissions from storage tanks, compressor buildings,
unlit flares, and engine sheds in both AB and SK; as well as from wellheads in
SK. It is important to note that the new emission factors are specific to the
years 2020 (SK) and 2021 (AB and SK), utilizing aerial survey data to refine
the emission factors used in the inventory. Extrapolation for earlier periods
was conducted using activity data, volumetric data, and facility and well
population data. For more details, refer to the equations provided in the
2024 NIR Annex 3.2, Section 3.2.2.1.5™.

Figure 3a presents the contribution of methane emissions in AB
according to source type as reported in the 2023 NIR. The major sources
include venting, unintentional fugitives, combustion, and flaring. Venting is
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the dominant source of methane emissions, followed by unintentional
fugitives. Combustion and flaring contribute to a lesser extent, indicating
that venting and fugitive emissions are the primary targets for emission
reduction strategies in AB. Figure 3b displays the methane emissions by
source type in SK as reported in the 2023 NIR. Venting remains the largest
contributor to methane emissions, followed by unintentional fugitives,
combustion, and flaring. The pattern is similar to AB, though the overall
scale of emissions is lower in SK. The distribution of sources suggests that
similar mitigation strategies may be applicable across both provinces.

Figure 3¢ shows the 2024 NIR data for AB, with updated source type
information. The inclusion of aircraft atmospheric measurements and
refined methodologies has led to adjustments in the emissions reported in
the inventory. While venting continues to be the largest source of methane,
there is a slight decrease in unintentional fugitives as unintentional fugitives
from sources now estimated based on atmospheric measurements, where all
sources are included in venting, were removed from the inventory to avoid
double-counting. Figure 3d presents the 2024 NIR data for SK, illustrating
changes in methane emissions by source type following the inclusion of new
atmospheric measurements. Similar to AB, venting remains the dominant
source, with slight adjustments in the estimates for unintentional fugitives,
combustion, and flaring.

The estimation methods and associated sub-sources for the 2023 and
2024 NIRs can be found in Supplementary Tables 2 and 3. Additionally,
Supplementary Tables 4 and 5 highlight the sub-sources with emission data
for which new emission factors have been developed for the 2024 NIR based
on aerial surveys.

Results and discussion

Synthesizing inverse estimates and inventory data

Compared to previous work’, our results in this study demonstrate that the
inverse emission estimates are robust, despite being derived from different

2010-2014 mean
ensemble inverse estimate (3.9+0.7 Mt)

Total anthropogenic methane emissions
(Mt per year)

2022 NIR (3.1 Mt)
2023NIR (29 M)/
2021NIR (25Mt) / /

model inputs and setups (Supplementary Method 3). The two studies have
yielded 5-year mean estimates in agreement for the same time period. The
long-term ground-based tower atmospheric observations and ensemble
inverse modeling method provide a static baseline for historical emissions.
In contrast, emissions reported in the NIR can vary significantly from one
edition to the next, reflecting annual updates and methodological
improvements to incorporate the latest scientific information and activ-
ity data.

Figure 4 shows a reduction in the gap of annual total anthropogenic
methane emissions between ensemble inverse estimates and inventory
reported emissions in the 2023 NIR edition (blue horizontal bar), at 26%.
This improvement is compared to the 36% difference found in the 2021 NIR
(black horizontal bar). This gap reduction is primarily attributed to revised
calculations of fugitive emissions from the upstream oil and gas sector.
Despite this improvement, a substantial discrepancy of 1 Mt/year
(3.9 minus 2.9 Mt) of methane in AB and SK remains. For context, using a
100-year time horizon, emitting 1 Mt of methane per year has a similar
impact on climate change as the annual carbon dioxide emissions from ~5
million passenger vehicles.

To further improve the accuracy of the inventory, Canada’s official
inventory incorporates atmospheric data from low-altitude aerial surveys
into its estimations in 2024 NIR as described in the Materials and Methods
section. This methodology integrates information from operator self-
reporting, inventory activity-based modeling, and atmospheric data.
Complementing traditional inventory methods, aerial measurements at the
facility and component levels offer detailed snapshots of emission factors
and activities across sub-regions, thereby enabling timely updates in the
NIR. Inverse modeling, coupled with continuous ground-based tower
atmospheric data not utilized in inventory calculations, provides regional-
scale methane total emission estimates. This independent data source is
essential in capturing a wide range of emission sources, serving as a regional

13-year mean
,ensemble inverse estimate (3.6+0.7 Mt)

* 2024 NIR (3.3 Mt)

/

EEEER lrllfll LLARA] an an LILR R NN
LRRI | rl | | LI RRE 2 an AN LI RN
i
[ 2010 T 2011 | 2012 ] 2013 | 2014 | 2015 | 2016 | 2017 | 2018 | 2019 | 2020 | 2021 | 2022 ]
I ERA5-FP [ GDASD-HS GEM-FP WRFaN-HS

Fig. 4 | Reduced gap of the annual total anthropogenic methane of ensemble
inverse estimates and inventory emissions in Alberta and Saskatchewan; how-
ever, a significant discrepancy persisted prior to the 2024 NIR major methodo-
logical updates. The inverse estimates for the four atmospheric transport models are
shown here. Average results incorporating the three prior emission scenario inputs,
two inversion methods and two cold periods of Nov-Dec and Jan-Mar are shown
using the 7-sub-region inversion setup. 0.2 Mt of wetland emissions have been
subtracted. The error bars show the +1 standard deviation (STD) of ensemble
estimates by transport model and by year. The red horizontal line shows the 5-year
average of 2010-2014 for the ensemble inverse methane estimates. The light pink
shaded band shows the +1 STD of the ensemble results over the 2010-2022 period.
The 5-year average of inventory emissions for the 2023, 2022 and 2021 NIRs are

shown as blue, gray and black horizontal bars respectively. The red and blue dashed
lines show the 2010-2022 averages for the inverse and 2024 NIR methane emission
estimates. ERA5-FP: The ERAS reanalysis meteorological data from the European
Centre for Medium-range Weather Forecasts driving the FLEXPART dispersion
model. GDASD-HS: the Global Data Assimilation System data from the National
Weather Service’s National Centers for Environmental Prediction driving the US.
NOAA’s HYSPLIT dispersion model. GEM-FP: the global environmental multi-
scale model from ECCC driving the FLEXPART dispersion model. WRFaN-HS: the
Advanced Research Weather Research and Forecasting time-averaged meteor-
ological data driving the US. NOAA’s HYSPLIT dispersion model. For details, see
Supplementary Method 3.1.
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constraint over extended periods. Our hybrid framework not only ensures
historical consistency but also enhances the quality assurance of emission
estimates in the inventory by leveraging the strengths of various com-
plementary data sources, thereby improving our capability in assessing the
effectiveness of mitigation measures. Note that this major methodological
update in that 2024 NIR notably improves the accounting of historically
under-reported sources, such as storage tanks, unlit flares, and compressors.

Drivers for oil and gas methane emissions variations

As detailed in Supplementary Method 4, the discrepancy between our
inverse measurement-based emission estimates is not attributable to agri-
cultural and waste emissions in AB and SK. Nonetheless, to account for the
uncertainties associated with these two sources, we conducted a Monte
Carlo (MC) analysis with 1000 samples annually per ensemble member as
explained in the “Materials and Methods” section. The annual total
anthropogenic inverse estimates were used to calculate the oil and gas
methane emissions.

Historically, oil and gas production activity data have played a limited
role in estimating methane emissions within the inventory. In the context of
Canada’s methane national inventory, this data is not directly used for
estimating methane emissions. Rather, it aids in the scaling of compre-
hensive emission inventories to specific years and enables backcasting to
periods where detailed inventories are not available (ie., extrapolation
method shown in Fig. 2). Details on backcasting can be found in the official
inventory report’. Moreover, production data is selectively employed to
scale only certain emission sources, namely glycol dehydrators, storage
losses (including breathing and working losses from storage tanks), and the
loading/unloading of liquids from truck and rail tankers. In 2021, sub-
sources estimated using the extrapolation method, based on production
data, accounted for 8-9% of total CH, emissions in Alberta and Saskatch-
ewan. It is important to note that other sources were extrapolated using
various activity data, including the number of wells drilled, the number of
active wells, and flare and vent volumes. In fact, intentional venting is a
primary source of methane, including from uncontrolled tanks, pneumatics,
compressor seals, dehydrator off-gas, and other processes designed to vent

routinely or during non-routine events. While some of these emissions are
related to production activity and would be captured in operator-reported
volumetric data, unintentional venting from malfunctioning equipment
and unlit flares also contribute significantly to overall emissions, as
demonstrated in the referenced aerial survey studies in Canada. Such
sources are difficult to characterize from reported data alone and can only be
reliably detected and quantified when facility sites are surveyed frequently.
Additionally, combustion slip and various fugitive releases from compressor
buildings, wellheads, separators, and engine sheds have been shown to
account for significant methane emissions'***>*,

As explained earlier and shown in Fig. 5a, production volumes are not
reliable proxies for estimating emissions. The significant shifts depicted in
the figure correlate with major global events: a marked decline in oil pro-
duction from 2014 to 2016, a rebound between 2018 and 2019, and the
lockdown during 2020-2021. However, pinpointing specific causes for the
year-over-year variations in methane emissions remains a challenge. This
difficulty arises due to overlapping regulatory changes introduced in 2020
and ongoing modifications in industry practices and reporting guidelines.
These overlapping factors make it difficult to directly attribute these shifts to
a single cause.

It is noteworthy that a divergence between production and emission
estimates emerged in 2020, coinciding with the implementation of methane
regulations in the upstream oil and gas (UOG) sector, as detailed in the
previous inventory section. Projections suggest that Canada may reach an
all-time high in oil production by 2024, potentially exceeding that of the
United States”. This potential increase in production could result in a
widening deviation between production and emissions, especially if emis-
sion intensity continues to decrease. Should methane emissions from the oil
and gas sector decrease in spite of the spike in oil production, it would
underscore the effectiveness of the recently implemented methane regula-
tions targeted on fugitive sources.

While a statistically significant decline of 27% (with a 95% Confidence
Interval [CI] of 19%-34%) in oil and gas emissions was observed from 2010
102022 in AB and SK, Canada (Fig. 5a), likely due to the effects of oil and gas
regulations implemented in the last decade, caution in interpreting the exact
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Fig. 5 | Annual total oil and gas methane emissions estimates and annual daily
average conventional oil production in Alberta and Saskatchewan. a Results were
averaged over the 4 transport models, 3 prior emissions, 2 inversion methods and 2
cold periods of Nov-Dec and Jan-Mar shown as the solid red curve. The light pink
shaded band shows the +1 standard deviation (STD) of the 48,000 ensemble results
for individual years except for 2022. Five-year moving averages of the ensemble
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13-year Mean Difference = 0.3 Mt (-0.01, 0.6)

means and the 2024 NIR data are shown. The dashed black curve shows the annual
daily average of the total conventional heavy oil production volumes. In Canada, the
first requirements of the methane regulations for the upstream oil and gas (UOG)
sector took effect in 2020. b correlation analysis of the inverse estimates and 2024
NIR data for the energy sector.
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magnitude of this decline is warranted. This caution arises from the
increased amount of invalidated measurement data in the inverse emission
estimations for the years 2020-2021, considerably impacted by the COVID-
19 lockdowns. Similarly, a statistically significant decline of 41% (with a
95% Confidence Interval [CI] of 26%-56%) in oil and gas emissions was
estimated from 2010 to 2022 in AB and SK using the 2024 NIR data. As
shown in Fig. 5b, the correlation between the inverse estimates and the 2024
NIR estimates for the energy sector (primarily upstream oil and gas)
from 2010 to 2022 was analyzed, yielding a correlation coefficient (r*) of
0.5. The slope of the linear regression line is 0.84, indicating a moderate
positive relationship between the two independent datasets. A mean dif-
ference of 0.3 Mt was calculated between the inverse and NIR estimates;
however, this difference was not statistically significant, as the confidence
interval for the mean difference ranged from —0.01 to 0.6 Mt, indicating that
the discrepancy is minimal for this historical 13-year period. However, we
emphasize that continued atmospheric monitoring and data collection over
the next decade are critical to confirm that the emission targets are
being met.

Tracking oil and gas methane emissions consistently and
transparently

In Fig. 6, the NIR 5-year average annual emission rates from the Energy
sector are depicted as blue, gray and black bars, while ground-based tower
atmospheric inverse estimates are depicted in red. Note that the difference
between the 2022 NIR and the 2023 NIR is less than 100kt for the
2010-2019 period. The 2023 NIR indicates an average annual emission rate
from the energy sector of 2.1 Mt CH, for the 2010-2014 period and 1.9 Mt
CH, for 2015-2019. In contrast, the 2024 NIR shows higher average annual
emission rates, with 2.8 Mt CH, for 2010-2014 and 2.5 Mt CH, for
2015-2019. Atmospheric inverse estimates from the Energy sector reveal
emission rates of 3.1 Mt CH, and 2.6 Mt CH, for these respective 5-year
intervals. The 5-year annual mean (2010-2014) inverse emission estimate
for AB and SK is ~1.5 times (=3.1 Mt/2.1 Mt) higher than the 2023 NIR
emission rate for the same period. Notably, this ratio was reduced in the
2023 NIR compared to the 2021 NIR, where it was 1.9 times.

Incorporating an additional 0.7 Mt per year for 2010-2014, based on
the 2024 NIR emission data, as shown by the light blue bars in Fig. 6 (2024
NIR Improvements), further narrows the gap between inverse emission
estimates and the inventory to ~1.1 times (or 10%). This reduced difference
now falls within our ensemble results’ uncertainty range of 23% (=0.7 Mt/
3.1 Mt). Similarly, the energy sector emissions have been adjusted upward
by an additional 0.6 Mt per year for the 2015-2019 period, bringing latest
inventory estimates more in line with the inverse estimates of 2.6 Mt. As
mentioned earlier, Alberta and Saskatchewan collectively accounted for
over 86% of Canada’s oil and gas methane emissions on average from 2010
to 2022. This means that if the accuracy of methane emissions reporting
from the oil and gas sector (primarily upstream sources) is improved, and
the industry successfully addresses methane emissions in this sector within
these two provinces alone, Canada will effectively mitigate its oil and gas
methane emission challenge on a national scale.

Conclusions

We have demonstrated how independent measurements continue to improve
official inventories in Canada. The new hybrid framework described in this
paper can ensure consistency in historical emission data and enhance Cana-
da’s capability to track emission changes in response to current and impending
regulations. Canada is a pioneer in incorporating atmospheric measurements
from low-altitude aerial surveys to enhance the accuracy of its national oil and
gas inventory with source-level details'*********’, By utilizing continuous,
long-term systematic measurements from ground-based towers, coupled with
ensemble inverse modeling to account for uncertainties, we can independently
ensure the accuracy of regional-level annual oil and gas emission estimates’.
Our effort aligns with the 2019 Refinement of the 2006 IPCC guidelines, which
advocate for integrating atmospheric measurements***', and also corresponds
with the guiding principles of the World Meteorological Organization’s
Integrated Global Greenhouse Gas Information System (IGIS), employing a
unified approach that combines atmospheric measurements with inventory
data. Furthermore, with the potential establishment of international emissions
trading under Article 6 of the Paris Agreement”, the verification of emissions
will become increasingly important.
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Fig. 6 | Reconciling the methane emission reporting gap in the oil and gas sector
of Alberta and Saskatchewan for tracking changes in emissions. This figure
illustrates improvements due to major methodological changes for the 2024 oil and
gas methane inventory in Canada and the projections (light pink bars) of the
ensemble inverse estimates fulfilling the reduction targets by 2025 and 2030. These
projections are compared against the 2010-2014 inverse emission baseline, calcu-
lated at 3.1 Mt/year. Error bars indicate +1 standard deviation of the 5-year mean
inverse estimates. The 2024 methodological refinements significantly reduce the gap

2022 NIR 2023 NIR Inverse Estimates Targets

between inverse emission estimates and inventory data, shown as upward adjust-
ments in light blue. The figure compares the 5-year mean energy-related methane
emissions, primarily from the oil and gas sector, as reported in the 2021 (black), 2022
(gray), and 2023 (blue) NIRs with inverse estimates. The red bars represent emis-
sions based on tower measurement-based inverse estimates. The three spatial dis-
tributions of prior emissions used in the ensemble inversions are shown in
brown**.
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The oil and gas industry expects reductions to be reflected in official
estimates. However, modeling expected reductions in the inventory is risky
without a measurement-based framework for verification. While self-reporting
from the industry remains a key source of information, complete reliance on it
presents risks for inventory compilers when modeling fugitive methane sources
that are not always captured reliably in reported data. Our hybrid framework
helps verify industry self-reported emissions and reduction claims. It can also
reflect both the efficacy of the government’s policy and the collective actions
taken by the industry, whether voluntary or mandated by regulations.

Initiating dialog between inventory experts and atmospheric scientists,
and fostering long-term collaboration, is crucial to addressing further dis-
crepancies in emission data. Therefore, this paper holds the potential to
contribute to the efforts of over 150 nations committed to the Global
Methane Pledge, aiming to reduce methane emissions by 2030. Achieving
the collective reduction target critically depends on the accuracy of national
emission inventories.

Materials and methods

Canada’s hybrid oil and gas methane inventories

Recent work by the Energy and Emissions Research Laboratory (EERL) at
Carleton University revealed the potential of using Gas Mapping LiDAR
(GML) mounted to low altitude flying aircraft to measure methane releases
at oil and gas facilities and subsequently used those measurements to pro-
duce measurement-based hybrid methane emission inventories'**"*******,
EERL conducted measurement campaigns involving thousands of facilities
spread across Canada’s major oil and gas producing regions in AB, SK, and
BC. Combining the GML quantified emission rates, high-resolution visual
images of each surveyed site and facility plot plans obtained from Provincial
regulators allows for the manual identification of detected sources such as
tanks, unlit flares, and compressor buildings. Because of the resolution of
aerial GML and the number of facilities surveyed, the measurement-based
methane inventories produced by EERL provide robust source-resolved
emissions estimates for the various facility configurations in these provinces.
Specifically, EERL presents estimates by facility subtype, grouped where
necessary, as defined in the Petrinex reporting system™.

Emission factors for specific sources from the EERL measurement-
based inventories that may not be currently well characterized in Canada’s
NIR (i.e., storage tanks, engine sheds, compressor buildings and unlit flares/
combustors) are used to improve 2024 NIR estimates for AB and SK
(Supplementary Tables 3-5). Since emissions from storage tanks are already
included in the NIR, previously estimated emissions from tanks need to be
removed to eliminate any double counting. Similarly, EERL’s estimates for
compressor buildings, including both combustion and fugitive emissions,
require careful consideration to avoid redundancy.

Aerial GML surveys are available for AB in 2021, and for SK in 2020
and 2021, meaning the results are directly applicable to those years. To form
a complete time series for the aforementioned sources, existing facility and
well populations for non-measured years are multiplied by measurement-
based facility/well-site methane emission factors. Alternatively, activity data
such as oil production, gas production, or reported volumetric data can be
used to extrapolate measurement-based methane estimates for non-
measured years.

Ensemble inversion method
A regional Bayesian inversion model was used to estimate methane emis-
sions for AB and SK. Bayesian inversion modeling begins with an initial
estimate of the spatial emission (prior emissions from existing inventory
database) as inputs to an atmospheric transport model to simulate a
methane data record. The modeled data are compared to observations to
calculate model-observation differences. These differences are then pro-
cessed by an optimization procedure to estimate the emissions (posterior
emissions) that would yield the best match to the observations.

The main components of the inverse modeling method are ground-
based tower atmospheric measurements (Supplementary Method 2),
atmospheric transport model (Supplementary Method 3.1), boundary

conditions (Supplementary Method 3.2), prior emissions (Supplementary
Method 3.3), Bayesian optimization procedure (Supplementary
Method 3.4), data selection (Supplementary Method 3.5), inversion region
definition (Supplementary Method 3.6). An ensemble has been created to
calculate multiple inverse emission estimates using different transport
models, different prior emissions, different optimization procedures and
region definition setups to provide a more inclusive estimate of the uncer-
tainties in the results.

Compared to our previous eight-year inversion study’, which relied on
2 atmospheric transport models, our current research spans 13 years,
assessing 9 transport models with core results derived from 4. This study
expands upon the previous one by incorporating an additional optimization
method and applying multiple techniques to estimate boundary conditions.
To further evaluate the inversion results, Supplementary Method 5 provides
an analysis of the model performance. Supplementary Method 6 presents
emission estimate validations, and Supplementary Method 7 details the
availability of ground-based tower measurement data for the inversions.
Additionally, we conducted a more comprehensive robustness analysis of
the emission estimates using three spatial definitions for the inversions to
calculate scaling factors (see Supplementary Method 8).

Inverse estimates of annual total anthropogenic methane
emissions

Canada’s NIR annually reports greenhouse gas emissions. Given the minor
seasonal fluctuations in emission estimates, it is reasonable to average the
annual inverse estimates using measurement data from cold months of
January-March and November-December to align with the timeframe of
the NIR. The methane contribution from natural sources (mainly wetlands)
for the 5-month period in these mid-latitude western regions in Canada was
negligible (Supplementary Method 4). In the oil and gas sector, the most
significant seasonal variation could arise from the use of chemical injection
pumps in winter to prevent hydrate formation. Reports prepared for the
Alberta Energy Regulator indicated that these pumps were used in roughly
half of the wells, resulting in a slight winter bias increase of 0.12 Mt CH, per
year™. Monthly oil and gas production volumes tend to remain consistent
throughout the year**. In agriculture, there might be a slight decrease in
emissions during winter due to a 10% reduction in cattle populations
compared to summer™. Since the emissions from waste are minimal, the
impact of the seasonal variations would also be negligible. To summarize,
the impact of any seasonal biases is considerably small when considered in
the context of the broader multi-year averages and the overall uncertainties
associated with the core findings of inverse modeling results.

Monte Carlo simulations to derive oil and gas inverse emission
estimates

Forty-eight ensemble estimates of inverse annual total anthropogenic
emissions were calculated with 3 prior emissions, 2 cold periods, 2 inversion
methods, and 4 transport models except for 2022 in that only 3 transport
models were available. A MC analysis with 1000 simulations was used to
derive oil and gas emissions from the inverse annual total anthropogenic
emissions. This analysis propagated uncertainties in prior emissions,
atmospheric transport, optimization methods, and varying cold periods
within the inversions. As a result, we derived 48,000 oil and gas emission
estimates annually by deducting emissions from agriculture (livestock) and
waste (landfills) from the total inverse anthropogenic estimates. We sub-
tracted different combinations of agricultural and waste emissions through
the MC simulations, using a normal distribution with means based on NIR
data for agriculture and waste emissions, and standard deviations repre-
senting uncertainties of 25% and 100%, respectively. The overall uncertainty
for the 2010-2014 average oil and gas emission estimates has increased
marginally, from 0.7 Mt/year to 0.73 Mt/year (1 STD), as a result of this
MC analysis. This indicates that the uncertainty bands shown in Fig. 5,
which aggregate the individual uncertainties from the mentioned inverse
model components, remain essentially consistent following the MC
simulations.
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Data availability

The Canada’s NIR emission data files used in this manuscript are available
from https://data-donnees.az.ec.gc.ca/data/substances/monitor/canada-s-
official-greenhouse-gas-inventory?lang=en, and ERA5 data from https://
confluence.ecmwf.int/display/CKB/How-+to+download+ERA5 and
https://cds.climate.copernicus.eu. Tower-based atmospheric inversion
estimates are available from https://github.com/Elton-Ch/hybrid-
inventory/. The tower-based atmospheric measurement data used in the
inversions are available from https://gaw.kishou.go.jp/.

Code availability

SAS- and Fortran-language scripts used for inversions are available from
Github: https://github.com/Elton-Ch/hybrid-inventory/, the FLEXPART
model from https://www.flexpart.eu/, and the HYSPLIT model from
https://www.ready.noaa.gov/HYSPLIT.php.
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