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ABSTRACT: The provinces of Alberta and Saskatchewan account for 70%
of Canada’s methane emissions from the oil and gas sector. In 2018, the
Government of Canada introduced methane regulations to reduce emissions
from the sector by 40−45% from the 2012 levels by 2025. Complementary to
inventory accounting methods, the effectiveness of regulatory practices to
reduce emissions can be assessed using atmospheric measurements and
inverse models. Total anthropogenic (oil and gas, agriculture, and waste)
emission rates of methane from 2010 to 2017 in Alberta and Saskatchewan
were derived using hourly atmospheric methane measurements over a six-
month winter period from October to March. Scaling up the winter estimate
to annual indicated an anthropogenic emission rate of 3.7 ± 0.7 MtCH4/year,
about 60% greater than that reported in Canada’s National Inventory Report (2.3 MtCH4). This discrepancy is tied primarily to the
oil and gas sector emissions as the reported emissions from livestock operations (0.6 MtCH4) are well substantiated in both top-
down and bottom-up estimates and waste management (0.1 MtCH4) emissions are small. The resulting estimate of 3.0 MtCH4 from
the oil and gas sector is nearly twice that reported in Canada’s National Inventory (1.6 MtCH4).

■ INTRODUCTION

Methane is a short-lived greenhouse gas and is 25−34 times
more potent than carbon dioxide on a 100-year time horizon
and 96 times more potent over a 20-year time horizon.1 Near-
term reductions in methane emissions will have a larger short-
term impact on changes in global temperatures and are a key to
limiting climate change temperatures to well below 2 °C.2 In
2018, the Government of Canada finalized national regulations
to reduce methane emissions from the oil and gas sector by 40
to 45 percent from the 2012 levels by 2025.3,4 In Canada,
Alberta and Saskatchewan provinces account for 70% of
methane emissions from the oil and gas sector, primarily from
the production and processing of crude oil and natural gas.5

National inventory reporting follows the Intergovernmental
Panel on Climate Change (IPCC) methodologies.6 To date,
results from independent atmospheric approaches are rarely
considered as additional sources of information for national
inventory reporting. However, the revised 2019 methodology
report recognizes the importance of verification systems based
on observations and modeling that are in line with priorities for
inventory development.7 A number of studies in the United
States have documented methane emissions from oil and
natural gas activities to be systematically higher than those
reported in inventories.8−16 Recent studies in Alberta have
yielded similar results for specific regions.17−20 For example,
airborne measurements of methane from a series of flights

conducted during October 27 to November 5, 2016 near the
Red Deer (50 km × 50 km) and Lloydminster (60 km × 60
km) areas found the airborne measurement-derived flux results
to be 17 and 5 times greater than the emissions derived from
direct reported data for Red Deer and Lloydminster,
respectively. In comparison to the region-specific bottom-up
inventory-based estimate, the results for the Red Deer area
were consistent with the airborne measurement-derived flux
results; however, for the Lloydminster area, the airborne
measurement-derived flux results were four times greater than
their bottom-up inventory-based estimate. Although the
scaling of results from these limited study regions, in both
spatial extent and time, to provincial totals may introduce large
uncertainties, they do indicate the potential for larger
emissions from the oil and gas sector than are currently
reported in the national inventory.
The combination of high-frequency hourly atmospheric

greenhouse gas measurements from strategically located tower
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sites, which limits impacts of local sources, with inverse
methods and atmospheric transport models can be used to
quantify regional greenhouse gas emissions. Atmospheric
inversion modeling systems have been widely used to estimate
greenhouse gas emissions in Europe21−30 and in the United
States.13,31−35 In this study, we have applied an ensemble
regional inverse modeling framework to quantify methane
emissions from 2010 to 2017 for Alberta and Saskatchewan
using atmospheric measurements of methane from two sites in
Alberta and two sites in Saskatchewan over a six-month winter
period from October to March when wetland emissions are
low. Unlike the previously noted smaller spatiotemporal scale
studies conducted in Alberta, the regional atmospheric
ensemble inversion framework employed here covers the
entire combined area of Alberta and Saskatchewan (approx-
imately 10° latitude by 20° longitude) and extends over eight
winters.
This paper is organized as follows. The Materials and

Methods section presents (1) the methane observations and a
back trajectory analysis illustrating the relationship of the CH4
measurement variability to the emission spatial distribution
surrounding the measurement sites and (2) the description of
the regional inversion model and model performance
evaluation. The Inversion Results and Discussion section
focuses on methane emission estimates from our inversion
model and the comparison of these emissions with inventory-
based emissions, then ending with some discussions of the
implications of this study.

■ MATERIALS AND METHODS

Methane Observations. For this inversion work, atmos-
pheric methane observations over the period from 2010 to
2017 from two sites located in Alberta, Lac La Biche (LLB)
and Esther (EST), and two sites in Saskatchewan, East Trout
Lake (ETL) and Bratt’s Lake (BRA), were used. A map
showing the locations of the sites and the study domain is
shown in Figure S1. Site descriptions and details of
instrumentation, sampling, calibration, data collection, and
data processing are provided in the Supporting Information
(S.1 and S.2). Figure 1 shows the time series of hourly
averaged methane from ETL, LLB, BRA, and EST for January
2016, illustrating typical temporal variability in atmospheric
methane concentrations at these four sites in winter. The full

time series of hourly averaged atmospheric methane from ETL,
LLB, BRA, and EST for the period from January 1, 2010, to
December 31, 2017, is shown in Figure S2. Also shown in
Figure 1 is the corresponding methane time series from Alert,
Nunavut, located on the northeastern tip of Ellesmere Island in
the Canadian Arctic (Figure S1). Alert is far removed from
large industrial regions in the Northern Hemisphere; hence, its
methane time series provides a measure of the variation that is
typically observed at a remote site that is not influenced by
local or regional sources.36 The episodic events (or peaks) in
methane observed at ETL, LLB, BRA, and EST shown in
Figure 1 are synoptic in nature and tend to last 2 to 5 days.
These events are due to regional anthropogenic methane
sources (oil and gas, agriculture, and waste management) and
prevailing meteorological conditions, specifically wind direc-
tion and planetary boundary layer (PBL) depth. In winter, the
cold surface induces shallow PBL (the well-mixed layer above
the surface) conditions, allowing methane near the surface to
accumulate over several consecutive days. As a result, the
transport of methane-enriched air masses from source regions
to the measurement sites results in higher atmospheric
methane levels. The variability is unique at each site reflecting
the relative proximity of sources to the site and the wind
direction, which determines whether the sources are upwind of
the site. The larger variability observed at LLB and EST
relative to ETL and BRA reflects that LLB and EST are closer
to strong methane sources. The observed short-term variability
starts to diminish by the middle of March, and by April, the
time series of methane is much less variable due to the
convective surface layer being more active (with more solar
heating) resulting in a higher PBL. The reduced short-term
variability (i.e., lack of signal) in spring and the addition of
wetland methane emissions preclude the usefulness of this data
to specifically reflect the anthropogenic source behavior.
Although these fluxes could be modeled in all months, the
introduction of wetland emissions in inversion modeling
frameworks would introduce additional large uncertainties in
this analysis.27,28,37−39 Wetlands are the largest source of
methane in Alberta and Saskatchewan in mid-summer but a
near zero source in mid-winter.27,28,37−39

Back Trajectory Analysis of Source Regions Impact-
ing Methane Variability. Canada’s National Inventory
Report (NIR)5 provides contributions of methane sources in
Alberta and Saskatchewan for energy, primarily oil and gas
(70%), agriculture (25%), and waste management (5%).
Shown in Figure 2a are the locations of individual active oil
and natural gas wells (from 2013 to 2016) to provide a visual
reference of the spatial distribution of potential oil and gas
sources in Alberta and Saskatchewan. Forty percent (∼5
million) of Canada’s 12 million cattle40 is located in Alberta.
Approximately 70% (∼3.5 million) of Alberta’s total cattle
(including both grazing and feedlot cattle) is distributed within
the red oval shown in Figure 2a. Twenty percent (∼2.5
million) of Canada’s cattle population is located in
Saskatchewan and is generally evenly distributed throughout
the lower half of the province.40 As the waste source emissions
are small, they have not been included in Figure 2a.
To demonstrate that the variation in atmospheric methane

reflects differences in air mass origin, atmospheric transport
pathways with the distribution of methane sources are shown
in Figure 2c. For example, in Figure 2b, the 21 UTC (15:00
local standard time) hourly methane values from November 1,
2015, to February 28, 2016, at LLB have been plotted by color,

Figure 1. Time series of hourly averaged methane dry air mole
fractions at Bratt’s Lake, SK, Esther, AB, Lac La Biche, AB, East Trout
Lake, SK, and Alert, NU, for the period from January 1 to January 31,
2016. Time series data from Alert, located on the northeastern tip of
Ellesmere Island in the Canadian Arctic, illustrate the variation
typically observed at a remote background site.
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with brown and red representing high mole fractions and lower
mole fractions shown in blue and green. The transport pathway
for each daily 21 UTC hourly value (Figure 2c) is generated
using 36 h backward air parcel trajectories from the dispersion
model of FLEXPART41 and mapped using the color associated
with the 21 UTC hourly data value.
Close examination of Figure 2b,c reveals high variability in

the methane data record associated with various transport
directions. Higher mole fractions appear to originate from the
southeast direction, a well-known cold heavy oil production
with sand (CHOPS) geographical region with thousands of
active oil wells shown as green dots contained within the blue
box shown in Figure 2a. The CHOPS region has been
documented to have potentially high fugitive sources of
methane due to leaks or venting processes.5,8,10,15,42−44 Many
of the mid-range peaks originate from west and southwest of
LLB. Qualitatively, this analysis shows that the source regions
shown in Figure 2a indeed influence the variability (the
episodic peaks) of methane at the LLB measurement site. The
same analysis was conducted for the other three sites, which
yielded similar results (not shown).
Regional Inversion Model. In this study, a regional

Bayesian inversion model was used to estimate methane
emissions for Alberta and Saskatchewan. A detailed description
and a flowchart (Figure S3) of the model are provided in the
Supporting Information. Only a brief summary is given here.
Bayesian inversion modeling begins with an initial estimate

of the spatial emission (prior emissions from an existing
inventory database) as an input 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 processed using 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 framework
are (1) an atmospheric transport model, (2) prior emissions,
and (3) the optimization procedure. An ensemble has been
created to calculate multiple inverse emission estimates using
different transport models, different prior emissions, and
different optimization setups to provide a more inclusive
estimate of the variations or uncertainties possible in the
results.

(1) Two independent Lagrangian atmospheric models (see
Supporting Information S.3), the FLEXible PARTicle
dispersion model (FLEXPART) v8.241 and the
Stochastic Time-Inverted Lagrangian Transport Model
(STILT),45,46 were used to simulate CH4 mole fractions.
The FLEXPART v8.241 model was driven by globally
gridded reanalysis meteorology from the European
Centre for Medium-Range Weather Forecasts
(ECMWF) ERA-Interim (ERA)47,48 with a horizontal
resolution of 1° × 1° for the years 2010−2017. STILT
was driven by forecast meteorological fields from the
Weather Research and Forecasting model (WRF)49 with
horizontal resolutions of 10 × 10 km and 1° × 1°. The
STILT model results were provided by NOAA Carbon-
Tracker-Lagrange50 for the years 2010−2015. Model
outputs were generated daily at 21:00 UTC (14:00 or
15:00 LST) representing the well-mixed afternoon
conditions near the surface (Figure S4). The boundary
conditions (see Supporting Information S.4) for these
regional models were taken from the National Institute
for Environmental Studies (NIES) global model.51 Since
transport errors can affect the results of the inversion
model, having multiple model transports in the
ensemble can provide estimates of uncertainties of the
posterior emission including potential transport errors.

Figure 2. (a) Map of western Canada showing the location of LLB, EST, BRA, and ETL (in red text) along with the distribution of active oil and
gas wells from 2013 through 2016. The area in the blue box shows the CHOPS geographical region. The area within the red oval shows the primary
agricultural region in Alberta. (b) Methane (21 UTC or 15:00 local standard time) mole fraction values observed at LLB from November 1, 2015,
to February 28, 2016, associated with (c) 36 h backward air parcel trajectories for LLB with heights within the near-surface layer (0−100 m above
ground) using identical colors to identify mole fraction magnitudes.
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(2) Three different anthropogenic prior emissions (Table
S1) were included in the inversion ensemble to assess
the effects of prior emission differences. The time period
of our analysis was limited to the colder temperature
conditions (October to March) when natural emissions
from wetlands and other natural sources (geological
seeps, wildfires, and termites) are negligible in Alberta
and Saskatchewan,52,53 thus allowing direct estimates of
anthropogenic methane emissions. The anthropogenic
prior emissions include oil and gas industrial activities
(extraction, processing, etc.) and agriculture (enteric
fermentation and manure management) and waste
management sources (landfills). The first prior (see
Supporting Information S.5) (P1) AQ2013 is compiled
by ECCC and scaled to the NIR sectoral totals. Briefly
the CH4 emissions are derived from the volatile organic
compound (VOC) inventory in criteria air contaminant
(CAC)54−57 inventories using the ratios of total organic
gases (TOGs) to VOC and TOG chemical speciation
profiles. See Supporting Information S.9 for the detailed
description. The second prior (P2) obtained from the
work of Sheng et al.58 accounts for oil and gas sources,
with remaining sources shared from P1, and finally, the
third prior (P3) is the global inventory Emission
Database for Global Atmospheric Research (EDGAR)
v4.2.59 Further details and comparisons of all three

priors (P1, P2, and P3) are given in the Supporting
Information.

(3) The Bayesian inversion scheme (Supporting Information
S.8) is a minimization procedure to optimize the
agreement between the observation and model results.
The optimization was resolved in space and time. The
scaling factors for subregions were estimated for two
time steps (October−December and January−March,
three-month interval) per year for eight years. Total
emissions of methane were estimated in the subregions
in Alberta and Saskatchewan. Two preprocessing steps
before inversions were performed and are described as
follows: first, baseline-subtracted observations (Support-
ing Information S.4) were calculated for each site. In
addition to the site-specific baseline, any remaining
contributions from outside of Alberta and Saskatchewan
but within the five-day integration period were
subtracted from the observations for each site. The
outer-region source contributions to the synoptic
variability are less than 10% for the sites used in the
inversions. This is followed by a data selection procedure
(Supporting Information S.7) to remove large model−
observation mismatches.

The subregion spatial configurations were strategically
designed to group and separate the main source regions in
the prior emission map. In this study, a seven- and a four-
subregion spatial configuration were used (Figure S7). The

Figure 3. (a) Example period (Nov 1, 2015Feb 29, 2016) of atmospheric methane observation (black), modeled prior (blue), and posterior
(red) time series using the seven-subregion configuration for the LLB site. Methane data values excluded in the inversions are displayed using open
circles. One standard deviation (SD) calculated from the ensemble of model runs are shown as pink shaded areas. The modeled methane baseline is
shown in yellow. (b) Daily prior-data and posterior-data mismatches for the LLB site are shown using blue and red dots, respectively.
Corresponding medians for the 16 individual three-month time periods are shown using horizontal lines. The dashed rectangle represents the
corresponding time series analysis shown in (a). (c) Statistical distribution of the observation (with data filtering), modeled prior, posterior, and
baseline data for 2010−2017. (d) Taylor diagram showing the comparison of the prior (blue circles) and posterior (red circles) simulated methane
emissions with the observations from 2010 through 2015 (JanuaryMarch and OctoberDecember) at LLB. F and S refer to FLEXPART and
STILT. P1, P2, and P3 refer to the priors.
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minimization used was the Markov Chain Monte Carlo
(MCMC)60 method (see Supporting Information S.8) to
estimate the optimum (posterior) emissions and uncertainties.
A simple linear regression model is then used to calculate the
scaling factors. The linear scaling factors λp for the subregions
for each three-month inversion period of January−March and
October−December in Alberta and Saskatchewan for 2010−
2017 using FLEXPART and for 2010−2015 using STILT
models are estimated to fit the baseline-subtracted observa-
tions yt, s according to eq 1

y M xt,s
p R

p
g G

g,p,t,s g,p,t t,s

T p

l
m
oooo
n
oooo

|
}
oooo
~
oooo

∑ ∑λ= + ϵ
∈ ∈ (1)

where t is the time of the measurement taken, s is the
observational site, and p is the subregion containing the site s.
λp and model−observation mismatch ϵt, s are assumed to
follow N(1, σprior

2 ) and N(0, σϵ
2), respectively. N is the notation

for normal distribution. The quantity in {} is the modeled
mole fraction for site s at time t from CH4 emissions in the
subregion p. In particular, xg, p, t is the gridded total CH4
emission field over the subregion p at time t. Mg, p, t, s is the
site-specific emission sensitivity (Supporting Information S.3)
over the subregion p for each grid cell g. RT is the total number
of subregions and Gp is the total number of grid cells in the
subregion p. The model−observation mismatches (ϵt, s) are
minimized by optimally adjusting λp. The definitions of σprior

2

and σϵ
2 are provided in the Supporting Information S.8. After

the scaling factors had been calculated using eq 1, three-
monthly total CH4 emission estimates (anthropogenic and
wetland) for Alberta and Saskatchewan were calculated using
equation S.4.
In warmer months, emissions of methane from wetlands,

particularly in mid-summer, are significantly higher than
anthropogenic emissions, making the partitioning of the
anthropogenic sources less certain in the inversion model.
Results from April to September are not included in this
analysis. Wetland emissions were obtained from a global model
of Carbon Tracker Europe-CH4.

39 These modeled methane
emissions from wetlands39 in October and November in
Alberta and Saskatchewan were subtracted from the three-
monthly total methane emissions estimated using the above
inversion procedure to yield an estimate of the anthropogenic
methane emissions. Note that modeled wetland emissions
from December to March are near zero. Adjustments for
wetland emissions in the late fall are on the order of 5% of the
total methane emission estimate in this study. Annual values
for 2010−2017 are reported by doubling the results from
January to March and October to December since anthro-
pogenic methane emissions from livestock operations and oil
and gas production show small seasonal dependencies.61−64

The different permutations of transport models, prior
emissions, and subregion masks yield an ensemble of 18
posterior emission estimates and their uncertainties. Before
discussing the inversion results and their comparison to NIR in
the Inversion Results and Discussion section, the following
section presents the analysis of the model performance.
Performance of the Inversion System to Minimize

the Model−Data Mismatch. Figure 3 shows an example
performance metric of the prior and posterior results for LLB.
The model minus observational data mismatches for the prior
(blue dots) and posterior (red dots) results for the entire eight-

year study period are shown in Figure 3b. The medians of data
mismatches for the prior (blue line) and posterior (red line)
results are shown for the January−March and October−
December time periods. It is clear that the median of the three-
month-modeled methane prior data (blue line) underestimates
the observations (black line). This finding is consistent
throughout the entire data record with each of the 16 three-
monthly time periods showing similar underestimations. After
optimization of the methane emissions in our inversion system,
the discrepancy between the posterior-modeled methane data
and observation (three-month median mismatch) is reduced
from a range of −46 to −12 ppb using the prior-modeled data
to a range of −15 to −3 ppb using the posterior-modeled data.
The posterior results do not overshoot the observational
results, and this suggests that our ensemble mean is likely
closer to the lower bound of the emission estimates for Alberta
and Saskatchewan. We find that our optimized results,
although are improved significantly, do not fully capture all
large mole fraction excursions in the observations (shown as
below-zero red dots in Figure 3b). This can be partially
explained by the data selection algorithm used (see Supporting
Information S.7) to avoid biasing our results due to potential
outliers in the observations.
The inversion optimization scheme adjusts the set of scaling

factors to match the modeled results and observations. The
goodness of match between the model and observations is a
function of the number of scaling factors. With more scaling
factors (i.e., number of subregions), the model−observation
mismatch could be reduced. However, using a large number of
scaling factors could result in overfitting the observations and
sometimes yield unrealistic negative scaling factors. In this
study, we found that solving for more than seven subregions
did not yield statistically different Alberta and Saskatchewan
total emission estimates from the results using four and seven
subregions while these two setups did produce positive
emissions in all subregions. In Figure 3b, the median biases
shown as horizontal bars are minimal with ∼ −15 ppb being
the most for one particular three-month period. In addition,
large methane spikes are relatively infrequent. In the
Supporting Information S.7 Data Selection section, we
explained the details and reasons of data selection to avoid
the impact of infrequent large excursions that could be the
result of local sources and large transport model errors given
that an optimization procedure would not be reliable in
estimating such extreme CH4 values.
An excerpt showing the individual prior- and posterior-

modeled and observation time series records used in Figure 3b
from November 1, 2015 to March 1, 2016 is shown in Figure
3a. The timing of the peaks in both the observations and the
modeled outputs shown in Figure 3a shows a close
correspondence and supports the argument that the largest
contribution to the variability observed at LLB is caused by the
transport of air masses that have accumulated emissions of
methane from sources within our modeling domain. The
yellow line shown in Figure 3a shows the contributions to the
model data from the outer region (baseline). The outer region
is the entire globe; see Supporting Information S.4 for details.
The lack of variability in the baseline signal definitively shows
that the enhanced peaks in methane measurements are
primarily due to methane sources located in Alberta and
Saskatchewan and not from sources in the other regions. The
red shaded band shown in Figure 3a represents one standard
deviation of the posterior results (red line) using the three

Environmental Science & Technology pubs.acs.org/est Article

https://dx.doi.org/10.1021/acs.est.0c04117
Environ. Sci. Technol. 2020, 54, 14899−14909

14903

http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.est.0c04117/suppl_file/es0c04117_si_001.pdf
pubs.acs.org/est?ref=pdf
https://dx.doi.org/10.1021/acs.est.0c04117?ref=pdf


inventory priors (Supporting Information S.5) and the two
dispersion transport models. The observations are predom-
inantly contained within this band of uncertainty. Figure 3c
shows the frequency distributions of the observed methane
data (black), as well as the prior (blue), posterior (red), and
baseline (yellow) modeling data over the 2010−2017 period.
The results underline the ability of the regional ensemble
inversion system to produce optimized emissions to improve
the match with observations.
Lastly, the Taylor diagram of the Pearson correlation

coefficient and normalized standard deviation (NSD)65 for
the six possible combinations using three priors and the two
transport models (see legend) is shown in Figure 3d for the
seven-subregion configuration. NSD is defined as the standard
deviation of prior- or posterior-modeled time series divided by
the standard deviation of the observation time series. An NSD
and correlation of 1 is the ideal statistical match. For LLB, the
NSDs for all prior results using the different prior emissions
and transport models are less than one, which further supports
the point that the variability in the prior model mole fractions
is underestimated and the source strengths in the inventories
are too low in the surrounding area of the LLB site.
The same performance metric analyses showing observation

and modeled prior and posterior time series for BRA, EST, and
ETL, which are shown in Figure S9, display similar reductions
in observation−model mismatch. At EST, the mismatch is
reduced from a range of −52 to −25 ppb (prior) to −1 to +5
ppb (posterior), at BRA, the range is reduced from −26 to −21
ppb (prior) to −13 to −4 ppb (posterior), and at ETL, the
range is reduced from −26 to −21 ppb (prior) to −17 to −12
ppb (posterior). For the Taylor diagrams, we find that the
modeled mole fractions using the three prior emissions
simulated by the same transport model are more distinguish-
able at BRA, EST, and ETL than at LLB. This indicates that
these three sites are sensitive to differences in emissions in the
inversion domain. Although the results tend to cluster
together, there are differences that can be seen, particularly
for the EST site. EST is located near the southern Alberta area,
where the source strength suggested by P258 is considerably
higher than the other two prior inventories. The differences
introduced by the use of different transport models and prior
emissions are similar. However, at the ETL site, the model
results appear to be more sensitive to differences in transport
models than differences in prior emissions. All four sites
display NSDs of less than 1 for the priors, and NSDs for the
optimized posterior emissions, on average, are approximately
one, again indicating that the source strengths in the
inventories are too low in the surrounding areas of all four
sites and the optimization process produces smaller data−
model mismatches.

■ INVERSION RESULTS AND DISCUSSION
Estimate of Anthropogenic Methane Emissions and

Comparison to the National Inventory. Canada’s NIR5

provides greenhouse gas emission estimates on an annual basis.
Because seasonal variations of emission estimates are small, the
approach of doubling the six-month (January−March and
October−December) study results to match the annual time
frame of the NIR is considered to be reasonable. For oil and
gas, the largest documented seasonal bias would be most likely
associated with the use of chemical injection pumps in winter
to prevent hydrate formation. The latest oil and gas methane
inventory produced by Clearstone Engineering Ltd. for the

Alberta Energy Regulator (2018) reported chemical injection
pumps being used on about half the wells, which accounted for
a small positive winter bias of 0.12 MtCH4/year.

64 Monthly oil
and gas production volumes are fairly consistent over the
course of a year (National Energy Board61,62). For agriculture,
there is a potential small negative winter bias with cattle
populations being lower by 10% in winter than summer.63

Because the reported waste emissions are so small, any
potential seasonal biases in this source would be minor. These
potential seasonal biases are all considered to be minor relative
to the magnitude and uncertainty of our study results.
In Figure 4, the left bar summarizes the reported NIR

emissions by year for energy (blue), agriculture (light blue),

and waste (yellow) for Alberta and Saskatchewan. The NIR
reports an annual mean emission rate of 2.3 MtCH4 over the
2010−2017 time period. In this study, the annual mean
(2010−2017) emission estimate in Alberta and Saskatchewan
is 3.7 ± 0.7 MtCH4, around 60% higher than the NIR reported
annual mean (2010−2017) emission rate. This mean value is
presented as a gray line in Figure 4. The uncertainty (estimated
as one standard deviation of the ensemble results) of the eight-
year ensemble mean is presented as a gray shaded area and
includes the interannual variability of the estimates as well as
the contributions of different ensemble components. It is
important to note that the estimates for the individual
subregions have much more variability, primarily due to the
various spatial patterns in the prior emissions as shown in
Figure S7. As such, we have more confidence in the reporting
of the emission totals for Alberta and Saskatchewan together
than the emissions for each individual subregion.
A summary of the various inversion emission estimates using

the three priors (P1, P2, and P3), the three model transports
(ERA-FLEXPART and WRF-STILT with two different
resolutions), and the four- and seven-subregion configurations
is described in Supporting Information S.11. The range of the
18 individual inversion runs shows a maximum emission result
for Alberta and Saskatchewan of 4.3 ± 0.6 MtCH4/year (using
the P2 prior and the ERA-FLEXPART transport model) and a

Figure 4. Annual model-derived and inventory emissions of methane
in Alberta and Saskatchewan from 2010 to 2017. The annual NIR
values for the energy, agriculture, and waste sectors are shown (left
bar) in dark blue, light blue, and yellow, respectively. The top of the
bar shown on the right represents the overall estimates from the
model-based study. Shown in red are the energy (primarily oil and
gas)-based emissions assuming that the NIR estimates for agriculture
and waste are correct. The gray horizontal line shows the eight-year
annual mean estimate. The light gray shaded band shows the ±1 SD
of the 18 ensemble results.
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minimum emission result of 3.0 ± 0.5 MtCH4/year (using the
P3 prior and the WRF-STILT transport model). One standard
deviation of estimates using a given prior and a transport
model for the eight-year study period is calculated to represent
the uncertainty. A summary of the 18 inversions is presented in
Table S4.
Source Categories Contributing to the Differences

between Emission Estimates and NIR. There are four
potential methane source categories that can contribute to the
discrepancy between our results and the ECCC NIR: energy-
related (oil and gas) sources, agricultural sources, waste
sources, and natural emissions of methane from wetlands.
Agriculture is a large source of methane in Alberta and
Saskatchewan, contributing to ∼25% of the NIR-reported
emissions. This source, however, is not likely the cause of the
discrepancy. Emission estimates of methane from the NIR for
agriculture have consistently been shown to be in line with the
measurement study estimates. For example, atmospheric
methane emission measurement studies carried out at feedlots
in Alberta using open-path optical systems66 as well as from
aircraft platforms67 have found results consistent with bottom-
up methods. Furthermore, the NIR estimate can also rely on
up-to-date statistical data, as animal populations (by animal
type) are surveyed by Statistics Canada63 twice per year
(January and July). The National Inventory of agricultural
methane provides an uncertainty range of −16% to +20%.5 In
addition, emission factors (IPCC Tier 2 and Tier 3) have also
been closely studied,63,68 for ruminant emissions from beef in
Canada, with results showing agreement, depending on cattle
subcategories, to be within 13 and 20% for enteric sources.
Lastly, there have been a number of studies conducted in
Europe and the United States on agriculture sources that also
show agreement within 20%.69,70 Beef production in Canada is
complex, and some facets of the emission cycle are most
definitely better documented than others, but with so much
available detailed industry information along with independent,
atmospheric-based studies, we are confident that the NIR
agriculture emission estimates are reasonable and that any
potential reporting errors would be minimal considering the
uncertainties in our analysis study. The NIR value for
agriculture for each year is represented in our total as well
and is shown in light blue in Figure 4.
Waste management procedures are a small source of

methane in Alberta and Saskatchewan,5 contributing to less
than 5% of the NIR emissions. This source is not likely a cause
of the discrepancy either even though many independent
atmospheric studies show large ranges of emission estimates
relative to inventories of −50% to +100%.71−73 Due to its
minor contribution, even with potential large reporting
uncertainties, this source would not have an impact
considering the uncertainty levels in this study. Similar to
agriculture, the NIR value for waste for each year is
represented in our total and is shown in yellow in Figure 4.
Wetlands are a significant source of methane in Canada in

mid-summer but a near zero source in mid-winter.27,28,37−39

The methane contribution of 0.2 ± 0.1 MtCH4 for the six-
month period used in this study was generated from the mean
of optimized emissions over the period from 2010 to 2017
from CarbonTracker Europe-CH4 (CTE-CH4).

39 The con-
tribution of wetland CH4 emitted in October and November
accounts for more than 95% of the total wetland emissions
during the six-month period used in this study. CTE-CH4

39 as
well as other model outputs27,28,37,38 reports negligible wetland

emission amounts in Canada for the months of December to
March. For comparison, we determined scaled annual emission
amounts using different three-monthly time frames. The eight-
year mean total emission amount for Alberta and Saskatch-
ewan in our study using observational data for the three-month
period from January to March (and scaled by 4), when wetland
emissions are well accepted to be low, is 4.2 MtCH4, which is
within 15% of the scaled annual amount using observations
from October to March. This clearly shows that wetland
emission estimates in October and November do not
contribute to significant uncertainties in our posterior
estimates. Nonetheless, we slightly adjusted our annual results
downward by 0.2 MtCH4 to account for wetland methane
emissions in October and November and thus provide a
summary of the anthropogenic source activity only.
Since agriculture, waste, and natural sources are not likely

the causes of the discrepancy as shown in Figure 4, we attribute
the difference to energy-related (oil and gas) activities.
Although our methane prior inventories do not allow direct
conclusions about specific source sectors, it is important to
note that the comparison of the prior emissions from energy
sources between P1, P2, and P3 also shows the largest
discrepancies, highlighting potential inconsistencies in the
underlying activity data, emission factors, and/or missing oil
and gas sources in the inventories (Supporting Information
S.5).
According to Figure 4, the methane emission estimates for

Alberta and Saskatchewan associated with energy (red bar) for
each annual period from 2010 to 2017 are found to be notably
higher than the NIR emission rate (left bar). An eight-year
mean energy-sector source amount of 1.6 MtCH4 is calculated
from the NIR emissions, with a minimum of 1.5 MtCH4 in
2010 and a maximum of 1.7 MtCH4 in 2014. The annual
emission estimate obtained in this study for Alberta and
Saskatchewan indicates an eight-year mean energy source of
3.0 MtCH4 with a minimum derived source amount of 2.8
MtCH4 in 2015 and maximum of 3.4 MtCH4 in 2017.
Considering our eight-year ensemble uncertainty estimate of
±0.7 MtCH4 in our analysis, we find that there is no statistical
difference between any individual years (see overlapping error
bars in Figure 4). With the supposition that emissions in
Alberta and Saskatchewan from fossil fuel extraction and
processing (i.e., oil and/or natural gas) are likely the main
driver of the overall discrepancy between the model-based and
NIR totals, this would lead to methane emissions from fossil
fuel extraction and processing to be nearly twice the levels
reported by Canada’s national inventory for these two
provinces (Figure 4). The additional methane emissions of
3.0−1.6 = 1.4 MtCH4 equate to 35 MtCO2e/year, using a
global warming potential of 25, the same factor used in the
NIR. This discrepancy of 35 MtCO2e would increase Canada’s
national annual methane estimate by about 40% for 2017.
This result suggests that systematic inconsistencies found

using the smaller-scale, shorter-term studies in Lloydminster20

may indeed affect the overall energy-related methane emissions
in Alberta and Saskatchewan. Individual regions in Alberta and
Saskatchewan were also previously reported to suffer from
unreported venting emissions in that actual venting emissions
were 2.5 ± 0.5 times higher than the values in the inventory.20

Furthermore, our findings are generally consistent with the
results from a larger-scale (hemispheric) methane inversion
study that focused on the high northern latitudes (north of
50°N) and which estimated 4.3 ± 1.3 MtCH4/year of
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anthropogenic emissions for Alberta.27 More analyses of the
effects of different ensemble members (or settings) and
robustness of the inversion results are shown in Supporting
Information S.11.
Implications. This study and other studies in Alberta,

British Columbia, and the United States suggest that methane
emissions from oil and gas activities in North America are
substantially higher (ranging from 50 to 200%) than the
amounts reported in the national inventories. Although the
ensemble inversion system used in this study cannot fully
assess the interannual variability of emissions, it does provide
insights into the provincial-level methane reporting and it
provides a useful complementary tool for detecting long-term
step changes such as the anticipated 40−45% reduction in
methane emissions from the oil and gas sector and evaluating
the effectiveness of methane regulations once implemented.
The discrepancy between these results for Alberta and

Saskatchewan and the NIR reflects the difference in scope
since the oil and gas industries are required to report the
methane activity information only from known processes
(flaring, venting, etc.) and have reporting minimums below
which reporting is not required. Emissions from various
fugitive and unintended processes are broadly considered
under-reported or underestimated. For example, methane
emissions from storage tanks are a relatively minor source in
inventories, but recent studies have suggested that the
contribution from tanks may be higher.42 In addition, it has
been documented that “super-emitters” (i.e., equipment at
facilities that leak many times higher emissions than average
leaking equipment) exist in the upstream oil and gas (UOG)
industry, but the frequency and magnitude of these “super-
emitters” are not well understood.58,74,75 Atmospheric
observation-based approaches have the potential to reflect all
emission sources.
Ongoing reconciliation of the discrepancies between

atmospheric observations and modeled (top-down) assess-
ments and those obtained by inventory (bottom-up) protocols
will be useful to combine both in a complementary fashion.
This requires increasing the number and density of
atmospheric measurements sites and improvements in inverse
modeling capabilities, in parallel with the ongoing develop-
ments in national inventory bottom-up reporting methods. A
closer integration of both approaches can provide greater
confidence in emission reporting. Sustained and/or strength-
ened hourly methane atmospheric monitoring with increased
modeling system capabilities24,28 to estimate emissions can
provide additional information and insights to guide mitigation
planning and assess ongoing progress toward meeting emission
reduction goals. Such a system to manage and report emissions
should reflect the advances in inventory estimation method-
ologies, as suggested by the 2019 refinement of the 2006 IPCC
guidelines.76
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Hoskins, B. J.; Isaksen, L.; Janssen, P. A. E. M.; Jenne, R.; McNally, A.
P.; Mahfouf, J. F.; Morcrette, J. J.; Rayner, N. A.; Saunders, R. W.;
Simon, P.; Sterl, A.; Trenberth, K. E.; Untch, A.; Vasiljevic, D.;
Viterbo, P.; Woollen, J. The ERA-40 Re-Analysis. Q. J. R. Meteorol.
Soc. 2005, 131, 2961−3012.
(48) Dee, D. P.; Uppala, S. M.; Simmons, A. J.; Berrisford, P.; Poli,
P.; Kobayashi, S.; Andrae, U.; Balmaseda, M. A.; Balsamo, G.; Bauer,
P.; Bechtold, P.; Beljaars, A. C. M.; van de Berg, L.; Bidlot, J.;
Bormann, N.; Delsol, C.; Dragani, R.; Fuentes, M.; Geer, A. J.;
Haimberger, L.; Healy, S. B.; Hersbach, H.; Hoĺm, E. V.; Isaksen, L.;
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