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GEOS-Chem - TROPOMI bias vs. different variables
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Fig. S1. The relationship of the bias of GEOS-Chem and TROPOMI with (a) blended albedo, (b)
surface altitude, and (c) SWIR albedo across the US and Canada from May 2018 to February 2020.
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Fig. S2. (a) Number of TROPOMI observations from May 2018 to February 2020, mapped to
0.25°x0.325° horizontal resolution. (b) Same as (a) but for the TROPOMI data density (counts km™
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Fig. S3. Comparison between TROPOMI and GOSAT. (a) Scatter plot of all observations in north
America from May 2018 to February 2020. Both TROPOMI and GOSAT data are mapped to a
0.3125° x 0.25° horizontal resolution. The mean concentrations from GOSAT and TROPOMI data
are shown in the legend (left plot). (b) Spatial distribution of the bias between TROPOMI and
GOSAT data.



Methane emissions from different sources (Jan 2019 — Dec 2019)
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Fig. S4. Prior estimates of methane emissions from different sectors in North America, mapped to
the 0.25°x0.3125° resolution. We use the anthropogenic emissions inventory for the US from
Maasakkers et al. (2016) for 2012, and the O/G emissions are updated to the year 2018 based on
activity data in the Enverus DrillingInfo database (Enverus DrillingInfo, 2020). For Canada, we
use anthropogenic emissions from Scarpelli et al. ( 2021) based on the Environment and Climate
Change Canada’s (ECCC) inventory for 2018 (ECCC, 2020).
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Fig. S5. The five domains used in this study, which can account for 98% O/G emissions in the
continental US and Canada.
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Fig. S6. Native gridcells and clusters in the state vector for each domain. Labels in left column
refer to the native gridcells and clusters inside each domain. Labels in right column refer to the
clusters outside each domain.
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Selection of the regularization parameter y
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Fig. S7. Squared errors of a regularized solution versus different values of y. The optimal value of
ycan be selected when (£ — x,)7S, (& — x4)) = n, where n is the number of prior terms that can
be found in Table S2 and are shown as the dashed line in each plot. We use y=0.2 in the main text
and also test the sensitivity of our results to y=0.1 and y=0.4.
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Fig. S8. (a) The bias of column-averaged methane mixing ratio between the forward model using
the prior emissions and TROPOMI, as averaged from May 2018 to February 2020. (b) Same as (a)
but for the forward model using the posterior estimates. Here we only show the gridboxes where
the averaging kernel sensitivity is higher than 0.01 in Fig. S9.



(a) Averaging kernel sensitivities
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Fig. S9. Averaging kernel sensitivities fepr-ersrentingr the diagonal terms of the averaging kernel
matrix. The total degree of freedoms (DOFS) is shown inset.

Fraction of OG emissions in total CH4 emission rates Fraction of Wetland emissions in total CH emission rates

E=a R N[ : o
s 0.8 0.8
0.6 06
0.4 04
02 0.2
0.0 0.0

Fig. S10. The fraction of (a) O/G and (b) wetland emission in total methane emission flux
(excluding soil absorption here) for each gridcell. See Methods for more details about the emission
inventories.

O/G basins used in this study
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Fig. S11. Map of O/G basins in this study. Black polygons represent estimated boundaries of
aircraft sampled source regions (different polygons denote different flight paths), with the
shapefiles provided by Alvarez et al. (2018). For these basins with multiple flight paths, we only
show the one with the largest size in Figure 1-2. Blue polygons are basin boundaries from other
studies, including Johnson et al. (2017) for Alberta East, Zavala-Araiza et al. (2018) for Alberta
West, Ren et al. (2019) for SW PA, Zhang et al. (2020) for Permian, and Lyon et al. (2021) for
Delaware. Red polygons represent other major O/G basins from US Energy Information
Administration (EIA, https://www.eia.gov/maps/maps.htm ).




OG emissions in Permian using different priors
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Fig. S12. Posterior emissions in Permian after applying different scaling factors (100%, 200% and
400%) to oil/gas production sector of the priors. The prior O/G emissions are thus 0.62, 1.1 and 2.2
Tg a' in Permian. Vertical bars indicate the 2x error standard deviations from the inversion

ensemble.
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Fig. S13. Relative and absolute changes of oil/gas production from 2015 to 2018 from Enverus

Drilling Info (Enverus DrillingInfo, 2020).
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Correction factors Averaging kernel sensitivities
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Figure S14. Posterior correction factors relative to the prior inventory and averaging kernel
sensitivities using TROPOMI data in different seasons.
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Figure S15. Ratio of posterior errors to prior errors for the 19 basms. The basin-scale prior errors
are calculated using a similar approach as described in Section 2.6.
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Fig. S16. Same as Fig.
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5 but for more variables, including short-wave infrared (SWIR) albedo,
SWIR aerosol optical depth, surface altitude, surface roughness (standard deviation of surface
altitudes), blended albedo, gas production.
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Fig. S17. Same as Fig. S2b, but for TROPOMI data density globally. Gridcells with density < 0.3
counts km™ a™' are shown as white.
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Fig. S18. Ten examples of pseudo O/G basins. We generate 1,000 pseudo O/G basins with varying
locations and area sizes across North America and here we show 10 examples of them.
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Fig. S19. Same as Fig. S16 but for 1,000 pseudo-basins that are generated randomly with varying
locations and area sizes in the study domain. The correlation coefficients are shown inset.
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Table S1. Oil and natural gas emission fluxes by field estimates, national bottom-up estimates and
TROPOMI top-down inversion in major oil/gas basins in the US and Canada.

Bottom-up
Field estimates by Bottom-up Top-down
Basin nam Reference for the Years of field estimates Alvarez et al. | estimates by US | estimates by
¥ | field measurements | measurements (Gg a™) (Alvarezet | EPA and ECCC TROPOMI
& al., 2018) for | for 2018 (Gga') | for 2018-202
2015
Bakken Peischl et al. (2016) 2014 237 210 98 123
Barnett Karion et al. (2015) 2013 526 499 247 478
DJ Pétron et al. (2014) 2012 166 184 55 52
. Schwietzke et al.
Fayetteville (2017) 2015 272 201 37 36
Haynesville | Peischl et al. (2015) 2013 639 639 273 656
NE PA Barkley et al.(2017) 2015 131 175 15 28
San Juan Smith et al. (2017) 2015 499 499 186 236

Uinta Karion et al. (2013) 2012 482 254 67 96

West Peischl et al. (2015) 2013 228 114 30 51
Arkoma

Johnson et al.
Alberta East (2017) 2016 59 19 32
Alberta Zavala-Araiza et al.

West (2018) 2016 42 59 68
Permian EDF (2019) 2018 2663 620 2550*
SW PA Ren et al. (2019) 2015 187 33 64

Delaware Lyon et al. (2021) 2019-2020 1542 116 800**

* We use the posterior estimates in Permian Basin from May 2018 to March 2019 here to match the
sampling period by EDF (2019).
™ We use the posterior estimates in Delaware from April 2019 to February 2020 here to match the
sampling period by Lyon et al. (2021).

Table S2. Number of native gridcells and clusters in each domain' of the US and Canada.

Native Clusters inside Clusters outside Length of the state
grideells each domain each domain vector
California 77 62 16 155
US Mountain West 264 101 16 381
US South 1368 224 16 1608
US Northeast 516 132 16 664
Canada West 577 249 16 842
Total 2802 768 80 3650

'Details of these domains can be found in Fig. S5-S6.
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Table S3. TROPOMI retrieval parameters, emissions and oil/gas production in major O/G basins.

13 3
Area Obis;rlvat SWIR' Aerosol Surface Surface Prior Posterior | Averaging Relative rocglgtion ( ro(jsztion
2 optical altitude Roughness® | emissions emissions kernel P . p .
D g

(km?) counts albedo depth (m) (m) (Gg ah) (Gg ah) sensitivity 2xSD Bbl) in (Mcf) in

@ 2019 2019
Bakken | 1.8x10° | 5.1x10° 0.12 0.03 678 24 98 123 1.3 26% 4.5%108 9.9x10°
Bamett | 4.3x10* | 1.4x10* | 0.11 0.03 267 17 247 478 6.1 13% 8.1x10° 1.1x10°
DJ 55x10° | 1.1x10° 0.17 0.04 1506 21 55 52 2.1 45% 1.3x108 7.8x10°8
Fayelge“l 7.5x10° | 3.3x10° 0.08 0.03 186 32 37 36 1.0 48% 0 4.2x10°
Hay?:s‘”l 22x10* | 6.6x10° | 0.06 0.03 88 12 273 656 55 16% 5.9x10° 3.7x10°
NE PA 6.8x10° | 1.2x10° 0.06 0.03 423 53 15 28 0.4 34% 0 2.5%10°
SanJuan | 1.0x10* | 4.8x10° 0.21 0.04 1950 49 186 236 4.4 22% 3.3%10° 6.4x10°
Uinta 2.9x10° | 1.8x103 0.23 0.04 1593 44 67 96 1.1 21% 7.6x10° 1.3x108
AX?)?;& L1x10* | 3.9x10° 0.08 0.03 242 44 30 51 1.1 31% 1.1x103 8.6x107
Anadarko | 4.2x10* | 1.7x10* | 0.15 0.03 580 20 226 610 4.0 22% 1.4x108 2.1x10°
California | 3.8x10° | 3.9x10° 0.15 0.02 191 29 79 244 4.1 30% 1.1x108 1.2x108
I;i%f 3.8x10* | 13x10* | 0.12 0.02 146 11 174 508 3.8 18% 4.6x108 2.1x10°
Marcellus | 1.5x10° | 3.4x10* | 0.07 0.03 467 47 643 613 24.6 28% 4.6x107 1.2x10'°
Wyoming | 2.5x10* | 1.7x10° | 0.15 0.03 1433 35 61 124 45 29% 5.1x107 2.6x108
Aaesr:a 2.6x10° | 6.8x102 0.08 0.03 619 22 19 32 0.3 51% 1.4x107 7.9x106
Aé:;zsa 12x10* | 3.5x10° 0.09 0.03 929 23 59 68 1.2 24% 1.4x107 2.4x10°
Permian | 1.7x10° | 1.1x10° 0.24 0.03 1030 24 620 2903 16.8 14% 1.6x10° 5.3%10°
SWPA | 43x10° | 13x10° 0.08 0.03 373 34 33 44 25 29% 2.4x10° 1.6x10°
Delaware | 1.2x10* | 1.2x10* | 028 0.03 955 19 116 790 35 19% 5.5%10°8 2.3x10°

'The short-wave infrared (SWIR) albedo
*Surface roughness is defined as the standard deviation of surface altitudes in each satellite pixel.
30il and gas production are from Enverus DrillingInfo (2020) .
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