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S1 Detailed description of inversion results
We performed a large number of individual inversion that differ in prior fire inven-

tory and inversion configuration. Here, we provide more details on the posterior flux
estimates from these inversions. Figure S3 shows the prior and posterior fluxes for each
inversions configuration and inventory. We find that the different inversion configura-
tions only have a modest impact on the posterior fluxes, with the CO+CO2 May-Sep
fire emissions ranging over 589–693 TgC. The Bayesian posterior uncertainties are
also shown for the inversions with 7 day optimization and include observational rep-
resentativeness errors, which give a 1 σ uncertainty of 23–56 TgC. The spread among
inversion configurations and Bayesian posterior errors are added in quadrature to give
total errors for the inversion ensemble.

The abundance of the hydroxyl radical (OH) controls the loss of OH, and therefore
strongly impacts emission estimates. In this study, we use OH output by the MOMO-
Chem chemical data assimilation system, which has undergone extensive evaluation
[1, 2]. Still, the atmospheric abundance of OH is uncertain, so here we provide an
assessment of the sensitivity of emission estimates to prescribed OH. This is tested
by re-running the full set of experiments using different OH fields [3] (referred to as
“GEOS-Ghem”). Figure S1 shows that the lower air-mass-weighted OH concentra-
tions produced by the GEOS-Chem simulation (10.3 × 105 molec cm−3) results in
a 37% reduction in estimated CO+CO2 emissions relative to the MOMO-Chem OH
abundance (11.4× 105 molec cm−3). For comparison, the distribution of modeled OH
abundances for the Atmospheric Chemistry and Climate Modeling Intercomparison
Project (ACCMIP) [4]. A further complication is that both OH abundances and atmo-
spheric CO production are impacted by fires. This sensitivity analysis emphasizes the
importance of OH abundances of fire emission estimates, and motivates further work
to better quantify OH fields.

S2 Performance of atmospheric CO inversions
The performance of the atmospheric CO inversions is evaluated by investigating the

mismatch of posterior CO fields against the assimilated TROPOMI XCO retrievals and
independent TCCON XCO retrievals. The mismatch against assimilated TROPOMI
XCO retrievals for the mean posterior flux across the inversion ensemble for each
inventory is shown as maps in Fig. S8 and as histograms in Fig. S9. The prior inven-
tories indicate large-scale positive biases, suggesting that the model-simulated XCO

levels are underestimated. This implies that prior emissions are too low to match
observed atmospheric XCO abundances. The prior estimates show both regionally pos-
itive biases (QFED) and negative biases (GFED) over Canada during May–Sep 2023.
The posterior fluxes largely mitigate these biases, but leave small negative biases over
North America and small positive biases elsewhere. A similar spatial structure is seen
when the emissions are released at a modeled injection height (IS4FIRES), suggest-
ing this does not explains the residual structures. Comparisons of the mean posterior
flux across the inversion ensemble for each inventory against the East Trout Lake
(Fig. S10) and Park Falls (Fig. S11) TCCON sites show marked improvements for the
posterior XCO relative to the prior XCO. Considerable scatter remains, particularly at
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elevated XCO mole fractions above 200 ppb. In part, this results from the inability of
the transport model to accurately model and represent biomass burning plumes.

Tables 1–3 show the mean and standard deviation against TROPOMI, East Trout
Lake, and Park Falls for each individual inversions. These statistics are shown for
forward simulations where the emissions are released at the surface (as in the inversion)
or at a fire injection height that is modeled by IS4FIRES. We find that the posterior
observation-model differences to be much smaller that the standard deviation of the
mismatch for all cases. The relative performance of individual inversion configurations
are not clearly distinguishable, as they all show similar agreement against TCCON
data.

Fig. S1 Sensitivity of CO+CO2 emission estimate to prescribed OH abundances. Top-down May-Sep
CO+CO2 emissions against the air-mass-weighted OH abundance for the GEOS-Chem and MOMO-
Chem OH fields, with error bars showing the range of estimates due to inversion configuration.
The distribution of modeled OH abundances for the Atmospheric Chemistry and Climate Modeling
Intercomparison Project (ACCMIP) are shown by the blue dots, and a gaussian density function of
these dots is shown by the shaded blue area.
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Fig. S2 May-Sep forest fire CO2+CO emissions over 2003–2023. Bottom-up estimates are shown
by the bars for GFED, GFAS, and QFED. Top-down estimates that assimilate MOPITT XCO are
shown in green. Estimates that assimilate TROPOMI XCO are shown with error bars. There was an
error in the GFAS inversions during 2019-22, so those are not shown.

Fig. S3 Maximum a posteriori CO+CO2 fire emission over Canadian forests for May-Sep 2023 using
four different inversion configurations. From left-to-right, posterior estimates are shown for inversions
configuration (i)–(iv). The posterior uncertainties (1 σ) for experiment a are also shown. The black
error bars show the range in maximum a posteriori estimates but do not include the Bayesian errors.
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Fig. S4 Climate variations for Canadian forests over 1980–2023 for (a) precipitation, (b) 2 m air
temperature, and (c) VPD. Panel (i) shows the timeseries of mean values over Canadian forests while
panel (ii) shows the percent of area with each Z-score
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Fig. S5 2003-2022 Climatology for Canadian forests. Maps of (a) CPC Global Unified Gauge-Based
cumulative precipitation, (b) MERRA-2 2 m temperature, (c) MERRA-2 VPD, and (d) fire CO2+CO
emissions from the GFED4.1s database. All maps are shown at a spatial resolution of 0.5◦ × 0.625◦
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Fig. S6 Forest climate anomalies during 2023 over two regions: Northwestern Canada near Great
Slave Lake (57–62N,110-125W), and western Quebec (49–55 N, 72–80 W). Timeseries of (top-to-
bottom) CPC Global Unified Gauge-Based cumulative precipitation, MERRA-2 2 m temperature
(with 2-week running mean), MERRA-2 VPD (with 2-week running mean), and fire CO2+CO emis-
sions from the GFED4.1s database.
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Fig. S7 Same as Fig. ?? but for CMIP6 SSP5-8.5.

Fig. S8 Map of May-Sep 2023 mean TROPOMI XCO retrievals minus model simulated XCO. The
difference is shown for the (ai) GFED4.1s inventory, (aii) mean posterior with GFED4.1s as a prior,
(bi) GFAS inventory, (bii) mean posterior with GFAS as a prior, (ci) QFED inventory, and (cii) mean
posterior with QFED as a prior.
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Fig. S9 Histograms of TROPOMI XCO retrievals minus model simulated XCO over the region shown
in Fig. S8 (20–86 ◦N, 170 ◦W–75 ◦E). Histograms are shown for the (ai) GFED4.1s inventory, (aii)
mean posterior with GFED4.1s as a prior, (bi) GFAS inventory, (bii) mean posterior with GFAS as a
prior, (ci) QFED inventory, and (cii) mean posterior with QFED as a prior. The mean and standard
deviations are shown in the top-left corner for each panel.
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Fig. S10 TCCON XCO retrievals against model simulated XCO at East Trout Lake (54.35 ◦N,
104.99 ◦W). The comparison is shown for the (ai) GFED4.1s inventory, (aii) mean posterior with
GFED4.1s as a prior, (bi) GFAS inventory, (bii) mean posterior with GFAS as a prior, (ci) QFED
inventory, and (cii) mean posterior with QFED as a prior. Statistics on the TCCON minus model
differences are given in the lower right of each panel.
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Fig. S11 TCCON XCO retrievals against model simulated XCO at Park Falls (45.95 ◦N, 90.27 ◦W).
The comparison is shown for the (ai) GFED4.1s inventory, (aii) mean posterior with GFED4.1s as
a prior, (bi) GFAS inventory, (bii) mean posterior with GFAS as a prior, (ci) QFED inventory, and
(cii) mean posterior with QFED as a prior. Statistics on the TCCON minus model differences are
given in the lower right of each panel.
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Fig. S12 Box-and-whisker plots of the decadal mean CMIP6 cumulative precipitation (Jan-Sep)
and mean T2M (May-Sep) over Canadian boreal forests. The black line shows the ensemble median,
shaded grey area shows the interquartile range, and error bars show the 5–95 percentile range. The
decadal means and individual years of the CPC Global Unified Gauge-Based Analysis of Daily Precip-
itation data and MERRA-2 T2M data are shown in red. The MERRA-2 T2M is shown to correspond
closely with the CMPI6 ensemble median while the Precipitation data is around the 25th percentile
of the CMIP6 ensemble, suggesting most CMIP6 models overestimate precipitation over the Cana-
dian boreal forests.

Fig. S13 (a) Managed and unmanaged lands within Canada. Fraction of inversion model 2◦ × 2.5◦

grid cells that are (a) managed or (b) unmanaged lands.
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Table 1 Mean ± standard deviation (ppb) of the observation minus model simulated TROPOMI
XCO over the region 20–86 ◦N and 170 ◦W–75 ◦E during May-Sep 2023. Statistics are shown for the
prior inventories and maximum a posteriori flux estimates for the four inversion configurations, and
are shown for both release at model surface and IS4FIRES plume injection height.

surface release injection release
Experiment GFED GFAS QFED GFED GFAS QFED

prior 3.7± 32.4 18.7± 19.0 26.8± 21.3 3.4± 32.0 13.7± 18.3 25.4± 20.6
3-day/no-rep 3.2± 19.1 2.4± 18.1 2.4± 15.7 2.8± 19.9 3.2± 18.0 2.3± 15.9
3-day/rep 0.1± 23.2 0.6± 18.0 1.9± 16.1 0.2± 22.1 1.1± 17.9 1.9± 16.1

7-day/no-rep 0.9± 20.2 2.5± 16.7 2.3± 15.6 −0.2± 20.5 5.0± 16.4 2.2± 15.6
7-day/rep 0.1± 23.2 0.6± 18.0 1.9± 16.0 −0.2± 21.4 1.2± 17.7 1.9± 15.7

mean 1.1± 20.0 1.6± 17.1 2.2± 15.5 0.6± 19.6 2.6± 16.8 2.1± 15.5

Table 2 Mean ± standard deviation (ppb) of the observation minus model simulated TCCON XCO at
East Trout Lake. Statistics are shown for the prior inventories and maximum a posteriori flux estimates
for the four inversion configurations, and are shown for both release at model surface and IS4FIRES
plume injection height.

surface release injection release
Experiment GFED GFAS QFED GFED GFAS QFED

prior −9.4± 62.9 27.1± 24.3 41.2± 30.2 −8.6± 58.7 23.0± 24.9 40.0± 31.2
3-day/no-rep 0.5± 29.5 −0.2± 31.6 −2.5± 31.8 −0.5± 34.2 0.1± 32.8 −3.0± 34.2
3-day/rep −3.2± 34.0 −3.4± 34.5 1.8± 26.4 −4.5± 37.8 −3.7± 35.9 1.1± 30.1

7-day/no-rep −7.4± 37.2 −1.0± 32.3 −1.8± 32.4 −10.2± 45.2 1.3± 35.8 −2.5± 33.8
7-day/rep −4.2± 35.6 −1.5± 31.6 −0.4± 30.5 −3.3± 37.5 −1.9± 33.8 −1.0± 31.3

mean −3.6± 32.3 −1.5± 31.4 −0.7± 29.6 −4.6± 36.1 −1.1± 33.5 −1.3± 31.6

Fig. S14 Spatial distribution of May-Sep 2023 (a-c) prior and (d-e) posterior CO+CO2 fire emissions
at 2◦ × 2.5◦ spatial resolution.
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Table 3 Mean ± standard deviation (ppb) of the observation minus model simulated TCCON
XCO at Park Falls. Statistics are shown for the prior inventories and maximum a posteriori flux
estimates for the four inversion configurations, and are shown for both release at model surface and
IS4FIRES plume injection height.

surface release injection release
Experiment GFED GFAS QFED GFED GFAS QFED

prior 10.8± 22.6 33.4± 16.8 45.6± 16.0 9.8± 23.3 25.3± 16.8 42.9± 15.8
3-day/no-rep 5.3± 26.6 6.2± 19.7 3.1± 17.9 5.2± 28.5 6.4± 19.9 2.6± 18.0
3-day/rep 2.1± 27.5 1.8± 21.8 3.9± 19.9 1.8± 27.3 2.8± 19.3 3.7± 20.0

7-day/no-rep 0.0± 21.1 5.9± 17.9 3.0± 17.5 0.0± 19.8 9.8± 16.7 2.6± 16.8
7-day/rep 2.5± 24.3 3.7± 22.5 2.9± 18.6 2.0± 26.9 4.0± 20.9 2.5± 18.4

mean 2.5± 23.6 4.4± 19.7 3.2± 18.1 2.3± 24.3 5.7± 18.6 2.9± 18.0
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