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Text S1. TROPOMI inversion evaluation

Here we provide a detailed evaluation of the TROPOMI XCO flux inversions. We evalu-

ate the inversions in terms of the posterior mismatch against TROPOMI XCO and against

the independent Wollongong TCCON, Lauder TCCON, CrIS day-time, and CrIS night-

time XCO measurements, as well as surface-based flask and in situ measurements at Cape

Grim (CGO), Australia, Baring Head (BHD), New Zealand, and Lauder (LAU), New

Zealand. Tables S1 and S2 show the posterior mistmatch for all measurements when

posterior biomass burning emissions are released at the surface and injection height, re-

spectively. Injection heights are obtained from IS4FIRES and shown in Fig. S1. The

posterior mismatch is most sensitive to the imposed boundary conditions. The simu-

lated XCO fields show a systematic low bias of 7.65–8.21 ppb against TROPOMI when

the boundary conditions from the global TROPOMI inversion are employed. This is be-

cause of a residual bias in the global TROPOMI flux inversion used to generate boundary

conditions, which originated from biased initial conditions. For the adjusted flux inver-

sion, where 10 ppb is subtracted from the boundary conditions, the posterior CO fields

are biased high relative to TROPOMI by 0.80–1.17 ppb. Despite the large difference in

the posterior bias against TROPOMI for the original boundary conditions and adjusted

boundary conditions, the posterior biomass burning emissions are quite similar between

these inversions (Fig. S2) and the relative bias mostly reflects the boundary conditions

rather than the optimized fluxes.

To use a metric more closely associated with the optimized biomass burning emissions,

we sub-select XCO measurements that are biomass burning sensitive. For TROPOMI and

Wollongong, and CrIS we sub-select for measurements most sensitive to biomass burning
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emissions by only including measurements above 97 ppb, which is one standard deviation

above the mean for all TROPOMI measurements within the nested domain. For Lauder,

we sub-select measurements that are greater than 66 ppb (one standard deviation above

the mean of Lauder measurements). The threshold is lower for Lauder because this site is

far from the source emissions and thus the emissions are more dispersed. Tables S3 and S4

show the posterior mismatch for biomass-burning sensitive measurements when posterior

biomass burning emissions are released at the surface and injection height, respectively.

We find that the biomass-burning-sensitive posterior XCO fields show better agreement

with TROPOMI than the prior for all inversions, as expected. This is true when emissions

are emitted at the surface and at the injection height. The posterior XCO fields are

systematically low relative to the TROPOMI measurements (∼ 25 ppb), but not as low

as the prior (∼ 35 ppb). This low bias may be due to systematic transport errors that

limit the ability of the flux inversion to match observed XCO enhancements. However, the

posterior data-model differences generally do not show high sensitivity to emission height

(differences of ∼ 3 ppb).

For the Wollongong TCCON site, the data-model mismatch is very sensitive to the

emission height of the emissions, with values being >10 ppm more positive for emissions at

the injection height. This is likely due to the fact that emissions are more quickly advected

away from the source region (where Wollongong is located) when released in the free

troposphere relative to at the surface. Prior GFED emission show good agreement with

TCCON measurements when emitted at the surface but the CO fields are systematically

low for GFAS emitted at the surface. Both GFED and GFAS are systematically low for

both GFED and GFAS when emissions are released at the injection height. Posterior
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CO emissions give systematically higher XCO when emitted at the surface (mean data-

model mismatch of -27.46 ppb), but generally show close agreement when emitted at the

injection height (mean data-model mismatch of 6.14 ppb).

For the Lauder TCCON site, posterior emissions generally give smaller data-model

mismatches than the prior. For emissions at the surface, both the prior and posterior CO

fluxes show good agreement, although the agreement is generally better for the posterior

fluxes. For emissions at the injection height, both the prior and posterior simulated XCO

are systematically low relative to the Lauder measurements, although the mismatch is

generally smaller for the posterior fluxes.

For CrIS, the data-model mismatch is systematically positive for all simulations. How-

ever, the data-model mismatch is much larger for the day-time measurements (28.15–

42.51 ppb) than night-time measurements (12.18–20.21 ppb). The data-model mismatch

also shows weak sensitivity to the prior fluxes. The column averaging kernel for CrIS is

peaked in the upper troposphere (300–400 hPa, Fig. S3), thus the positive data-model

and insensitivity to biomass burning emissions could be explained by weak vertical mixing

in the transport model.

The surface-based flask and in situ measurements show qualitatively similar results to

the XCO data (Table S5). For this analysis, we examine the mean posterior and prior data-

model mismatches averaged across the different boundary condition and biomass burning

estimates. For all measurements, the data-model mismatch is systematically negative (-

2.45 to -6.84 ppb), which is primarily due to residual biases in the boundary conditions.

For biomass burning sensitive measurements, the data–model mismatch is sensitive to

the emission heights, consistent with the XCO data. When emissions are released at the
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injection height, the data-model mismatch for biomass-burning-sensitive measurements is

reduced from 20.42–99.15 ppb to 7.22–60.22 ppb. However, the prior and posterior data–

model mismatches are of similar magnitude when biomass burning emissions are released

at the surface.

Overall, we find that the posterior fluxes show good agreement with the evaluation

datasets. Furthermore, the posterior emissions generally improve the data-model mis-

match relative to the prior. This agreement is somewhat dependent on the injection

height of the biomass plume. The mean data-model mismatches are systematically posi-

tive for for emissions released at the injection height, suggesting that posterior emissions

are underestimated. However, the high sensitivity to emission height precludes a definitive

conclusion from this analysis.

Text S2. TROPOMI-based CO2 flux estimates

Biomass burning CO2 estimates are derived from the posterior CO fluxes using emis-

sion factors. To perform the conversion, we use emission factors from the same emission

database as the prior fluxes. Both GFED (van der Werf et al., 2017) and GFAS (Kaiser et

al., 2012) use biome-specific CO and CO2 emission factors but there are some differences

between the databases. Table S7 shows the emission factors for the forest and non-forest

ecosystems. GFAS and GFED differ most in emission factors for forest regions, but are

within the natural variability in emission factors reported by Akagi et al. (2011), Paton-

Walsh et al. (2014), and Guérette et al. (2018). Due to the fact that the majority of

biomass burning emissions occur in forest regions, the effective CO2/CO emission ratio

for GFED (12.01 gC gC−1) and GFAS (11.30 gC gC−1) are close to the values for forests.

Figure S4 shows a histogram of the ratio of CO2 to CO emission factors employed to con-

November 21, 2021, 7:15pm



: X - 7

vert posterior CO emissions to CO2 emissions over southeast Australia after aggregating

to the model resolution (0.5×0.625 degrees). We find that GFED emission factors are

generally larger than for GFAS. As the posterior CO fluxes are also larger for GFED, this

results in a larger spread in estimated emission of CO2 than the posterior CO emissions.

Text S3. Comparison of FluxSat GPP, SIF, and NIRv

Figure S5 shows the seasonal cycle of FluxSat GPP, OCO-2 daily corrected 740 nm SIF,

TROPOMI daily corrected 740 nm SIF and MODIS NIRV for the non-forest, unburned

forest, and burned forest areas. It should be noted that both SIF datasets examined here

have deficiencies in this comparison. OCO-2 SIF has infrequent measurements with a

narrow swath over this region, such that artifacts may be introduced due to the uneven

spatiotempiral coverage. TROPOMI SIF has much better observational coverage but is

based on a two year record, thus we cannot construct a reasonable climatological seasonal

cycle. Nevertheless, the GPP, SIF, and NIRV show quite consistent variations over these

regions. The strong agreement between these datasets, particularly NIRV, suggests that

structural changes in vegetation partially drive the variations in GPP. This is because

NIRV generally does not capture physiological changes in GPP. Still, the fractional reduc-

tions in SIF and GPP are also generally larger than for NIRv, pointing to a contribution

of reductions in GPP due to physiological responses for all ecosystems. A more detailed

comparison of these datasets is warranted but beyond the scope of this analysis.

Caption for Video 1

(a) Timeseries showing the range of prior (red) and posterior (blue) biomass burning

CO emissions over southeast Australia. (b) Mean posterior biomass burning emissions

at 0.5◦ × 0.625◦ spatial resolution. Hatching indicates the locations of forested areas.
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(c) TROPOMI (i) mean XCO column averaging kernel, (ii) mean XCO and (iii) posterior

data-model mismatch at 0.5◦ × 0.625◦ spatial resolution. (d) CrIS (i) mean XCO column

averaging kernel, (ii) mean XCO and (iii) posterior data-model mismatch at 1.0◦ × 1.0◦

spatial resolution.

Caption for Video 2

Daily (a) ∆NEE and (b) biomass burning emissions over southeast Australia. Hatching

shows burned area. Timeseries of (c) ∆NEE and (b) biomass burning for (light grey)

non-forest, (green) unburned forest and (red) burned forest areas.
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Figure S1. Statistics of IS4FIRES injection heights. The fraction of hourly emission values

that are emitted at a given injection height is shown by the red bars. The fraction of total CO

emissions emitted at each height is shown by the blue line.

Table S1. Median data-model mismatch (ppb) for all observations within the Australia

domain when biomass burning emissions are released at the surface.

Experiment TROPOMI Wollongong Lauder CrIS day CrIS night
GFED, 2opt, BC 7.94 -2.81 -0.01 4.98 5.52
GFED, 1opt, BC 8.21 -0.98 0.76 5.05 5.58

GFED, 2opt, BC-adj -1.05 -10.80 -10.43 -0.68 -0.09
GFED, 1opt, BC-adj -0.80 -9.98 -9.73 -0.63 -0.08

GFAS, 2opt, BC 7.65 0.58 1.10 4.76 5.46
GFAS, 1opt, BC 7.69 1.40 1.19 4.77 5.47

GFAS, 2opt, BC-adj -1.07 -8.02 -9.07 -0.78 -0.12
GFAS, 1opt, BC-adj -1.00 -7.73 -9.07 -0.76 -0.11

mean 3.44 -4.79 -4.41 2.09 2.58
Prior GFED, BC 8.51 2.58 1.30 5.13 5.63

Prior GFED, BC-adj -0.59 -8.14 -9.39 -0.59 -0.08
Prior GFAS, BC 8.64 11.03 2.97 5.10 5.71

Prior GFAS, BC-adj -0.42 1.11 -8.86 -0.60 -0.03
mean 4.04 2.92 -3.77 2.26 2.81

mean(post-prior) 0.60 7.71 0.64 0.17 0.23
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Figure S2. Timeseries of CO2 biomass burning emissions (gC m−2day−1) for GFAS, GFED, and

inferred CO2 emissions from TROPOMI XCO flux inversions. Individual lines show GFAS (dashed

black), GFED (dashed black), posterior GFAS optimizing mean and diurnal fluxes (“GFAS,

2opt”, dashed blue), posterior GFAS optimizing only mean fluxes (“GFAS, 1opt”, solid blue),

posterior GFED optimizing mean and diurnal fluxes (“GFED, 2opt”, dashed red), posterior

GFED optimizing only mean fluxes (“GFED, 1opt”, solid red), posterior GFAS optimizing mean

and diurnal fluxes using adjusted boundary conditions (“GFAS, 2opt, adj”, dashed pastel blue),

posterior GFAS optimizing only mean fluxes using adjusted boundary condition (“GFAS, 1opt,

adj”, solid pastel blue), posterior GFED optimizing mean and diurnal fluxes using adjusted

boundary condition (“GFED, 2opt, adj”, dashed pastel red) and posterior GFED optimizing

only mean fluxes using adjusted boundary condition (“GFED, 1opt, adj”, solid pastel red).

November 21, 2021, 7:15pm



X - 12 :

Figure S3. Column averaging kernels for TROPOMI, CrIS, and TCCON sites. The black

line shows the mean averaging kernel and the grey shows the standard deviation. The mean and

standard deviation are calculated for sub-selected observations that have their lowest pressure

level in the range 920–970 hPa for TRPOPOMI and in the range 1000-1020 hPa for CrIS.

Figure S4. Histogram of the ratios of CO2 to CO emission factors for GFED4.1s and GFASv1.2

over southeast Australia after aggregating to 0.5×0.625 degree spatial resolution.
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Figure S5. Timeseries of (a) FluxSat GPP (gC m−2day−1), (b) daily corrected SIF at 740 nm

(W m−2 sr−1 µm−1), and (c) NIRV. For each quantity, the top panel shows the multi-year mean

(grey line) and range (shadded grey region) and the 2019/2020 seasonal cycle (red). The bottom

panel shows the fractional anomaly for 2019/2020 from the mean year. For SIF, OCO-2 estimates

are shown in the solid lines and TROPOMI estimates are shown by the dashed lines.
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Figure S6. Number density of the ∆XCO2topdown signal against combined ∆XCO2NEE+∆XCO2BB

signal (for the mean estimates) for (a) OCO-2 land super-obs, (b) OCO-2 ocean super-obs, (c)

Wollongong TCCON measurements, and (d) Lauder TCCON measurements. The colors show

the number of observations per grid cell. OCO-2 measurements are included over a domain of

130–170 E and 20–50 S. The solid black line shows the result of a linear regressions. Black points

show the average ∆XCO2topdown along for a given ∆XCO2NEE + ∆XCO2BB increment, binned with

0.2 ppm intervals; the error bars represent 1-σ. Aggregated points are only calculated if there

are more than 100 measurements for OCO-2, or more that 15 measurements for TCCON. Linear

regressions are shown for the aggregated points.
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Figure S7. 14-day maps of ∆XCO2 for OCO-2 measurements. Top row shows ∆XCO2topdown

and the bottom row shows ∆XCO2NEE + ∆XCO2BB.

Figure S8. Timeseries of annual (June–July) anomalies in FluxSat GPP, ERA5 soil tem-

perature, and ERA5 soil moisture for (a) non-forest and (b) forest ecosystems over southeast

Australia.
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Figure S9. Scatter plot of XCO2 against XCO for observed and simulated measurements

at Lauder and Wollongong TCCON sites. Grey points indicate measurements that were not

impacted by biomass burning, while red points were impacted by biomass burning (based on

a simulated biomass burning XCO2 signal >0.35 ppm). Blue line shows a linear regression for

measurements impacted by biomass burning, while the blue shading shows the uncertainty in

this regression, estimated from the spread of regressions performed with bootstrap re-sampling.
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Table S2. Median data-model mismatch (ppb) for all observations within the Australia

domain when biomass burning emissions are released at the injection height.

Experiment TROPOMI Wollongong Lauder CrIS day CrIS night
GFED, 2opt, BC 8.18 2.84 1.82 4.70 5.49
GFED, 1opt, BC 7.94 2.53 1.57 4.89 5.41

GFED, 2opt, BC-adj -0.89 -7.66 -9.06 -0.70 -0.17
GFED, 1opt, BC-adj -1.04 -8.16 -9.18 -0.74 -0.19

GFAS, 2opt, BC 7.75 5.53 1.40 4.98 5.33
GFAS, 1opt, BC 7.78 5.76 1.40 4.71 5.34

GFAS, 2opt, BC-adj -1.17 -3.65 -9.42 -0.87 -0.24
GFAS, 1opt, BC-adj -1.14 -3.37 -9.36 -0.86 -0.24

mean 3.42 -0.77 -3.85 2.01 2.59
Prior GFED, BC 8.54 4.00 2.13 5.10 5.60

Prior GFED, BC-adj -0.59 -6.77 -8.81 -0.61 -0.11
Prior GFAS, BC 8.74 11.44 2.18 5.12 5.68

Prior GFAS, BC-adj -0.37 1.06 -8.80 -0.60 -0.05
mean 4.08 2.43 -3.33 2.25 2.78

mean(post-prior) 0.66 3.20 0.52 0.24 0.19

Table S3. Median data-model mismatch (ppb) for biomass burning sensitive measurements

when biomass burning emissions are released at the surface.

Experiment
TROPOMI
> 97 ppb

Wollongong
> 97 ppb

Lauder
> 66 ppb

CrIS (day)
> 97 ppb

CrIS (night)
> 97 ppb

GFED, 2opt, BC 27.02 -64.11 -0.24 35.72 18.25
GFED, 1opt, BC 29.88 -32.97 1.64 37.73 18.32

GFED, 2opt, BC-adj 20.03 -63.81 -7.68 29.98 13.36
GFED, 1opt, BC-adj 23.48 -32.32 -7.12 32.13 13.40

GFAS, 2opt, BC 27.68 -9.93 5.77 35.94 18.81
GFAS, 1opt, BC 28.01 -8.62 6.32 35.92 18.81

GFAS, 2opt, BC-adj 22.89 -5.51 -2.61 31.11 13.22
GFAS, 1opt, BC-adj 23.85 -2.40 -1.63 31.64 13.39

mean 25.36 -27.46 -0.69 33.77 15.95
Prior GFED, BC 34.33 0.57 3.64 40.58 20.21

Prior GFED, BC-adj 27.04 -9.6 -6.18 34.32 14.08
Prior GFAS, BC 41.75 39.36 12.04 42.51 19.63

Prior GFAS, BC-adj 35.31 32.02 1.88 36.84 13.52
mean 34.61 15.59 2.85 38.56 16.86

mean(post-prior) 9.25 43.05 3.54 4.79 0.92
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Table S4. Median data-model mismatch (ppb) for biomass burning sensitive measurements

when biomass burning emissions are released at the injection height.

Experiment
TROPOMI
> 97 ppb

Wollongong
> 97 ppb

Lauder
> 66 ppb

CrIS (day)
> 97 ppb

CrIS (night)
> 97 ppb

GFED, 2opt, BC 29.35 3.23 7.42 35.04 18.57
GFED, 1opt, BC 26.88 -6.07 5.73 33.73 18.15

GFED, 2opt, BC-adj 22.21 -4.96 -2.41 29.68 12.60
GFED, 1opt, BC-adj 20.35 -10.74 -3.52 28.15 12.44

GFAS, 2opt, BC 29.49 19.89 11.06 34.61 17.71
GFAS, 1opt, BC 29.79 20.71 11.15 35.06 17.83

GFAS, 2opt, BC-adj 23.12 13.42 1.36 29.25 12.18
GFAS, 1opt, BC-adj 23.38 13.64 1.42 29.11 12.23

mean 25.57 6.14 4.03 31.83 15.21
Prior GFED, BC 34.58 25.79 9.26 36.80 19.51

Prior GFED, BC-adj 26.90 15.22 -0.91 31.13 13.29
Prior GFAS, BC 55.59 47.88 13.70 40.22 20.01

Prior GFAS, BC-adj 35.79 37.71 3.52 34.97 13.92
mean 38.21 31.65 6.39 35.78 16.68

mean(post-prior) 12.64 25.51 2.36 3.95 1.47
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Table S5. Median data–model mismatch for ground based in situ and flask measurements of

CO (ppb) at Cape Grim (CGO), Baring Head Station (BHD) and Lauder (LAU). Data–model

mismatches are shown separately for simulations that release biomass burning emissions at the

injection height (“injh”) and surface (“surf”), and simulations that utilize posterior (“post”)

and prior (“prior”) biomass burning emissions. In addition, the data-model mismatch is shown

for all measurements (“all”) and biomass-burning-sensitive measurements (“sens”). Biomass-

burning-sensitive measurements are taken to be measurements for which the simulated posterior

CO biomass burning signal is greater than 20 ppb for CGO (where there are many large observed

enhancements) and 5 ppb for Lauder (where there are fewer observed enhancements). No biomass

burning enhancements were found for BHD.

Simulation CGO BHD LAU
injh, all, post -3.75 -6.84 -2.45
injh, all, prior -3.65 -6.84 -2.45
injh, sens, post 60.22 N/A 7.22
injh, sens, prior 99.15 N/A 20.42
surf, all, post -4.60 -6.84 -3.91
surf, all, prior -4.26 -6.84 -3.87
surf, sens, post -14.56 N/A -11.20
surf, sens, prior 18.62 N/A 1.85
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Table S6. Median data–model mismatch for ground based in situ and flask measurements

of CO2 (ppm) at Cape Grim (CGO), Baring Head Station (BHD) and Lauder (LAU). Data–

model mismatches are shown separately for simulations that do include flux anomalies (“post”)

and those that do not (“prior”). In addition, the data-model mismatch is shown for for all

measurements (“all”) and those deemed to be sensitive to the CO2 flux anomalies (“sens”).

Sensitivity to flux anomalies was taken to be measurements where the magnitude of the simulated

flux anomaly CO2 signal was greater than 0.5 ppm.

Simulation CGO BHD LAU
all, post 0.02 0.03 -1.90
all, prior 0.04 0.16 -1.91
sens, post 0.36 -0.62 -1.71
sens, prior 1.20 0.43 -2.09
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Table S7. Emission factors (g[species]/kg[DM], where DM is dry matter) for GFED, GFAS,

compiled by Akagi et al. (2011), and for studies of Australian forests by Paton-Walsh et al. (2014)

and Guérette et al. (2018).

database Savanna Forest

GFAS CO (gCO/kgDM) 61 106 (extratropical)
GFAS CO2( gCO2/kgDM) 1646 1572 (extratropical)
CO2/CO Ratio (gC/gC) 17.17 9.44

GFED CO (gCO/kgDM) 63 88 (temperate)
GFED CO2 (gCO2/kgDM) 1686 1647 (temperate)

CO2/CO Ratio (gC/gC) 17.03 11.91

Akagi et al. (2011) CO (gCO/kgDM) 63 ± 17
89 ± 32 (temperate)

122 ± 44 (extratropical)

Akagi et al. (2011) CO2 (gCO2/kgDM) 1686 ± 38
1637 ± 71 temperate

1509 ± 98 (extratropical)

CO2/CO Ratio (gC/gC) 17.03 ± 4.61
11.71 ± 4.24 (temperate)

7.87 ± 2.88 (extratropical)

Paton-Walsh et al. (2014) CO (gCO/kgDM) 120 ± 20 (NSW)
Paton-Walsh et al. (2014) CO2 (gCO2/kgDM) 1620 ± 160 (NSW)

CO2/CO Ratio (gC/gC) 8.59 ± 1.16

Guérette et al. (2018) CO (gCO/kgDM) 101 ± 16 (Castlemaine)
Guérette et al. (2018) CO2 (gCO2/kgDM) 1650 ± 170 (Castlemaine)

CO2/CO Ratio (gC/gC) 10.40 ± 1.96

Guérette et al. (2018) CO (gCO/kgDM) 84 ± 13 (Greendale)
Guérette et al. (2018) CO2 (gCO2/kgDM) 1670 ± 170 (Greendale)

CO2/CO Ratio (gC/gC) 12.65 ± 2.34
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