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Overview

• Introduce use of atmospheric trace gas measurements to quantify sources/sinks

𝐴𝑡𝑚𝑜𝑠𝑝ℎ𝑒𝑟𝑖𝑐 𝐶𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝑓(𝐹𝑙𝑢𝑥)



Overview

• Introduce atmospheric inversions 
through case study of 2023 Canadian 
wildfires

• Highlight other applications including 
large-scale carbon monitoring and 
monitoring oil and gas methane 
leaks.
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Goals of this study

• Estimate amount of carbon emitted by 2023 Canadian forest fires.

• Examine the climate context (why was 2023 so unusual?)

• What are the Implications/lessons?



Tracking fire carbon emissions: bottom-up

• Fire carbon emissions are estimated from remote-sensing observations of 
burned area and fire radiative power

Datasets

• GFED4.1s

• GFAS

• QFED

Sentinel-2 based burned area

Fig: Chen et al., 2023, ESSD

C emissions = burned area 
                          × fuel consumption 
                          × emission factor 

C emissions = Fire radiative power
                          × dry matter combustion rate
                          × emission factor 

GFAS Fire Radiative Power
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𝒙𝑝𝑟𝑖𝑜𝑟: prior estimate of fluxes

𝒚: observation of the atmosphere

𝒚𝑝𝑟𝑖𝑜𝑟 = 𝑯𝒙𝑝𝑟𝑖𝑜𝑟: simulated obs with prior flux

Minimize J --> maximum a posteriori solution



Tracking fire carbon emissions: Top-down

• Top-down approaches adjust bottom-up inventories to be consistent with 
observed trace-gas concentrations.

• We use TROPOMI XCO observations with the CMS-Flux inversion system
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The top-down estimate scales up the 
emissions from the GFAS inventory to 
better agree with observed atmospheric 
CO concentrations



2023 Canadian forest fire emissions

TROPOMI XCO observations show sustained high 
concentrations relative to previous four years 



2023 Canadian forest fire emissions

Top-down estimate of 
570-727 TgC of carbon 
emitted during May-Sep.



2023 Canadian forest fire emissions

These fire emissions 
are larger than most 
countries annual 
fossil fuel emissions. 
Only China, U.S.A., 
and India have larger 
emissions.



• 2023 was both the hottest and driest 
year for Canadian forests in MERRA-2 
dataset (1980—2023)
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• 2023 was both the hottest and driest 
year for Canadian forests in MERRA-2 
dataset (1980—2023)

• Northern Quebec was extremely dry

• Great Slave Lake area was extremely hot

Climate context: 
2023 was hot and dry



Climate context: 2023 was hot and dry

Forest integrated value

Fraction of forest within each threshold

year



Climate context: 2023 was hot and dry

Precipitation
• 86% area below average 
• 52% area was <1 standard deviation

Temperature
• 100% area above average
• 88% area was >1 standard deviation



Relationship between fire and climate

• Fire emissions are largest 
under hot (Z-score>0) and 
dry (Z-score<0) conditions.
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Relationship between fire and climate

• Fire emissions are largest 
under hot (Z-score>0) and 
dry (Z-score<0) conditions.

• 2023 was much hotter and 
drier than the preceding 
20 years.

• CMIP6 models suggest 
that temperatures of 2023 
will be the norm by 2050s 
under SSP2-4.5



2023 Canadian Fires - Conclusions

• 2023 Canadian forest fire carbon emissions were 570-727 TgC.
• Compared to Fossil Fuels, only China, USA, and India emit more annually 

• These fires occurred during the hottest and driest year since at least 1980.

• The temperatures of 2023 will become the norm by 2050s.



Atmospheric CO2 inversions

• About half of economic CO2 emissions 
remain in the atmosphere

• Carbon uptake and release by land 
ecosystems and oceans are important 
for growth of atmospheric CO2 but 
poorly understood.

• Success of the Paris Agreement 
depends on knowledge of where CO2 
is being emitted and absorbed 



Atmospheric CO2 inversions

• Through ensemble of inversion systems, we produced 
a dataset of country carbon emissions informed by 
atmospheric CO2 data.

• Ensemble of inversion systems allowed better 
characterization of systematic errors.

• Find robust source/sink signals for large countries 
(USA, Russia, China) but challenging to isolate smaller 
countries (e.g., European countries).



Atmospheric CO2 inversions challenges

• Requirements in measurement and model accuracy are stringent!
• Large-scale fluxes have a tiny imprint in atmospheric CO2

• Rapid atmospheric mixing means strong regularization is needed without 
extremely dense data.



Tracking methane emissions

• Global methane pledge aims to 
reduce global methane emissions 
at least 30 percent from 2020 
levels by 2030.

• Need to identify and track 
emissions
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• Low cost CH4 sensors at oil & gas, landfills and other sites track emissions.

• Fast information enables action.



www.qubeiot.com

•  Inversions at meter-scale have different challenges than kilometer at 
representing atmospheric transport.

• Localization is important for
fixing leaks.

Contact:
brendan.byrne@qubeiot.com
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