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CSQ-1 Summary 

Ques�on Knowledge Advancement Objec�ves Observables Measurement 
Requirements 

Tools & 
Models 

Policies / 
Benefits 

What anthropogenic 
and natural 
processes are 
driving the global 
carbon cycle? 

A) Quan�fy CO2 and CH4 emissions 
from both anthropogenic and natural 
sources and CO2 removals from natural 
sinks on spa�al scales from individual 
facili�es or field plots to regional and 
global scales on seasonal �me scales. 

• Column-averaged 
atmospheric CO2 and 
CH4 dry air mole 
frac�ons (XCO2, XCH4) 
and their gradients. 

• High-spectral-
resolu�on imaging 
spectroscopy of CO2, 
CH4 and O2 bands at 
1-10 km spa�al 
resolu�on with 0.1 
to 0.5% accuracies. 

• Atmospheric 
CO2 and CH4 
retrieval 
algorithms 

• Atmospheric 
flux inverse 
models 

Integrated 
constraint on 
net emissions 
and removals of 
CO2 and CH4 for 
climate change 
(CC) mi�ga�on 
and adapta�on 
policy 
Climate finance. 
 
Monitor the 
efficacy of 
decarboniza�on 
policies and CO2 
removal 
strategies 

B) Dis�nguish intense anthropogenic 
CO2 and CH4 point source emissions 
associated with fossil fuel extrac�on, 
transport and use and land use change 
from wildfires and weak, spa�ally-
extensive sources (wetlands, 
permafrost mel�ng, agriculture). 

• High spa�al and 
temporal resolu�on 
measurements to 
detect CO2 and CH4 
emission plumes 

• Observa�ons of co-
emited species (NO2, 
CO) to discriminate 
combus�on sources 

• Fire radia�ve power 

• High-spectral-
resolu�on imaging 
spectroscopy of NO2 
and CO at 1-10 km 
spa�al resolu�on 

• High-spa�al 
resolu�on (< 30m) 
mul�-spectral and 
hyperspectral 
imaging  

• Atmospheric 
GHG 
retrieval 
algorithms 

• Atmospheric 
assimila�on 
systems 

• Discrete 
plume 
models 

C) Quan�fy emissions and removals 
(fluxes) of CO2 by the land biosphere 
on sub-seasonal �me scales with the 
accuracy needed to quan�fy and 
dis�nguish long-term (decadal) 
changes from climate perturba�ons 
and disturbances (e.g., drought, floods, 
wildfire) and human ac�vi�es (e.g., 
deforesta�on, intense agriculture). 

• XCO2 and XCH4 and 
their gradients at 0.1 
to 10 km resolu�on 

• Solar induced 
chlorophyll 
fluorescence (SIF) 

• Land use and land 
use change (LULUC)  

• High-spectral-
resolu�on imaging 
spectroscopy of CO2 

and Sif at 1-10 km 
spa�al resolu�on 

• high spa�al 
resolu�on NDVI, 
NIRv, Fire radia�ve 
power 

• SIF retrievals 
• Empirical 

light Use 
Efficiency 
and Machine 
learning 
models 
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CSQ-1 Narra�ve 

Since the beginning of the industrial age, anthropogenic CO2 emissions from fossil fuel combus�on, 
land use change and other ac�vi�es have increased and are now adding more than 40 billion tonnes 
of CO2 to the atmosphere each year. These emissions have increased the atmospheric CO2 
concentra�on by about 50% from values near 277 parts per million by volume (ppm) prior to 1750 to 
values near 420 ppm in 2023 (see htps://gml.noaa.gov/ccgg/trends/). Over this same period, 
methane (CH4) emissions from fossil fuel extrac�on, transport and use, changes in agriculture and 
wetlands and waste management prac�ces have increased the atmospheric CH4 concentra�ons by 
more than 160%, from values near 0.72 ppm to more than 1.90 ppm. These large changes in the 
atmospheric carbon reservoir affect the Earth’s energy balance because CO2 and CH4 are efficient 
atmosphere greenhouse gases (GHGs). Anthropogenic CO2 and CH4, alone, contribute more than 
90% of the present-day 1.1 °C global warming (IPCC 2021). 

Anthropogenic emissions of CO2 and CH4 would have produced much larger changes in the 
atmospheric composi�on and climate if these carbon-bearing gases were not regulated by natural 
processes. For example, on mul�-year �me scales, natural sinks in the land biosphere and ocean 
remove over half of the CO2 emited into the atmosphere by anthropogenic ac�vi�es, consistently 
maintaining the airborne frac�on near 0.45 over the past 60 years (e.g., Ballantyne et al., 2012; 
Bennedsen et al., 2019; Friedlingstein et al. 2021). For CH4, the primary sink is oxida�on by the 
hydroxyl radical (OH-), which limits its atmospheric life�me to about a decade (Saunois et al., 2020).  

While anthropogenic CO2 emissions from fossil fuel combus�on are well constrained in well-designed 
botom-up inventories, those from land-use change and management and natural sources and sinks 
of CO2 and CH4 are not well understood. In addi�on, there is growing evidence that natural carbon 
sources and sinks are beginning to evolve in response to con�nuing anthropogenic forcing and 
climate change. For example, while the efficiency of the ocean sink has increased in propor�on to 
the atmospheric CO2 abundance, the response of the land biospheric carbon sink has been more 
complicated, becoming less efficient in the tropics and somewhat more efficient across the northern 
extratropics (Crisp et al., 2021). Modelling studies suggest that the overall efficiency of the land sink 
will decrease with increasing emissions (IPCC 2021).  

Recent changes in the atmospheric CH4 reservoir are even less well understood. CH4 has a diverse 
range of natural sources, led by emissions from wetlands (~33%), inland waters, termites and wildfire 
(~7%).  Its primary anthropogenic sources are agriculture (~25%), fossil fuel extrac�on, transport and 
use (~18%), waste management (~12%) and biomass burning (Saunois et al., 2020; IEA, 2020). While 
atmospheric oxida�on is the primary CH4 sink, soils are responsible for removing ~6% of the 
atmospheric CH4 each year. The global atmospheric CH4 growth rate was 8-12 parts per billion per 
year (ppb/yr) between 1983 and 1991, but then fell to -5 to 5 ppb/yr from 1992 to 2014, and then 
began rising rapidly to > 15 ppb/yr by 2020 and con�nues to grow. The causes for these changes are 
not well understood, but there is growing isotopic evidence that the recent increased growth rate is 
driven primarily by increased emissions from biogenic sources (wetlands, agriculture and waste) 
rather than fossil fuel sources (e.g., Nisbet et al., 2019). 

At global scales, the ocean, land, and atmospheric carbon reservoirs are expected to con�nue 
changing in response to con�nuing human ac�vity (deforesta�on, forest degrada�on, intense 
agriculture), disturbance (drought, flooding, wildfire, infesta�on, tree mortality) and GHG-induced 
warming. Sustained and expanded global, space-based remote sensing observa�ons are becoming 
more essen�al for monitoring these changes. 

Observa�ons needed to constrain anthropogenic emissions of CO2 and CH4  
Our understanding of the carbon cycle and its response to natural and anthropogenic forcing has 
grown steadily over the past two decades as more advanced carbon cycle measurements have been 

https://gml.noaa.gov/ccgg/trends/
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made from land, ocean, airborne and satellite sensors. These data have been analyzed by carbon 
cycle models to constrain net CO2 and CH4 emissions and removals on global scales over decadal �me 
scales. However, these measurements and models are not yet adequate to fully constrain the rela�ve 
roles of land and ocean carbon sinks or to provide the �me-cri�cal, policy relevant informa�on 
needed to implement and assess the effec�veness of emissions reduc�on policies at na�onal scales.  

To meet these emerging needs, both the observa�ons and models of CO2 and CH4 require much 
greater precision, accuracy, and spa�al and temporal resolu�on and coverage. High precision and 
accuracy are needed to detect and quan�fy CO2 and CH4 sources and sinks because the background 
concentra�ons of these gases are large enough that even the most intense anthropogenic and 
natural sources and sinks produce changes larger than a frac�on of 1% on scales ranging from large 
urban areas to na�ons. Improved resolu�on and coverage are needed because both CO2 and CH4 
have a diverse range of sources and CO2 has a wide range of natural sinks that span a wide range of 
spa�al and temporal scales. 

While measurements of CO2, CH4, and other GHGs from ground-based, ship-borne and airborne in 
situ networks will con�nue to provide the most precise and accurate es�mates of atmospheric 
concentra�ons and their growth rates on global scales, these networks are too sparse to iden�fy and 
characterize CO2 and CH4 sources and sinks on scales ranging from large urban areas to na�ons. 
Recent advances in space-based remote sensing methods are providing new opportuni�es to 
augment the spa�al and temporal resolu�on and coverage of the ground-based and airborne GHG 
networks. For example, Japan’s Greenhouse Gases Observing Satellite (GOSAT) and GOSAT-2 and 
NASA’s Orbi�ng Carbon Observatory-2 (OCO-2) and OCO3 are now returning over a hundred 
thousand es�mates of the column average CO2 dry air mole frac�on (XCO2) over the sunlit 
hemisphere of the globe each day with accuracies near 1 ppm (O’Dell et al., 2018; Kiel et_ al., 2019; 
Müller et al., 2021).  Japan’s GOSAT, GOSAT-2 and the Copernicus Sen�nel 5 TROPOMI instrument are 
providing near global es�mates of the column-averaged CH4 dry air mole frac�ons (XCH4) each day.  

Ground-based, airborne, and space-based CO2 and CH4 es�mates are being assimilated into models, 
along with es�mates of atmospheric transport to derive es�mates of CO2 and CH4 fluxes on spa�al 
scales that range from individual facili�es or field plots to large urban areas, to regional or na�onal 
scales and to the globe. These modeling tools have evolved substan�ally over the past decade, and 
are now providing new insights into CO2 and CH4 emissions and CO2 sinks on both local scales (e.g., 
individual power plants or pipeline leaks; e.g., Nasar et al., 2022; Cusworth et al., 2020) and regional-
to-global scales (c.f., Chevallier, 2021; Peiro et al., 2021; Worden et al., 2022; Byrne et al. 2023). For 
example, Worden et al. (2022) find that their analysis of GOSAT data can quan�fy net CH4 fluxes from 
up to 57 of largest countries. Similarly, Byrne et al. (2023) found that OCO-2 data could be analyzed 
to yield es�mates of net carbon fluxes from the largest ~100 countries.  

These top-down atmospheric CO2 and CH4 flux es�mates complement the inventories of GHG 
emissions compiled by na�ons by providing an integrated constraint on the emissions and removals 
of CO2 and CH4 by all processes. They can also provide insights into processes omited from na�onal 
inventories, including transient fluxes of CO2 and CH4 associated with disturbances (e.g., severe 
weather, wildfire) and carbon flux changes on unmanaged lands that are associated with human 
ac�vi�es or climate change. Because of this, these top-down atmospheric flux es�mates are 
beginning to provide new insights into many aspects of the global carbon cycle. 

While these space-based atmospheric CO2 and CH4 sensors provide much greater resolu�on and 
coverage than ground-based, ship-based and airborne sensors, they s�ll do not yet have the spa�al 
or temporal resolu�on needed to provide reliable es�mates of net emissions from smaller countries 
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or to discriminate anthropogenic from natural sources. They also do not yet have the precision or 
accuracy needed to quan�fy the weak, but spa�ally extensive CO2 fluxes over the ocean. These 
shortcomings will be addressed to some extent over the next few years with the launch of new 
satellites, such as the Copernicus CO2M constella�on. These sensors will extend the pioneering OCO, 
GOSAT and TROPOMI datasets with sub-monthly sampling of CO2 and CH4 over most of the globe at a 
spa�al resolu�on of 2 km by 2 km. Simultaneous, co-bore-sighted observa�ons of nitrogen dioxide 
(NO2) will help to dis�nguish CO2 plumes associated with high temperature combus�on from land 
use sources or natural sources and sinks. These measurements will be augmented by data from 
public and private sector sensors such as GHGSat, PRISMA, Sen�nel 2, EMIT, Carbon Mapper. These 
sensors provide much less coverage, but much higher spa�al resolu�on to iden�fy the loca�ons of 
intense plumes of CO2 and CH4. These data should improve our ability to dis�nguish natural from 
anthropogenic emissions and to iden�fy the specific sectors (i.e., energy, industry, agriculture, 
forestry) responsible for anthropogenic emissions. There are currently no plans for deploying space-
based sensors with the precision and accuracy needed to measure ocean CO2 fluxes. 

These new sensors will offer new opportuni�es for monitoring natural and anthropogenic sources 
and sinks, but also pose several challenges. For example, they will gather orders of magnitude more 
measurements than exis�ng space-based sensors and these data will have a wide range of 
precisions, accuracies, resolu�ons and coverage. Their measurements will have to be cross-calibrated 
against recognized standards before they can be combined to enhance coverage or provide data 
con�nuity. Remote sensing retrieval algorithms with much greater computa�onal speed and 
accuracy are needed to analyze these large space-based datasets. Expanded ground-based and 
airborne valida�on systems, such as the Total Carbon Column Observing Network (TCCON; Wunch et 
al., 2017), COllabora�ve Carbon Column Observing Network (COCCON; Frey et al. 2019) and AirCore 
(Karion et al., 2010) will then be needed to iden�fy and correct biases and relate these space-based 
data to the World Meteorological Organiza�on (WMO) in situ atmospheric standards so that these 
data can be combined in flux inversion studies. Once these data are validated, atmospheric inverse 
models with much greater resolu�on and accuracy will be needed to retrieve reliable es�mates of 
CO2 and CH4 fluxes on scales spanning large urban areas to na�ons or con�nents. Models that 
combine CO2 and CH4 flux es�mates with other measurements or models of the land biosphere are 
needed to beter diagnose or predict changes in land carbon stocks associated with human ac�vi�es 
or climate change.  
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