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Abstract. Achieving net-zero emissions over the coming decades requires unprecedented reductions in 

anthropogenic emissions of greenhouse gases (GHGs) complemented by a rapid ramp-up in the magnitude of global 

carbon dioxide removal (CDR). The carbon credit market (CCM) is emerging as a means to finance both emissions 

reductions and carbon dioxide removal from the atmosphere. To achieve necessary growth on these fronts, the total 

scope and diversity of projects that are candidates for inclusion in the CCM must expand, necessitating a means of 30 

comprehensively assessing the quality of carbon credit projects1 (CCPs) based on their ability to make quantifiable 

reductions to GHG concentrations in the atmosphere. Toward a comprehensive quality assessment, we propose a 

framework to assess and differentiate CCPs based on their estimated impact on atmospheric GHG composition. In 

parallel, we propose a path towards verification of the aggregated atmospheric impact of CCM actions, since a 

detectable and attributable signal in atmospheric GHG composition can be viewed as the clearest measure of their 35 

climate forcing and, therefore, effectiveness.  

 
1 A carbon credit project is an activity designed to reduce or avoid greenhouse gas emissions, or remove them from 
the atmosphere, with each credit frequently defined as representing one metric ton of carbon dioxide equivalent. 
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1. Introduction 

The urgency for climate action has increased as the impacts of climate change are manifest. These impacts are in 

part direct consequences of the continued rise in global atmospheric carbon dioxide (CO2) concentrations (Forster et 

al., 2025, Friedlingstein et al., 2025). Compounding this rise, the rate of global warming is accelerating due to a 40 

continued increase in non-CO2 greenhouse gases (GHGs) and a recent decline in aerosol-driven cooling (Chen et al., 

2024, Yuan et al., 2024, Zhang et al., 2025). As a result, 1.5oC warming above pre-industrial conditions will be 

breached within the next decade (Bevacqua et al., 2025, Cannon, 2025, Forster et al., 2025). 

Scenarios with a climate outcome below 2°C warming over the 21st century require a rapid large-scale shift away 

from fossil fuel use towards low-carbon energy sources, reduced energy use, and carbon dioxide removal (IPCC, 45 

2023). Current climate policy efforts remain insufficient as emissions continue to rise globally and the emission gap 

between current projected trajectories (i.e., accounting for Nationally Determined Contributions, NDCs) and net-

zero requirements remains significant (UNEP, 2025). Consequently, there is a strong interest in accelerating 

emissions reductions while identifying ways to develop and scale up engineered or nature-based carbon dioxide 

removal (CDR) solutions. Indeed, CDR can play three key roles: 1) complement near-term net emissions reductions, 50 

2) compensate for residual emissions from hard-to-abate sectors when mitigation gets us close to net-zero emissions, 

or to enable net-negative emissions later in the 21st century and/or 3) bring global temperature back to a desired level 

after a temporary warming overshoot. 

A critical mechanism for CDR, the carbon credit market (CCM), faces systemic challenges (e.g., lack of 

transparency, inconsistent verification, and the absence of equivalence standards), which hinder its acceptance and 55 

scalability (William et al., 2020, Wall Street Journal, 2025, McIntosh et al., 2025). Some reform proposals have 

emerged and entities such as the Integrity Council for the Voluntary Carbon Market (https://icvcm.org/) are 

proposing core principles for registries and methodologies. Complementing these efforts, carbon credit issuers are 

proposing and implementing improved methodologies for advancing Measurement, Reporting, and Verification 

(MRV). However, assessing and differentiating the overall quality of CCPs remains challenging, especially across 60 

diverse project types (Probst et al., 2024).  

In this Perspective, we argue that the effectiveness of GHG emissions reduction and removal methods should 

ultimately be judged by their impact on atmospheric concentrations of CO2 and/or other GHGs. To that end, we 

encourage a focus on developing the observational, modeling and operational mechanisms needed for 1) 

identification and attribution of the aggregated impacts of CCPs on GHG fluxes across a variety of CCP regions 65 

(e.g., forest or agricultural eco-regions, cities, industrial basins) that can be aggregated up to larger geo-political 

domains (such as country-level) and 2) integration of the science efforts (e.g., better quantification, at the relevant 

scales, of GHG removals and emission reductions and of natural emission uncertainties), into operational CCM 

considerations. In addition, we propose to develop a quantification framework for comparing CCPs across project 

types, specifically through the lens of their impact on GHG concentrations in the atmosphere. 70 
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2. State of the Science 

We focus this Perspective on assessing the extent to which CCPs can support mitigation actions to reduce the 

atmospheric concentration of CO2 and other GHGs, as this is a direct measure of their climate forcing. This is 

discussed here through two complementary goals: 1) to quantify and attribute the aggregated atmospheric impact of 

CDR projects or emission changes (including avoided emissions) and 2) to define a framework enabling 75 

comparability (also known as fungibility) analysis of CCPs across a broad range of project types (e.g., forest 

management, waste, industrial or agricultural emission reductions, mangrove restoration, ocean sequestration, 

biochar). Note that, since this Perspective focuses primarily on the atmospheric composition impact of CCPs, we 

will not discuss the project-scale verification, as that is already part of the existing evaluation of each CCP during 

the registration process. 80 

2.1 Atmospheric impact of carbon credit projects 

The identification of decreases in atmospheric concentrations of GHGs can be viewed as the ultimate verification 

that the aggregated impact of carbon removal and emissions reduction projects is effective. Specifically, once carbon 

removal and/or emissions reduction efforts reach a scale sufficient to be detected at regional to global scales, what 

will be required to reliably quantify the impact of those efforts on atmospheric GHG concentrations?  85 

The difficulty of global-scale verification can be illustrated by the COVID-related reduction in 2020 CO2 emissions 

from decreased transportation, industrial, and economic activities. While this reduction was estimated to be 

approximately 2.6 GtCO2 (Le Quéré et al., 2021), the observed global mean CO2 surface concentration did not 

display a statistically significant response, given the large year-on-year variability of the global CO2 growth rate 

(Friedlingstein et al., 2022). The difficulty of identifying a statistically significant response under such a relatively 90 

large emission change is a symptom of the large uncertainties in the estimates of the global carbon fluxes, especially 

with respect to the variability of the natural (land and ocean) components of the carbon cycle (Friedlingstein et al., 

2022, 2025, Lovenduski et al. 2021).  

Multiple local to regional studies, however, were able to quantify COVID-related emissions reductions. Urban 

emissions changes were measured using both eddy covariance flux towers (Nicolini et al., 2022, Matthews and 95 

Schume, 2022, Vogel et al., 2024) and regional atmospheric inversions (Turner et al., 2020, Yadav et al., 2021, 

Nalini et al., 2022, Mallia et al., 2023, Roten et al., 2023, Hamilton et al., 2024). More generally, satellite and in situ 

data can be used to quantify GHG fluxes across urban areas (Lauvaux et al., 2020, Gurney et al., 2021, Ahn et al., 

2025), oil and gas basins (Varon et al., 2023, Barkley et al., 2023), agricultural areas (Lauvaux et al., 2020) and 

large point sources such as power plants (Cusworth et al, 2021, 2023, Nassar et al., 2022, Lin et al., 2023) with 100 

overall uncertainties likely small enough to satisfy requirements for monitoring CDR or emissions reduction 

projects. Quantifying GHG fluxes from representative regions (e.g. major cities / urban corridors, agricultural or 

forest areas, gas basins) that host CCPs, therefore, could detect a regionally-aggregated atmospheric impact of CCPs 

more readily than attempting to extract their global signature. This regional work can then be aggregated at the 
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scales of nations or continents (Hu et al, 2019, 2025, East et al., 2025) and ultimately merged with the global 105 

signature to create a multi-scale system for monitoring the aggregate impacts of CCPs. 

Research is however needed to demonstrate the utility of these approaches with current CCPs. Indeed, the most 

recent global estimate of annual retired2 carbon credits (Haya et al., 2025) amounts to approximately 220 Mt CO2 

(millions of tons of CO2) per year. Since this is an order of magnitude smaller than the estimated COVID signal, 

their combined impact is currently not detectable at a global scale with our existing network of observations. At the 110 

project scale, the largest CCP (the Mai Ndombe Project, Haya et al., 2025) retired approximately 9 MtCO2 in 2024, 

similar in magnitude to the annual CO2 emissions of a medium-sized (1000 MW) coal power plant, albeit with a 

much more spatially diffuse footprint. It is not clear when regional emissions measurement capabilities will be able 

to quantify the impacts of regionally aggregated CCP efforts.  

These various discussion points indicate the need for a next-generation carbon credit verification system, targeting 115 

the atmospheric impact of CCPs and mitigation as soon as they can be quantified regionally and then verified 

globally by the time their combined global scale reaches 1 GtCO2 per year or more, possibly within the next 10 

years through a combination of nature-based and engineered solutions (Nemet et al., 2024). The verification system 

should be based on a network of measurements (ground based, airborne, satellites, Carroll et al., 2025) and modeling 

tools (inverse, process-based, bookkeeping and global Earth-system modeling). It will also need to include as much 120 

relevant proxy data (e.g., activity data, biomass estimates) as possible to maximize our ability to constrain top-down 

or bottom-up emission estimates. At the same time, it will be critical to continue to improve our understanding of 

CO2 and methane natural sources and sinks variability, since that will have a direct impact on the ability to attribute 

reductions and removals to CCPs. 

2.2 The Atmospheric Impact Framework (AIF) 125 

The current distribution of retired carbon credits (in terms of MtCO2 equivalent) is primarily driven by forestry and 

land use and renewable energy projects (Forest Trends, 2024). Within forestry and land use, most of the projects 

consist of REDD+ (Reducing Emissions from Deforestation and forest Degradation in developing countries, 75-

80%), followed by afforestation, reforestation, and revegetation (10-15%), followed by improved forest 

management (1-5%) and blue carbon (1-5%) (Forest Trends, 2024). In all cases, the impact of CCPs is expressed in 130 

units of tons of carbon dioxide equivalent (1 credit is, by definition, equal to 1 ton of CO₂eq). This implies that any 

credits are expected to have the same impact on atmospheric composition and therefore climate. Conceptually, this 

would seem unlikely since some credits are issued based on permanent removal of CO₂ from the air (direct air 

capture), while others are issued based on storage of carbon in ecosystems (REDD+) or emissions that might 

 
2 A "retired carbon credit" is a carbon credit that is permanently removed from the market, ensuring it cannot be 
resold, traded, or double-claimed, and allowing the owner to claim the environmental benefit for their sustainability 
goals. This retirement is recorded in a registry, effectively "consuming" the credit so its emissions reduction is used 
only once. 
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otherwise have occurred (avoided emissions, including methane). This equivalency issue is widely recognized 135 

(Probst et al., 2024), yet there is still no consensus on how to best solve it.   

Meanwhile, emerging technologies are further broadening the range of project types, and the ability to assess their 

respective performance is becoming increasingly challenging. For example, in an ocean alkalinity enhancement 

experiment, the process of CO₂ exchange with the atmosphere, and hence measurable atmospheric impact, could be 

delayed and occur at very different locations than the ocean alkalinity addition due to oceanic circulation (Zhou et 140 

al., 2025). Conversely, the CO2 removed from the atmosphere through a direct air capture plant is an instantaneous 

and local process. Consequently, in addition to parameters such as additionality and permanence that are currently 

identified in registries and used by rating agencies for evaluating the quality of carbon credits, we need to define a 

common yardstick for impact on atmospheric GHG concentrations that incorporates aspects of verifiability and 

uncertainty in the estimated reduction (or confidence in the quantification). 145 

We propose to build the Atmospheric Impact Framework (AIF) to enable comparability of CCPs using a consistent 

system. Under this framework, in addition to considering frequently assessed quantities such as permanence, leakage 

and additionality, we aim to identify the relevance of each CCP to near-term or long-term horizons. This will be 

performed by estimating the risk that the reported amount of carbon credits will not be delivered as promised, owing 

either to errors in the initial quantification or in estimates of permanence. In particular, this risk analysis will 150 

consider the realism of each CCP baseline (i.e., the counterfactual to the conditions associated with the project) over 

its duration. It can be expected that, in many cases, the uncertainty on the CCP baseline grows over time, similar to 

the growth in scenario uncertainty with time in climate projections (Hawkins and Sutton, 2009). In the case of a 

forestry-based CCP, for example, it is reasonable to assume that counterfactual forest outcomes are more predictable 

in the near term than in the distant future.  155 

The outcome of this analysis is an adjustment factor to be applied to a CCP’s issued tons as reported by its 

respective registry, to reflect our overall understanding of the ability and effectiveness of a project to deliver a 

climate impact. This adjustment factor can be expressed conceptually as: 

	AF(𝑡!, 𝐻) = ∫ 𝐼(𝑡)	𝐷(𝑡)	𝑑𝑡	"!#$
"!

∫ 𝐼%(𝑡)	𝑑𝑡	
"!#$
"!

. 																					(Eq. 1) 

In this equation, AF(𝑡!, 𝐻) is the adjustment factor to be applied to the CCP’s estimated credits multiplicatively. This 160 

adjustment factor is calculated over a time horizon 𝐻, with 𝑡! as the reference year. 𝐼(t) is the time-dependent 

atmospheric impact of a single credit from the specific CCP. This time-dependent impact can be measured in terms 

of a CCP-induced change to atmospheric GHG concentration, radiative forcing, or global temperature. 𝐷(t) is a 

time-dependent discount measuring the risk of a CCP not delivering its estimated credits, e.g., from baseline 

uncertainty or reversibility risk. By definition, a no-risk project has a discount factor of 1. 𝐼%(t) is the equivalent of 165 

𝐼(t) but for a reference ton3. Under the normalization in Eq. (1), a no-risk project that behaves like the reference ton 

 
3 In the context of carbon credits, a reference ton (commonly referred to as a metric ton of carbon dioxide equivalent 
or tCO2e) is the standardized unit of measurement used to quantify greenhouse gas emission reductions or removals. 
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has a score of 1 for each horizon 𝐻. The goal of the AIF is to define the variables in Eq. (1) for each CCP, based on 

our best understanding, to compute AF. 

Because it is expected that our scientific understanding and our ability to verify (as discussed in section 2.1) will 

evolve over time, we anticipate that the AIF analysis will require periodic re-evaluation, possibly on an annual basis. 170 

This iterative process will allow for updates to the evaluation of the CCPs, especially as they become considerably 

larger and new approaches become available.  

3. Next Steps 

The proposed initiative in this commentary aims to help the CCM reach a sufficient scale to significantly impact 

climate. For this, we propose to: 175 

● Create a framework that leads to a complete, transparent, and traceable assessment of CCPs, with a specific 

lens on their impact on atmospheric CO2 and/or other GHGs 

● Reduce the uncertainty associated with naturally-occurring sinks in the terrestrial biosphere and the ocean  

● Inform policy and investment decisions through CCP equivalence metrics 

● Align new scientific insights and availability of atmospheric verification with CCM mechanisms through 180 

regular updates 

To achieve those goals, we propose the following next steps: 

● Pilot the Atmospheric Impact Framework (AIF): Launch pilot assessments with the AIF of specific projects 

across various types of mitigation and CDR approaches, including an analysis of associated economic 

aspects outside the scope of the project itself, such as market leakage and financial additionality. Define 185 

reference criteria and an associated set of equivalence parameters, potentially leading to guidance for 

registries and other CCM actors to provide the information relevant to AIF estimations. Update annually 

through an expert panel review to reflect evolving scientific understanding.  

● Expand Regional Carbon Budget Analyses: Prioritize regions with high relevance for nature-based and 

engineered carbon projects. Build on approaches like RECCAP3 (Canadell et al., 2025) to establish new 190 

regional and national (and possibly subnational where applicable) baselines and understanding of changes 

in anthropogenic and natural carbon fluxes and stocks, including horizontal fluxes (e.g., from trade) at the 

macroscopic level. 

● Enhance Annual Global Carbon Budget (GCB) Updates: Continue to refine the GCB with improved data 

integration, enhanced uncertainty quantification, and incorporation of emerging data sources (e.g., data 195 

assimilation, satellite platforms, high-resolution proxy data to constrain inventories of anthropogenic and 

natural emissions).  
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● Integrate existing and emerging CDR Pathways into Earth System Models (ESMs): Coordinate Earth 

system modeling efforts to incorporate the necessary processes to reflect the diversity of CDR technologies 

and strategies and their impact on the climate system. Establish model experiment design protocols to 200 

evaluate long-term impacts of CDR deployment, to understand the magnitude and uncertainty of Earth 

system couplings and feedback effects under multiple pathways. 

In parallel, we need to develop a comprehensive strategy to enable the verification of the atmospheric impact of 

CCPs, through a multi-scale approach that will: 

● Strengthen Observational Networks and Platforms: Design and potentially deploy satellite missions, 205 

airborne campaigns, and in situ monitoring networks to target key regions. Define a multi-scale (local, 

regional and global) approach that utilizes current and next-generation CO2 and methane (and ultimately 

other GHGs) sensors, in combination with data assimilation and inversion systems incorporating all 

relevant activity data, to better define emissions and sinks and enable attribution of changes at a scale 

relevant for CCM verification. 210 

● Perform a knowledge gap analysis at multiple scales: CCPs are included in national inventories, which can 

then be aggregated into regional and global assessments (such as RECCAP and GCB mentioned above), 

with the regional and global feedbacks captured by the ESMs. The analysis of potential mismatches 

between observations and bottom-up assessments can help identify the gaps in our understanding at those 

various scales. 215 

We believe that these steps, and their continual updates, will ultimately build a comprehensive and verifiable 

analysis that allows for the scaling of CCPs to become a significant and trusted tool for climate change mitigation. 

  

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 8 

Author contributions 

JFL, PF, BO and SS designed the workshop from which this paper originates.  JFL and PF designed the original 220 

draft of the paper.  JFL prepared the manuscript with contributions from all co-authors. 

Competing interests 

None of the co-authors have potential conflicts of interests. 

Acknowledgments 

We would like to thank Peter Minor, Jamie Gamble and Luciana Gatti for their participation to the March 2025 225 

workshop that led to the current manuscript. We also would like to thank Scott Behmer, Sophie Janaskie, Phoebe 

Merrick and Sara Meyers for their comments on multiple versions of this paper. 

Financial support 

Support for travel expenses associated with the workshop (held in New York, USA in March 2025) were provided 

by the Three Cairns Group and Schmidt Sciences. 230 

  

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 9 

References 

 
Ahn, D. Y. et al.: Satellite-Based Analysis of CO2 Emissions From Global Cities: Regional, Economic, and 

Demographic Attributes. AGU Adv. 6, 2025. 235 

Barkley, Z., Davis, K., Miles, N., Richardson, S., Deng, A., Hmiel, B., Lyon, D., and Lauvaux, T.: Quantification of 

oil and gas methane emissions in the Delaware and Marcellus basins using a network of continuous tower-based 

measurements, Atmos. Chem. Phys., 23, 6127–6144, https://doi.org/10.5194/acp-23-6127-2023, 2023. 

Bevacqua, E., Schleussner, CF. and Zscheischler, J.: A year above 1.5 °C signals that Earth is most probably within 

the 20-year period that will reach the Paris Agreement limit. Nat. Clim. Chang. 15, 262–265, 2025. 240 

https://doi.org/10.1038/s41558-025-02246-9 

Canadell, J. G. et al.: National Science Review, 12, 2025, https://doi.org/10.1093/nsr/nwaf037 

Cannon, A.J.: Twelve months at 1.5 °C signals earlier than expected breach of Paris Agreement threshold. Nat. 

Clim. Chang. 15, 266–269,  2025. https://doi.org/10.1038/s41558-025-02247-8 

Carroll, D., N. Parazoo, H. Nesser, Y. Bar-On, and Z. Pierrat: A better way to monitor greenhouse gases, Eos, 106, 245 

2025. https://doi.org/10.1029/2025EO250395.  

Chen, Y., Haywood, J., Wang, Y. et al.: Substantial cooling effect from aerosol-induced increase in tropical marine 

cloud cover. Nat. Geosci. 17, 404–410, 2024. https://doi.org/10.1038/s41561-024-01427-z 

Cusworth, D. H. et al.: Quantifying Global Power Plant Carbon Dioxide Emissions with Imaging Spectroscopy. 

AGU Adv., 2, 2021. 250 

Cusworth, D. H. et al.: Two years of satellite-based carbon dioxide emission quantification at the world’s largest 

coal-fired power plants. Atmos. Chem. Phys. 23, 14577–14591, 2023. 

East, J.D., Jacob, D.J., Jervis, D. et al.: Worldwide inference of national methane emissions by inversion of satellite 

observations with UNFCCC prior estimates. Nat Commun 16, 11004, 2025. https://doi.org/10.1038/s41467-025-

67122-8  255 

Forest Trends: State of the Voluntary Carbon Market 2024. Washington DC: Forest Trends Association, 2024. 

https://www.foresttrends.org/publications/state-of-the-voluntary-carbon-market-2024/ 

Forster, P. M., Smith, C., Walsh, T., Lamb, W. F., Lamboll, R., Cassou, C., Hauser, M., Hausfather, Z., Lee, J.-Y., 

Palmer, M. D., von Schuckmann, K., Slangen, A. B. A., Szopa, S., Trewin, B., Yun, J., Gillett, N. P., Jenkins, S., 

Matthews, H. D., Raghavan, K., Ribes, A., Rogelj, J., Rosen, D., Zhang, X., Allen, M., Aleluia Reis, L., Andrew, R. 260 

M., Betts, R. A., Borger, A., Broersma, J. A., Burgess, S. N., Cheng, L., Friedlingstein, P., Domingues, C. M., 

Gambarini, M., Gasser, T., Gütschow, J., Ishii, M., Kadow, C., Kennedy, J., Killick, R. E., Krummel, P. B., Liné, 

A., Monselesan, D. P., Morice, C., Mühle, J., Naik, V., Peters, G. P., Pirani, A., Pongratz, J., Minx, J. C., Rigby, M., 

Rohde, R., Savita, A., Seneviratne, S. I., Thorne, P., Wells, C., Western, L. M., van der Werf, G. R., Wijffels, S. E., 

Masson-Delmotte, V., and Zhai, P.: Indicators of Global Climate Change 2024: annual update of key indicators of 265 

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 10 

the state of the climate system and human influence, Earth Syst. Sci. Data, 17, 2641–2680, 

https://doi.org/10.5194/essd-17-2641-2025, 2025. 

Friedlingstein, P., Jones, M. W., O'Sullivan, M., Andrew, R. M., Bakker, D. C. E., Hauck, J., Le Quéré, C., Peters, 

G. P., Peters, W., Pongratz, J., Sitch, S., Canadell, J. G., Ciais, P., Jackson, R. B., Alin, S. R., Anthoni, P., Bates, N. 

R., Becker, M., Bellouin, N., Bopp, L., Chau, T. T. T., Chevallier, F., Chini, L. P., Cronin, M., Currie, K. I., 270 

Decharme, B., Djeutchouang, L. M., Dou, X., Evans, W., Feely, R. A., Feng, L., Gasser, T., Gilfillan, D., Gkritzalis, 

T., Grassi, G., Gregor, L., Gruber, N., Gürses, Ö., Harris, I., Houghton, R. A., Hurtt, G. C., Iida, Y., Ilyina, T., 

Luijkx, I. T., Jain, A., Jones, S. D., Kato, E., Kennedy, D., Klein Goldewijk, K., Knauer, J., Korsbakken, J. I., 

Körtzinger, A., Landschützer, P., Lauvset, S. K., Lefèvre, N., Lienert, S., Liu, J., Marland, G., McGuire, P. C., 

Melton, J. R., Munro, D. R., Nabel, J. E. M. S., Nakaoka, S.-I., Niwa, Y., Ono, T., Pierrot, D., Poulter, B., Rehder, 275 

G., Resplandy, L., Robertson, E., Rödenbeck, C., Rosan, T. M., Schwinger, J., Schwingshackl, C., Séférian, R., 

Sutton, A. J., Sweeney, C., Tanhua, T., Tans, P. P., Tian, H., Tilbrook, B., Tubiello, F., van der Werf, G. R., 

Vuichard, N., Wada, C., Wanninkhof, R., Watson, A. J., Willis, D., Wiltshire, A. J., Yuan, W., Yue, C., Yue, X., 

Zaehle, S., and Zeng, J.: Global Carbon Budget 2021, Earth Syst. Sci. Data, 14, 1917–2005, 

https://doi.org/10.5194/essd-14-1917-2022, 2022. 280 

Friedlingstein, P., O'Sullivan, M., Jones, M. W., Andrew, R. M., Hauck, J., Landschützer, P., Le Quéré, C., Li, H., 

Luijkx, I. T., Olsen, A., Peters, G. P., Peters, W., Pongratz, J., Schwingshackl, C., Sitch, S., Canadell, J. G., Ciais, 

P., Jackson, R. B., Alin, S. R., Arneth, A., Arora, V., Bates, N. R., Becker, M., Bellouin, N., Berghoff, C. F., Bittig, 

H. C., Bopp, L., Cadule, P., Campbell, K., Chamberlain, M. A., Chandra, N., Chevallier, F., Chini, L. P., Colligan, 

T., Decayeux, J., Djeutchouang, L. M., Dou, X., Duran Rojas, C., Enyo, K., Evans, W., Fay, A. R., Feely, R. A., 285 

Ford, D. J., Foster, A., Gasser, T., Gehlen, M., Gkritzalis, T., Grassi, G., Gregor, L., Gruber, N., Gürses, Ö., Harris, 

I., Hefner, M., Heinke, J., Hurtt, G. C., Iida, Y., Ilyina, T., Jacobson, A. R., Jain, A. K., Jarníková, T., Jersild, A., 

Jiang, F., Jin, Z., Kato, E., Keeling, R. F., Klein Goldewijk, K., Knauer, J., Korsbakken, J. I., Lan, X., Lauvset, S. 

K., Lefèvre, N., Liu, Z., Liu, J., Ma, L., Maksyutov, S., Marland, G., Mayot, N., McGuire, P. C., Metzl, N., 

Monacci, N. M., Morgan, E. J., Nakaoka, S.-I., Neill, C., Niwa, Y., Nützel, T., Olivier, L., Ono, T., Palmer, P. I., 290 

Pierrot, D., Qin, Z., Resplandy, L., Roobaert, A., Rosan, T. M., Rödenbeck, C., Schwinger, J., Smallman, T. L., 

Smith, S. M., Sospedra-Alfonso, R., Steinhoff, T., Sun, Q., Sutton, A. J., Séférian, R., Takao, S., Tatebe, H., Tian, 

H., Tilbrook, B., Torres, O., Tourigny, E., Tsujino, H., Tubiello, F., van der Werf, G., Wanninkhof, R., Wang, X., 

Yang, D., Yang, X., Yu, Z., Yuan, W., Yue, X., Zaehle, S., Zeng, N., and Zeng, J.: Global Carbon Budget 2024, 

Earth Syst. Sci. Data, 17, 965–1039, https://doi.org/10.5194/essd-17-965-2025, 2025. 295 

Gurney, K.R., Liang, J., Roest, G. et al.: Under-reporting of greenhouse gas emissions in U.S. cities. Nat 

Commun 12, 553, 2021. https://doi.org/10.1038/s41467-020-20871-0 

Hamilton, S. D., Wu, D., Johnson, M. S., Turner, A. J., Fischer, M. L., Dadheech, N., and Jeong, S.: Estimating 

carbon dioxide emissions in two California cities using Bayesian inversion and satellite measurements. Geophysical 

Research Letters, 51, e2024GL111150, 2024. https://doi.org/10.1029/2024GL111150.  300 

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 11 

Hawkins, E., and R. Sutton.: The Potential to Narrow Uncertainty in Regional Climate Predictions. Bull. Amer. 

Meteor. Soc., 90, 1095-1108, 2009. https://doi.org/10.1175/2009BAMS2607.1. 

Haya, B. K., Tyler Bernard, Aline Abayo, Xinyun Rong, Ivy S. So, Micah Elias.: Voluntary Registry Offsets 

Database v2025-06, Berkeley Carbon Trading Project, University of California, Berkeley, 2025. Retrieved from: 

https://gspp.berkeley.edu/berkeley-carbon-trading-project/offsets-database.  305 

Hu, L., Andrews, A. E., Thoning, K. W., Sweeney, C., Miller, J. B., Michalak, A. M., Dlugokencky, E., Tans, P. P., 

Shiga, Y. P., Mountain, M., Nehrkorn, T., Montzka, S. A., McKain, K., Kofler, J., Trudeau, M., Michel, S. E., 

Biraud, S. C., Fischer, M. L., Worthy, D. E. J., Vaughn, B., White, J. W. C., Yadav, V., Basu, S. and I. van der 

Velde: Enhanced North American carbon uptake associated with El Niño. Sci. Adv., 5 (6), 2019. 

Hu, L., A. E. Andrews, S. A. Montzka, S. M. Miller, L. Bruhwiler, Y. Oh, C. Sweeney, J. B. Miller, K. McKain, S. 310 

I. Espinosa, K. Davis, N. Miles, M. Mountain, X. Lan, A. Crotwell, M. Madronich, T. Mefford, S. Michel, and S. 

Houwelling, 2025: An Unexpected Seasonal Cycle in U.S. Oil and Gas Methane Emissions. Environ. Sci. Technol., 

59, 20, 9968–9979, 2025. https://doi.org/10.1021/acs.est.4c14090 

IPCC Climate Change 2023: Synthesis Report : Contribution of Working Groups I, II and III to the Sixth 

Assessment Report of the Intergovernmental Panel on Climate Change [Core Writing Team, H. Lee and J. Romero 315 

(eds.)]. IPCC, Geneva, Switzerland, 184 pp., 2023. doi: 10.59327/IPCC/AR6-9789291691647.  

Lauvaux, T., K. R. Gurney, N. L. Miles, K. J. Davis, S.J. Richardson, A. Deng, B. J. Nathan, T. Oda, J. A. Wang, L. 

Hutyra, and J. Turnbull: Policy-Relevant Assessment of Urban CO2 Emissions. Environmental Science and 

Technology, (16), 10237-10245, 2020.DOI: 10.1021/acs.est.0c00343 

Le Quéré, C., Jackson, R.B., Jones, M.W. et al. : Temporary reduction in daily global CO2 emissions during the 320 

COVID-19 forced confinement. Nat. Clim. Chang. 10, 647–653, 2020. https://doi.org/10.1038/s41558-020-0797-x 

Lin, X., van der A, R., de Laat, J., Eskes, H., Chevallier, F., Ciais, P., Deng, Z., Geng, Y., Song, X., Ni, X., Huo, D., 

Dou, X., and Liu, Z.: Monitoring and quantifying CO2 emissions of isolated power plants from space, Atmos. Chem. 

Phys., 23, 6599–6611, 2023. https://doi.org/10.5194/acp-23-6599-2023 

Lovenduski, N. S., Swart, N. C., Sutton, A. J., Fyfe, J. C., McKinley, G. A., Sabine, C., and Williams, N. L.: The 325 

Ocean Carbon Response to COVID-Related Emissions Reductions. Geophysical Research Letters, 48(6), 

e2020GL092263, 2021. https://doi.org/10.1029/2020gl092263 

Mallia, D. V., Mitchell, L. E., Gonzalez Vidal, A. E., Wu, D., Kunik, L., and Lin, J. C.: Can we detect urban-scale 

co2 emission changes within medium-sized cities? Journal of Geophysical Research: Atmospheres, 128 (11), 

e2023JD038686, 2023. https://doi.org/10.1029/2023JD038686 330 

Matthews B and Schume H.: Tall tower eddy covariance measurements of CO2 fluxes in Vienna, Austria. Atmos 

Environ., 274:118941. 2022. doi: 10.1016/j. atmosenv.2022.118941. 

McIntosh A., et al.,:Carbon credits are failing to help with climate change — here’s why. Nature 646, 543-546, 

2025. https://www.nature.com/articles/d41586-025-03313-z 

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 12 

Nalini, K., Lauvaux, T., Abdallah, C., Lian, J., Ciais, P., Utard, H., and Ramonet, M. : High-resolution lagrangian 335 

inverse modeling of co2 emissions over the paris region during the first 2020 lockdown period. Journal of 

Geophysical Research: Atmospheres, 127 (14), e2021JD036032, 2022. https://doi.org/10.1029/2021JD036032 

Nassar, R., Moeini, O., Mastrogiacomo, J.‐P., O’Dell, C. W., Nelson, R. R., Kiel, M., et al.: Tracking CO2 emission 

reductions from space:A case study at Europe’s largest fossil fuel power plant. Frontiers in Remote Sensing, 3, 

2022. https://doi.org/10.3389/frsen.2022.1028240 340 

Nemet, G. F., Edwards, M. R., Greene, J., Dayathilake, L., Thomas, Z. H., Surana, K., Kennedy, K. M., Zaiser, A., 

Probst, B. S. Chapter 3: Demonstration and upscaling. In The State of Carbon Dioxide Removal 2024 – 2nd Edition 

(eds. Smith, S. M. et al.). 

Nicolini G, Antoniella G, Carotenuto F, et al. Direct observations of CO2 emissions reductions due to COVID-19 

lockdown across European urban districts. Sci Total Environ. 830, 2022. doi: 10.1016/j.scitotenv. 2022.154662. 345 

Probst, B.S., Toetzke, M., Kontoleon, A. et al. Systematic assessment of the achieved emission reductions of carbon 

crediting projects. Nat Commun 15, 9562, 2024. https://doi.org/10.1038/s41467-024-53645-z 

Roten, D., Lin, J. C., Das, S., and Kort, E. A.: Constraining sector-specific CO2 fluxes using space-based XCO2 

observations over the Los Angeles Basin. Geophysical Research Letters, 50, e2023GL104376, 2023. https://doi. 

org/10.1029/2023GL104376 350 

Turner, A. J., Kim, J., Fitzmaurice, H., Newman, C., Worthington, K., Chan, K., and Cohen, R. C.: Observed 

impacts of covid-19 on urban co2 emissions. Geophysical Research Letters, 47 (22), e2020GL090037, 2020. 

https://doi.org/10.1029/2020GL090037 

United Nations Environment Programme: Emissions Gap Report 2025: Off target – Continued collective inaction 

puts global temperature goal at risk. Olhoff, A., chief editor, Lamb, W., Kuramochi, T., Rogelj, J., den Elzen, M., 355 

Christensen, J., Fransen, T., Pathak, M., Tong, D. (eds)], 2025. https://doi.org/10.59117/20.500.11822/48854. 

Varon, D. J., Jacob, D. J., Hmiel, B., Gautam, R., Lyon, D. R., Omara, M., Sulprizio, M., Shen, L., Pendergrass, D., 

Nesser, H., Qu, Z., Barkley, Z. R., Miles, N. L., Richardson, S. J., Davis, K. J., Pandey, S., Lu, X., Lorente, A., 

Borsdorff, T., Maasakkers, J. D., and Aben, I.: Continuous weekly monitoring of methane emissions from the 

Permian Basin by inversion of TROPOMI satellite observations, Atmos. Chem. Phys., 23, 7503–7520, 360 

https://doi.org/10.5194/acp-23-7503-2023, 2023. 

Vogel, E., K. J.Davis, K.Wu, N. L. Miles, S. J. Richardson, K. R. Gurney, V. Monteiro, G. S.Roest, H. Colette, R. 

Kenion and J. P. Horne: Using eddy-covariance to measure the effects of COVID-19 restrictions on CO2 emissions 

in a neighborhood of Indianapolis, IN, Carbon Management, 15:1, 2365900, 2024. DOI: 

10.1080/17583004.2024.2365900 365 

Wall Street Journal: https://www.wsj.com/articles/it-could-be-a-250-billion-market-but-almost-no-one-is-interested-

39d4463d 

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.



 13 

William R., L. Anderegg et al.: Climate-driven risks to the climate mitigation potential of forests. Science, 368, 

aaz7005, 2020.DOI:10.1126/science.aaz7005 

Yadav V, Ghosh S, Mueller K, Karion A, Roest G, Gourdji SM, Lopez‐Coto I, Gurney KR, Parazoo N, Verhulst 370 

KR, et al.: The Impact of COVID‐19 on CO 2 Emissions in the Los Angeles and Washington DC/Baltimore 

Metropolitan Areas. Geophys Res Lett 48(11), e2021GL092744, 2021. doi: 10.1029/2021GL092744 

Yuan, T., Song, H., Oreopoulos, L. et al.: Abrupt reduction in shipping emission as an inadvertent geoengineering 

termination shock produces substantial radiative warming. Commun Earth Environ 5, 281, 2024. 

https://doi.org/10.1038/s43247-024-01442-3 375 

Zhang, J., Chen, YS., Gryspeerdt, E. et al. Radiative forcing from the 2020 shipping fuel regulation is large but hard 

to detect. Commun Earth Environ 6, 18, 2025. https://doi.org/10.1038/s43247-024-01911-9 

Zhou, M., Tyka, M.D., Ho, D.T. et al.: Mapping the global variation in the efficiency of ocean alkalinity 

enhancement for carbon dioxide removal. Nat. Clim. Chang. 15, 59–65, 2025. https://doi.org/10.1038/s41558-024-

02179-9 380 

https://doi.org/10.5194/egusphere-2025-6457
Preprint. Discussion started: 4 January 2026
c© Author(s) 2026. CC BY 4.0 License.


