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1 Executive Summary

The world’s greenhouse-gas measurement and attribution ecosystem has grown enormously in the past
decade. Satellite constellations detect individual methane super-emitters from orbit. Atmospheric
inversion systems run operationally at continental scale. Annual carbon budgets are published with
global coordination. Aerosol and non-CO2 short-lived climate forcers now receive dedicated policy
attention. And the institutional architecture — WMO G3W, UNEP MARS, CAMS, NASA OCO-3,
NOAA GGGRN — is mature enough that governments and regulators treat it as legitimate decision
support.

Yet one capability gap remains stubbornly large: causal-chain driver intelligence. The world
knows that atmospheric CO2 reached 423.9 ppm in 2024 with a record annual increase of 3.5 ppm. It
knows that fossil fuel emissions hit 38.1 GtCO2 in 2025. It knows that the combined land-plus-ocean
carbon sink is now nearly 20% smaller than it would have been without climate change. What the
world cannot yet do — at policy-relevant resolution and speed — is reliably decompose any given
atmospheric anomaly into its specific causal chain, rank candidate interventions by their actual
climate-path effect, and close the loop between detected emissions and verified mitigation with
bounded, auditable uncertainty.

This paper defines where the 7 framework — the categorical physics-faithful computational
substrate developed in the Panta Rhei series — could fill that gap. The core claim is not that 7
creates new atmospheric chemistry or overwrites the observational record. It is that 7 can provide a
stronger mechanistic substrate for source—sink decomposition, atmospheric transport, ecosystem-
carbon coupling, methane pathway modeling, and aerosol—climate interaction that makes the existing
measurement ecosystem more causally coherent and more operationally decisive.

The highest-leverage opportunities, ordered by deployment speed and evidence proximity, are: (1)
methane super-emitter attribution and rapid-abatement targeting, (2) tropical and permafrost sink
diagnostics with tipping-point early warning, (3) aerosol transition management for air-quality and
climate co-design, and (4) MRV integrity for carbon finance and national climate accounting. Each
has an identifiable institutional entry point, an auditable benchmark suite, and a realistic deployment
ladder from proof-of-concept to operational integration within a five-year horizon.

This paper is Paper 2 of 5 in the 7 Climate Portfolio. Paper 1 established the case for a -
grade Earth-system causal-chain digital twin. This paper identifies where that twin becomes
immediately actionable at the level of drivers, sources, sinks, and intervention ranking. Papers 3-5
will address regional adaptation, ocean-cryosphere-tipping-elements, and climate-finance optimization
respectively.

2 Why This Opportunity Matters Now

The official baseline already demonstrates the urgency and the scale of what better driver intelligence
could accomplish.

2.1 The Atmospheric Trajectory Is Accelerating

WMOQO'’s 2025 Greenhouse Gas Bulletin reports that globally averaged CO2 concentration reached
423.9 + 0.2 ppm in 2024, with an annual increase of 3.5 ppm — the highest single-year rise in
the modern observational record.! WMQ’s State of the Global Climate 2024 confirms that current
atmospheric CO2 is higher than at any point in at least 2 million years, and that CH4 and N20

"WMO, Greenhouse Gas Bulletin No. 21 (2025): https://wmo.int/publication-series/wmo-greenhouse-gas-b
ulletin-no-21
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concentrations are higher than at any time in at least 800,000 years.? Carbon dioxide alone
accounts for roughly 66% of radiative forcing from long-lived greenhouse gases since 1750 and
approximately 79% of the increase over the last decade.?

The 2025 Global Carbon Budget projects 38.1 GtCO2 in fossil emissions and roughly 42.2 GtCO2
in total CO2 emissions including land-use change.? The carbon budget for 1.5°C is described as
“virtually exhausted” in the 2025 update.®

2.2 Sinks Are Weakening at a Structurally Important Rate

The 2025 Global Carbon Budget makes a finding that most public communication has not yet
absorbed: the combined land-plus-ocean sink is now nearly 20% smaller than it would have been
without climate change and climate variability, averaged over 2015-2024, and approximately 8% of
the rise in atmospheric CO2 since 1960 is attributable to climate-change-induced weakening
of sinks.® This means that even a stable emissions trajectory produces accelerating atmospheric
loading simply because the planetary buffering system is eroding.

This is precisely the kind of structural driver-level signal that current observation and accounting
systems detect only imperfectly. It requires mechanistic coupling across ecosystem, ocean, atmosphere,
and climate-feedback pathways that point measurements and inventory frameworks are not designed
to provide.

2.3 Methane Is the Most Tractable Near-Term Lever

Methane is responsible for roughly 30% of the rise in global temperatures since the Industrial
Revolution, with the energy sector alone accounting for more than 35% of methane emissions
from human activity.” IEA estimates the energy sector emitted approximately 145 Mt of methane
in 2024.% Methane’s 20-year global warming potential of 84 x CO2 makes rapid reduction the
highest-leverage climate action available in the present decade.

UNEP’s 2025 methane status update quantifies the accessible benefit: full implementation of
technically feasible methane reductions could prevent more than 180,000 premature deaths
and 19 million tonnes of crop losses each year by 2030, with over 80% of the 2030 reduction
potential achievable at low cost and 72% of total mitigation potential sitting in the energy sector.’
These are not speculative projections. They are engineering and policy assessments based on
known abatement measures. The gap between what is achievable and what is being achieved is
fundamentally a problem of attribution, targeting, and intervention confidence — exactly
the domain where 7-grade driver intelligence would operate.

2WMO, State of the Global Climate 2024 (2025): https://wmo.int/publication-series/state-of-global-cli
mate/state-of-global-climate-2024

SWMO, State of the Global Climate 2024 (2025): https://wmo.int/publication-series/state-of-global-cli
mate/state-of-global-climate-2024

“Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

5Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

"IEA, Global Methane Tracker 2025 (overview): https://www.iea.org/reports/global-methane-tracker—2025

8IEA, Global Methane Tracker 2025 — Understanding methane emissions: https://www.iea.org/reports/global
-methane-tracker-2025/understanding-methane-emissions

UNEP / CCAC, Global Methane Status Report 2025: https://waw.unep.org/resources/report/global-metha
ne-status-report-2025
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2.4 The Official Measurement Architecture Is Now Dense Enough to Support a Driver Layer

The world has built a substantial GHG monitoring infrastructure: WMO’s Global Greenhouse Gas
Watch is moving toward monthly 1x1 degree net-flux products for CO2, CH4, and N20.'° The
Integrated Global Greenhouse Gas Information System (IG3IS) is designed to translate measurements
into decision support for governments, cities, and organizations.!! UNEP’s Methane Alert and
Response System (MARS) has already sent over 3,500 alerts across 33 countries and documented
25 mitigation actions in 10 countries.'? ECMWF’s CAMS integrates data from more than 100
satellite sensors for greenhouse-gas and aerosol reanalyses.'> NASA’s OCO-2, OCO-3, and EMIT
missions are explicitly targeting source sink decomposition and anthropogenic methane attribution.'*

This density means that the observation-to-action pipeline is populated. What it lacks is a mecha-
nistically stronger bridge between the observational layer and causal attribution. 7 does not need to
build the observational infrastructure; it needs to make that infrastructure more interpretable and
more operationally decisive.

3 Working - Assumptions Used in This Paper

This paper uses an explicit conditional framing throughout. All opportunity assessments are
conditional on the following working assumptions about the 7 framework’s capabilities.

We assume, for the purpose of opportunity analysis, that the 7 framework can provide:

1. A physically faithful discrete substrate for coupled atmosphere-land—ocean—biosphere carbon
dynamics, grounded in the 72 fibration and its bounded-error coarse-graining properties.

2. Stronger causal-chain decomposition than current inventory-plus-inversion architectures, particu-
larly for distinguishing emission growth from sink weakening and for attributing flux anomalies
to specific mechanism chains.

3. Improved representation of methane oxidation kinetics, aerosol-radiation coupling, wildfire
emission pulses, and land-carbon—moisture feedbacks.

4. More stable tracking of sink response to compound perturbations — drought, El Nifio, heat
extremes, ecosystem degradation, and circulation shifts — than current empirical parameterization
schemes.

5. A computability regime that reduces current trade-offs between spatial resolution, temporal
resolution, inversion complexity, and scenario horizon, particularly in data-sparse regions and on
multi-year policy timescales.

6. Bounded, auditable uncertainty quantification that makes driver-intelligence outputs usable in
policy, finance, and regulatory contexts.

We do not assume omniscience, perfect resolution, or the elimination of fundamental ecosystem
variability. We assume that 7 materially improves source attribution, flux reconstruction, sink
diagnostics, and decision relevance — and that this improvement is large enough to create substantial
public-good opportunity even under conservative estimates of capability gain.

YYWMO, Global Greenhouse Gas Watch (G3W) overview: https://g3w.wmo.int/site/global-greenhouse-gas-w
atch-g3w

YWMO, Integrated Global Greenhouse Gas Information System (IG3IS): https://ig3is.wmo.int/site/integrate
d-global-greenhouse-gas-information-system-ig3is

'2UNEP, Methane Alert and Response System (MARS): https://www.unep.org/topics/energy/methane/methane
-alert-and-response-system-mars

BSECMWF, Ten Years of Copernicus at ECMWF (2025): https://www.ecmwf .int/sites/default/files/elibra
ry/81652-ten-years-of-copernicus-at-ecmwf . pdf

MNASA, NASA’s Greenhouse-Gas (GHG) Satellites (updated 2025): https://svs.gsfc.nasa.gov/5332/

PGID-CLIM-01 6 of 30 May 2026 publication-ready release


https://g3w.wmo.int/site/global-greenhouse-gas-watch-g3w
https://g3w.wmo.int/site/global-greenhouse-gas-watch-g3w
https://ig3is.wmo.int/site/integrated-global-greenhouse-gas-information-system-ig3is
https://ig3is.wmo.int/site/integrated-global-greenhouse-gas-information-system-ig3is
https://www.unep.org/topics/energy/methane/methane-alert-and-response-system-mars
https://www.unep.org/topics/energy/methane/methane-alert-and-response-system-mars
https://www.ecmwf.int/sites/default/files/elibrary/81652-ten-years-of-copernicus-at-ecmwf.pdf
https://www.ecmwf.int/sites/default/files/elibrary/81652-ten-years-of-copernicus-at-ecmwf.pdf
https://svs.gsfc.nasa.gov/5332/

Panta Rhei Research Program Public-Good Impact Dossier

4 What Is Different About = Driver Intelligence?

Today’s official GHG ecosystem is strong in several specific functions: - Concentration monitor-
ing (NOAA GGGRN, WMO GAW, Copernicus); - Inventory compilation (national reporting,
EDGAR, Global Carbon Project); - Super-emitter plume detection (MARS, GHGSat, MethaneSAT,
TROPOMI); - Atmospheric inversion modeling (CTE, CAMS, TransCom); - Sectoral MRV in specific
high-priority domains (oil and gas, power, shipping).

Each of these functions is valuable. The gap is not in any one of them individually. The gap is in
the causal-chain translation across all of them simultaneously.

When the atmosphere changes — CO2 up 3.5 ppm in a year, a CH4 spike in a basin, a sink anomaly
in the Amazon, an aerosol shift following a shipping regulation — current systems can detect and
partially attribute the change. What they cannot reliably do is:

o distinguish how much of an atmospheric CO2 anomaly is emissions growth versus sink weakening
in near-real-time, at regional scale;

o attribute a methane plume to a specific source type, facility category, and emission driver rather
than just a geographic centroid;

o propagate a detected sink weakness through a carbon-budget forecast with explicit mechanistic
confidence bounds;

e model the interacting effects of aerosol cleanup, methane reduction, and CO2 trajectory on
regional warming in a single self-consistent computation;

o or rank competing interventions — fix a methane super-emitter, protect a peatland, reduce a
shipping lane aerosol load, accelerate a coal-plant closure — by their actual climate-path effect
with traceable uncertainty.

This translation gap is not a data problem. It is a substrate problem: current systems lack a
mechanistically coherent layer that couples the emission-to-atmosphere-to-sink chain with the causal
fidelity needed for confident intervention design.

A 7-grade driver-intelligence layer would aim to provide exactly that substrate — not by replacing
the measurement infrastructure, but by giving it a stronger physical backbone for interpretation,
attribution, and scenario projection.

5 The Official Architecture Available as a Foundation

5.1 WMO GAW, G3W, and IG3IS

WMO’s Global Atmosphere Watch (GAW) has been the observational backbone of global GHG
monitoring for four decades, providing the continuous measurement record that all inversion and
attribution systems depend on.'® Building on GAW, the Global Greenhouse Gas Watch (G3W) is
constructing monthly 1x1 degree net-flux products for CO2, CH4, and N20 — a gridded operational
flux product that would be a natural target layer for 7-enhanced mechanistic attribution.'® 1G3IS
completes the architecture by translating those flux products into decision support for governments
and cities, with explicit focus on enabling evaluation of GHG sources and sinks for mitigation
planning.'”

5WMO, Global Atmosphere Watch Programme (GAW): https://community.wmo.int/site/knowledge—hub/progr
ammes-and-initiatives/global-atmosphere-watch-programme-gaw

SWMO, Global Greenhouse Gas Watch (G3W) overview: https://g3w.wmo.int/site/global-greenhouse-gas-w
atch-g3w

™WMO, Integrated Global Greenhouse Gas Information System (IG3IS): https://ig3is.wmo.int/site/integrate
d-global-greenhouse-gas-information-system-ig3is
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This WMO infrastructure already aims at the public-good mission that 7 driver intelligence is
designed to serve. The insertion point is clear: 7 provides the mechanistic substrate that sits between
the observational layer (GAW) and the decision-support layer (IG3IS), strengthening the causal
interpretation that makes the decision support credible.

5.2 Copernicus CAMS /| ECMWF

ECMWE’s Copernicus Atmosphere Monitoring Service has become the most comprehensive op-
erational atmospheric-composition system in the world. CAMS now delivers greenhouse-gas and
aerosol reanalyses integrating data from more than 100 satellite sensors, operates a methane hotspot
explorer built with SRON for TROPOMI plume detection, and provides the GHG /aerosol modeling
infrastructure for climate and air-quality policy support across Europe and globally.'®

The NWP-based architecture of CAMS is powerful but is not designed for physics-faithful mechanistic
causal attribution at the driver level. 7 is not a competitor to CAMS; it is a potential substrate
enhancement that could improve the causal interpretation of what CAMS observes and models.

5.3 UNEP IMEO, MARS, and Methane Transparency Systems

UNEP’s International Methane Emissions Observatory (IMEO) was created to provide open, reliable,
and actionable methane emissions data — explicitly addressing the gap between national inventory-
reported emissions and measured atmospheric evidence.' MARS operationalizes this by turning
satellite detections into notification alerts that have already triggered real mitigation action in ten
countries.?’

The methane transparency architecture is the most mature rapid-action pipeline in the GHG domain.
Its current limitation is attribution depth: MARS can locate a large emission event by geography,
but the causal pathway from geography to source type to responsible actor to mitigation mechanism
is often still uncertain. 7-grade attribution intelligence would sharpen that pathway.

5.4 NASA and NOAA Source-Sink Observation Systems

NASA’s OCO-2, OCO-3, and EMIT missions are explicitly targeting the science problem of un-
derstanding natural carbon sources and sinks and anthropogenic methane sources.?’ NASA’s
tagged-source carbon visualizations have already demonstrated the public-communication value of
source-attribution decomposition at continental scale.? NOAA’s Global Monitoring Laboratory and
AOML provide the atmospheric and ocean-carbon baselines that all inversion systems depend on,
including evidence that the ocean’s carbon-sink role may be weakening under thermal and circulation
stress.?3

Together, NASA and NOAA provide the observational richness that a 7 driver-intelligence layer would
need to constrain its mechanistic models. The flow is observation-to-mechanism, not mechanism-
to-observation: 7 uses the observational record to calibrate its causal-chain reconstructions, not to

BECMWF, Ten Years of Copernicus at ECMWF (2025): https://www.ecmwf .int/sites/default/files/elibra
ry/81652-ten-years-of-copernicus-at-ecmwf .pdf

YYUNEP, International Methane Emissions Observatory (IMEOQ): https://www.unep.org/topics/energy/methane
/international-methane-emissions-observatory

20UNEP, Methane Alert and Response System (MARS): https://www.unep.org/topics/energy/methane/methane
-alert-and-response-system-mars

2INASA, NASA’s Greenhouse-Gas (GHG) Satellites (updated 2025): https://svs.gsfc.nasa.gov/5332/

22NASA, Atmospheric Carbon Dioxide Tagged by Source (2023/2024): https://svs.gsfc.nasa.gov/5110/

ZNOAA/AOML, Scientists at AOML measure ocean’s crucial buffering against rising global carbon emissions (2025):
https://www.aoml.noaa.gov/scientists-at-aoml-measure-oceans-crucial-buffering-against-rising-globa
1l-carbon-emissions/
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replace measured data with theoretical predictions.

6 Opportunity Map

6.1 Cluster A— Carbon-Cycle and Source-Sink Intelligence
6.1.1 Al. National and Regional Carbon-Budget Closure

Countries and sectors face growing pressure to reconcile bottom-up inventories with top-down
atmospheric observations. Current reconciliation is done through atmospheric inversions, but
these are underdetermined systems — they infer flux from concentration change using atmospheric
transport models with imperfect boundary conditions. 7 could provide a stronger mechanistic
prior for inversion, reducing the solution space and improving convergence between inventory
and atmospheric evidence. For countries with significant land-use complexity — tropical forests,
peatlands, agricultural regions with variable soil carbon — this reconciliation is currently a major
source of national accounting uncertainty.

6.1.2 A2. Distinguishing Emission Growth from Sink Weakening

The 2025 Global Carbon Budget finding that sinks are now 20% smaller than in a climate-stable
world is a structural driver-level signal.?* Current systems can estimate this at global annual scale;
they cannot robustly attribute it at basin or regional scale with monthly resolution. A 7-grade driver
layer would enable policy-relevant decomposition: is the atmospheric CO2 anomaly this year driven
by unusual fossil emissions, by drought-suppressed terrestrial uptake, by wildfire exceptional releases,
or by reduced ocean solubility under warming? This distinction has direct bearing on whether the
correct intervention is emissions-side, land-management, or longer-range ecosystem restoration.

6.1.3 A3. Exceptional Emissions and Climate-Carbon Feedback Tracking

Wildfires, droughts, El Nifio events, and ecosystem degradation are increasingly structural features
of the carbon cycle, not exceptional outliers. The 2025 Global Carbon Budget explicitly emphasizes
wildfire, black carbon, sink loss, and climate-carbon feedbacks as growing components of the
annual carbon account.?” Current inventory frameworks are not designed to assimilate these
non-linear, event-driven fluxes in near-real-time. 7’s capacity for mechanistic representation of
coupled atmosphere-land—fire dynamics would improve tracking of these “exceptional-but-recurrent”
perturbations and help distinguish their contribution from anthropogenic emission trends.

6.2 Cluster B— Methane Intelligence and Rapid-Abatement Targeting
6.2.1 B1. Super-Emitter Detection and Attribution
This is the clearest near-term beachhead. MARS has proven that global satellite notification

triggers real mitigation action, but response rates remain low and attribution is often insufficient
for enforcement or financing. The gap is between “a large plume is visible here” and “this specific

24Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget . org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

25Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/
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facility category is responsible, this is the probable mechanism, this is the fastest abatement path,
and this is the expected atmospheric effect of immediate action.” T-grade attribution would supply
the missing mechanistic middle layer: atmospheric transport back-calculation, source-type likelihood,
persistence modeling, and action-to-atmosphere response estimation.

6.2.2 B2. Sector-Specific Methane Targeting

IEA and UNEP identify distinct mitigation potential profiles across energy (oil, gas, coal), waste
(landfills, wastewater), and agriculture (rice, livestock enteric fermentation, manure management).?627
Each sector has different measurement challenges, different abatement cost curves, and different
timescales of atmospheric effect. A 7-grade driver layer could support sector-specific targeting
that accounts for the coupling between sectors — for example, the interaction between agricultural
methane and wetland fluxes under changing precipitation, or the co-emission of methane and aerosols
from biomass burning and agricultural residue.

6.2.3 B3. Methane as a Near-Term Climate and Food-Security Lever

UNEP’s 2025 methane framing is strategically important: methane mitigation is simultaneously a
climate lever, a public health lever (180,000 premature deaths preventable annually), and a food
security lever (19 million tonnes of crop losses preventable annually by 2030).?® This means that
better methane intelligence is not merely better GHG accounting — it is better societal cost—benefit
analysis across multiple domains simultaneously. 7’s capacity for coupled atmospheric-chemistry
and socioeconomic-pathway representation makes it suitable for this multi-domain framing in a way
that sector-siloed monitoring systems are not.

6.3 Cluster C — Aerosol and Short-Lived Climate Forcer Intelligence
6.3.1 C1. Aerosol Cooling and the Transition-Management Problem

WMO’s atmospheric composition monitoring program documents that aerosols — particularly
sulfate from industrial and shipping sources — produce significant atmospheric cooling that currently
offsets an estimated 0.5°C of anthropogenic warming.?’ IPCC AR6 WGIII makes explicit that
reducing cooling aerosols can partially offset mitigation effects for two to three decades, creating
a temporary warming penalty for rapid air-quality improvement.?® The SO2 reductions from the
2020 International Maritime Organization shipping fuel sulfur regulations are already detectable in
ocean surface temperature measurements, providing a real-world validation case for this effect.

This transition-management problem is acute because aerosol cleanup is unambiguously good for
public health — sulfate aerosols cause millions of premature deaths annually — but the climate timing
creates political and regulatory complexity. 7 could provide regionally specific aerosol-transition
scenario envelopes that help policymakers sequence clean-air and climate actions to maximize
co-benefits and avoid climate surprises.

2°TEA, Global Methane Tracker 2025 (overview): https://www.iea.org/reports/global-methane-tracker-2025

2TUNEP / CCAC, Global Methane Status Report 2025: https://www.unep.org/resources/report/global-metha
ne-status-report-2025

28UNEP / CCAC, Global Methane Status Report 2025: https://www.unep.org/resources/report/global-metha
ne-status-report-2025

2WMO, Global Air Quality Forecasting and Information System (GAFIS): https://community.wmo.int/site/kno
wledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-for
ecasting-and-information-system-gafis

30IPCC, AR6 WGIII Summary for Policymakers — Mitigation Pathways: https://www.ipcc.ch/report/ar6/wg3
/chapter/summary-for-policymakers/
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6.3.2 C2. Air-Quality and Climate Co-Design

Aerosols, ozone, methane, and black carbon all sit at the intersection of climate policy and public
health. WMO’s Global Air Quality Forecasting and Information System (GAFIS) already reflects
this convergence in operational terms.?! A 7-grade driver layer would make “clean air versus climate
timing” trade-offs much more explicit, region-specific, and policy-actionable — particularly in rapidly
industrializing regions where aerosol emission profiles are changing quickly.

6.3.3 C3. Industrial, Transport, and Fire-Aerosol Transition Scenarios

In many regions, aerosol emissions are tightly coupled to coal combustion, heavy transport, agricul-
tural burning, and wildfire. As sectoral transitions proceed — coal phase-out, vehicle electrification,
agricultural fire bans — aerosol loading changes in ways that interact with methane and CO2
trajectories. 7-grade coupled modeling would help design transition sequences that maximize health
and climate co-benefits while flagging regions where rapid aerosol reduction might temporarily
accelerate regional warming.

6.4 Cluster D — Sink Stewardship and Removal Intelligence
6.4.1 D1. Forest, Wetland, Peatland, and Coastal Sink Monitoring

Natural carbon sinks are increasingly stressed. Tropical forests have shifted from net sinks to
net sources in some years due to deforestation, drought, and fire.3? Peatlands — which store
approximately 550 GtC globally — are vulnerable to drainage, fire, and permafrost degradation
in ways that can release large carbon pulses on short timescales. Coastal blue-carbon systems
(mangroves, salt marshes, seagrasses) provide high-density carbon storage per unit area but are
under pressure from coastal development and sea-level rise.

A 7-grade driver layer would monitor these systems as climate infrastructure, providing bounded
flux estimates, anomaly detection, and mechanistic early warning of tipping-point approach — well
beyond what current vegetation-index and tower-network approaches can deliver.

6.4.2 D2. Ocean Sink and Acidification Intelligence

NOAA/AOML reports that the ocean’s buffering role against rising atmospheric CO2 may be
weakening as surface waters warm and circulation patterns shift.3 Ocean carbon uptake is governed
by the interplay of solubility (temperature-dependent), biological pumps (nutrient and light depen-
dent), and circulation (thermohaline and mesoscale eddy dependent). 7’s capacity for mechanistic
representation of these coupled processes would improve regional and basin-scale sink diagnostics
beyond what is achievable with empirical parameterizations alone.

SIWMO, Global Air Quality Forecasting and Information System (GAFIS): https://community.wmo.int/site/kno
wledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-for
ecasting-and-information-system-gafis

32Gatti, L.V. et al. (2021). “Amazonia as a carbon source linked to deforestation and climate change” Nature, 595,
388-393.

33NOAA/AOML, Scientists at AOML measure ocean’s crucial buffering against rising global carbon emissions (2025):
https://www.aoml.noaa.gov/scientists-at-aoml-measure-oceans-crucial-buffering-against-rising-globa
1l-carbon-emissions/
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6.4.3 D3. Removal Claims Versus Real Atmospheric Effect

The 2025 Global Carbon Budget is explicit that non-vegetation carbon dioxide removal (CDR) remains
negligible at current scale, and that CDR is not a substitute for rapid emissions cuts.?* A 7-grade
driver layer could help distinguish between claimed removals, local sequestration activity, and actual
atmosphere-relevant atmospheric effect — which is the key integrity question for voluntary carbon
markets, nature-based solutions financing, and Article 6 accounting under the Paris Agreement.

6.5 Cluster E— MRV, Trust, and Intervention Ranking
6.5.1 El. Inventory—Observation Reconciliation

As governments move toward more frequent and higher-resolution GHG reporting under the Enhanced
Transparency Framework of the Paris Agreement, the need to reconcile bottom-up inventories with
top-down atmospheric observations grows urgent. 7 could function as a bridge layer between
inventory-based estimation and atmospheric-evidence-based verification, providing mechanistically
grounded reconciliation where the two diverge.

6.5.2 E2. City and National Climate Governance Support

IG3IS is explicitly aimed at city and national users who need to evaluate their own GHG sources and
sinks.?® A 7-enhanced layer would make that support much more intervention-specific, particularly in
urban areas with heterogeneous and rapidly changing source mixes, and in countries with significant
land-use emissions that are difficult to monitor with sparse tower networks.

6.5.3 E3. Climate Finance and Standards Integrity

Better source—sink and driver-intelligence would improve the physical credibility of carbon-market
claims, methane-standard compliance, avoided-emissions calculations, and public mitigation finance
due diligence. This is the governance-integrity opportunity: a physically faithful substrate that can
distinguish genuine atmospheric effect from accounting artifact strengthens the entire climate-finance
architecture.

7 Competitive Landscape

The following systems represent the current state of the art in GHG monitoring, attribution, and
climate intelligence. Each is described accurately and without disparagement; the goal is to identify
where 7-grade capabilities would be additive rather than duplicative.

71 NOAA GlobalView+ / Global Greenhouse Gas Reference Network (GGGRN)

NOAA’s GGGRN is the foundational global measurement network for atmospheric greenhouse
gases, with more than 100 monitoring stations providing the continuous observational record that
all inversion and attribution systems depend on. GlobalView+ provides the data integration layer
that makes this record accessible to the research and policy community. This is the indispensable

34Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget . org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

35WMO, Integrated Global Greenhouse Gas Information System (IGSIS): https://ig3is.umo.int/site/integrate
d-global-greenhouse-gas-information-system-ig3is

PGID-CLIM-01 12 of 30 May 2026 publication-ready release


https://globalcarbonbudget.org/fossil-fuel-co2-emissions-hit-record-high-in-2025/
https://globalcarbonbudget.org/fossil-fuel-co2-emissions-hit-record-high-in-2025/
https://globalcarbonbudget.org/gcb-2025/the-global-carbon-budget-faqs-2025/
https://globalcarbonbudget.org/gcb-2025/the-global-carbon-budget-faqs-2025/
https://ig3is.wmo.int/site/integrated-global-greenhouse-gas-information-system-ig3is
https://ig3is.wmo.int/site/integrated-global-greenhouse-gas-information-system-ig3is

Panta Rhei Research Program Public-Good Impact Dossier

observational baseline; 7 is a mechanistic interpretation layer built on top of it, not a competitor to
it.

7.2 ICOS (Integrated Carbon Observation System)

ICOS is the European research infrastructure for GHG flux monitoring, providing high-quality tower,
atmosphere, and ocean carbon flux measurements across Europe. ICOS data are foundational for
European carbon-budget assessments and land-use accounting. ICOS has excellent data quality but
is explicitly a research measurement infrastructure, not a prediction or attribution system. 7 would
use ICOS-quality flux data as constraint inputs for mechanistic attribution and sink diagnostics.

7.3 Copernicus Atmosphere Monitoring Service (CAMS / ECMWF)

CAMS is the world’s most comprehensive operational atmospheric-composition service, integrating
more than 100 satellite sensors with numerical weather prediction models for greenhouse-gas and
aerosol reanalyses, forecasts, and policy products.?® CAMS is NWP-based — its strength is
operational atmospheric transport modeling. Its limitation is that NWP architectures are not
designed for physics-faithful categorical causal attribution at the driver level. 7 would complement
CAMS by providing a mechanistically deeper interpretation layer for the atmospheric-composition
signals that CAMS diagnoses.

7.4 MethaneSAT /| GHGSat

MethaneSAT (Environmental Defense Fund) and GHGSat (commercial) represent the new generation
of facility- and basin-scale methane satellite monitoring. MethaneSAT is designed to quantify basin-
wide methane emissions at the level of individual oil and gas regions, enabling attribution to
specific operating companies and facilities. GHGSat provides higher-resolution but narrower-swath
measurements for facility-level compliance monitoring. Both are powerful observation tools; neither
is a mechanistic prediction or attribution system. 7 would use their plume detections as constraints
for source-type attribution modeling and as validation targets for methane transport and oxidation
calculations.

7.5 Climate TRACE

Climate TRACE is a global GHG emissions tracking coalition that uses satellite imagery and machine
learning to estimate sectoral emissions at facility and country level, independent of self-reported
inventories. Its activity-based inventory approach provides a valuable cross-check on official national
reporting. Climate TRACE is bottom-up and activity-based — it estimates what emissions should
be given observed activities. 7 would complement this with top-down atmospheric constraint: using
measured atmospheric CO2 and CH4 to validate and adjust the activity-based estimates through
mechanistic inversion.

7.6 Global Carbon Project (GCP)

The Global Carbon Project publishes the annual Global Carbon Budget — the international
science community’s coordinated synthesis of the global carbon cycle, covering emissions, sinks,

36 ECMWF, Ten Years of Copernicus at ECMWF (2025): https://www.ecnwf.int/sites/default/files/elibra
ry/81652-ten-years-of-copernicus-at-ecmwf . pdf
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and atmospheric accumulation.®” GCP is the gold-standard assessment framework for science and
planning purposes; it is not an operational real-time attribution or decision-support system. 7’s
relationship to GCP is analogous to weather-model development’s relationship to climate reanalysis:
GCP provides the benchmark targets against which 7’s mechanistic representations should be
validated, and 7 could provide a stronger substrate for future GCP methodology development.

8 Evidence and Translation Ladder

8.1 Phase 0 — Benchmark and Validation (0-12 Months)

Goal: demonstrate that 7 can outperform or meaningfully complement current source—sink and
driver-intelligence stacks on narrow, independently auditable benchmark tasks.

Priority benchmark targets: - CO2 flux inversion: reconstruct known annual land and ocean flux
anomalies from atmospheric concentration change against GCP benchmarks; - Methane sector
attribution: attribute synthetic and real MARS-detected plumes to source type with documented
accuracy improvement over TROPOMI inversion baselines; - Sink anomaly detection: identify
known drought and El Nifio sink depressions from atmospheric CO2 anomalies with mechanistic
confidence bounds; - Aerosol radiative forcing consistency: reproduce known aerosol-cooling
forcing estimates with 7-derived atmospheric chemistry substrate.

Deliverable: a peer-reviewed benchmark report documenting relative performance against each
baseline system with quantified uncertainty.

8.2 Phase 1— Methane Intelligence Pilots (0-18 Months)

Goal: deploy in the fastest-win domain first, targeting the measurable abatement gap identified by
IEA and UNEP.

Pilot environments: - Major oil and gas production basins with high super-emitter activity (Permian
Basin, Turkmenistan—Caspian corridor, Middle East associated gas systems); - High-priority waste
methane corridors (large municipal landfill systems, wastewater treatment); - Agricultural methane
hotspots (South and Southeast Asia rice systems, South American livestock intensification zones).

Success metrics: - detection latency relative to MARS alert baseline; - confirmed sector attribution
rate relative to TROPOMI plume localization alone; - alert-to-mitigation-action rate; - documented
emissions mitigation with atmosphere-validated reduction estimate.

8.3 Phase 2 — Sink Intelligence Pilots (12-36 Months)

Goal: test whether 7 materially improves sink diagnostics in the domains where current uncertainty
is highest and policy stakes are greatest.

Pilot environments: - Amazon basin and Congo basin tropical forest carbon flux (combining GEDI,
OCO-3, INPE, and tower data); - Arctic permafrost corridors (NASA ABoVE domain with ALOS,
SMAP, and tower constraints); - Southeast Asian peatlands (Borneo and Sumatra degradation-fire-
drainage coupling); - Atlantic and Pacific ocean carbon uptake regions (ARGO float and SOCAT
constraint).

Success metrics: - reduced posterior flux uncertainty relative to atmospheric inversion baselines;
- earlier detection of sink anomalies relative to observation-only detection; - improved agreement

37Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

PGID-CLIM-01 14 of 30 May 2026 publication-ready release


https://globalcarbonbudget.org/fossil-fuel-co2-emissions-hit-record-high-in-2025/
https://globalcarbonbudget.org/fossil-fuel-co2-emissions-hit-record-high-in-2025/
https://globalcarbonbudget.org/gcb-2025/the-global-carbon-budget-faqs-2025/
https://globalcarbonbudget.org/gcb-2025/the-global-carbon-budget-faqs-2025/

Panta Rhei Research Program Public-Good Impact Dossier

between atmospheric, ecological, and inventory evidence for national carbon accounting.

8.4 Phase 3 — Aerosol and Non-CO2 Transition Design (18-36 Months)

Goal: support countries and regions facing air-quality cleanup, industrial transition, or wildfire-driven
aerosol burden complexity.

Outputs: - regional scenario envelopes for warming exposure from aerosol cleanup under different
transition speeds; - methane—aerosol-black-carbon co-benefit maps for policy sequencing; - public-
health / climate co-design decision tools for regulators managing multiple atmospheric pollutant
streams simultaneously.

8.5 Phase 4 — National and Subnational MRV / Policy Integration (24-60 Months)

Goal: make 7 driver intelligence operational inside public institutions.

Insertion points: - WMO G3W and IG3IS compatible flux-attribution products; - methane-regulation
and transparency systems (MARS, IMEO, national MRV systems); - Enhanced Transparency
Framework national inventory reconciliation support; - climate-finance due-diligence and carbon-
credit integrity platforms.

9 Case Studies

9.1 Case Study 1: Permafrost Methane Feedback — Arctic Carbon Bomb Risk

Scale and Baseline Risk

Arctic permafrost stores approximately 1,700 GtC — nearly double the current atmospheric CO2
burden — in frozen organic material that is now thawing at an accelerating rate under Arctic
amplification warming.?® Thermokarst lakes, wetland expansion, and abrupt thaw features release
CH4 to the atmosphere through multiple microbial and physical pathways. The permafrost-carbon
feedback is one of the most significant potential tipping elements in the Earth system, but it is
not captured in most IPCC scenario emissions budgets and is currently excluded from the national
inventory frameworks that underpin Paris Agreement accountability.

Current Earth system models disagree by 3—5X on permafrost carbon feedback strength by
2100.% This is not primarily an observational data problem — NASA’s ABoVE (Arctic Boreal
Vulnerability Experiment) and the Permafrost Carbon Network provide substantial field and airborne
measurement coverage. It is a mechanistic substrate problem: the coupling between permafrost
thermal dynamics, microbial methanogenesis, talik formation, hydrological reorganization, and
atmospheric transport is too complex and non-linear for current empirical parameterizations to
constrain reliably.

7-Enabled Change

A 7-grade physically faithful discrete substrate would provide mechanistic coupling across the
permafrost-carbon system: thermal dynamics (conduction, phase change, solar forcing), microbial
pathway modeling (methanogenesis versus acetogenesis under varying moisture and temperature
regimes), hydrological reorganization (drainage network evolution, thermokarst lake formation and
drainage), and atmospheric transport (CH4 ebullition, diffusive flux, and oxidation in the atmosphere
column).

38Schuur, E.A.G. et al. (2015). “Climate change and the permafrost carbon feedback.” Nature, 520, 171-179.
398chuur, E.A.G. et al. (2015). “Climate change and the permafrost carbon feedback.” Nature, 520, 171-179.
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This mechanistic depth would yield: (a) narrower uncertainty on permafrost feedback strength by
2100 — reducing the current 3-5x disagreement range toward +1.5x or better; (b) 5-10 year early
warning of accelerating methane release trajectories by detecting mechanistic precursor signals before
they are visible in atmospheric concentration trends alone; (c) direct carbon-budget adjustment
inputs for Paris Agreement scenario planning, quantifying how much more aggressive near-term
emissions cuts are needed to compensate for permafrost feedback under different temperature
trajectories.

Institutional and Policy Connection

This case study connects directly to IPCC AR6 Chapter 5 carbon cycle, NASA ABoVE, the
Permafrost Carbon Network, and Arctic Council scientific monitoring frameworks. The policy output
is a quantified permafrost feedback adjustment to national carbon budgets — a number that every
country with significant Arctic territory needs for credible long-range climate planning.04!

9.2 Case Study 2: Tropical Forest Carbon Sink Degradation — Amazon Dieback Risk

Scale and Baseline Risk

The Amazon rainforest is one of the largest single carbon sinks on Earth, sequestering approximately
2 GtCO2/yr under undisturbed conditions — roughly 5% of total global anthropogenic emissions.
However, systematic analysis of atmospheric CO2 measurements across the Amazon basin has
documented that the basin has become a net carbon source in parts of the eastern Amazon, driven
by the combined effects of deforestation, drought, and fire.*> The 2019 fire season alone emitted
approximately 400 MtCO2. The 2020-2023 period saw continued degradation, with satellite
vegetation indices and atmospheric measurements documenting progressive weakening of the eastern
Amazon sink.

The Amazon tipping-point risk — a transition from rainforest to degraded savanna-like vegetation
triggered by exceeding a deforestation and moisture-stress threshold — is one of the most consequential
potential regime shifts in the Earth system.*® Current estimates of the tipping threshold range from
approximately 20—-40% of original forest area, and the Amazon is already at 20% deforestation,
with additional degradation from logging and fire substantially above that level.**

Current monitoring relies on tower networks (approximately 30 sites across a basin larger than the
continental United States), satellite vegetation indices (which measure greenness, not mechanis-
tic carbon flux), and annual atmospheric inversion estimates (which cannot resolve within-basin
spatial heterogeneity at the scale of deforestation and degradation fronts). No existing system
provides physics-faithful coupling of precipitation dynamics, tree mortality stress physiology, fire risk,
deforestation edge effects, and ecosystem carbon flux in a single coherent mechanistic framework.

7-Enabled Change

A 7-grade ecosystem-carbon-atmospheric twin for the Amazon would couple: regional moisture
recycling (the Amazon’s self-irrigation through transpiration is central to its stability); tree mortality
dynamics under heat and drought stress; fire risk evolution as a function of moisture deficit,
deforestation edge geometry, and land-management practice; atmospheric CO2 and CH4 transport
at basin scale; and the positive feedback between forest degradation, reduced moisture recycling,
and further drought stress.

This mechanistic depth would deliver: (a) monthly carbon flux state estimates with bounded error —

40Tyretsky, M.R. et al. (2019). “Permafrost collapse is accelerating carbon release.” Nature Geoscience, 12, 71-79.

“INASA ABOVE (Arctic Boreal Vulnerability Experiment): https://above.nasa.gov/

42Qatti, L.V. et al. (2021). “Amazonia as a carbon source linked to deforestation and climate change.” Nature, 595,
388-393.

“3Lovejoy, T.E. and Nobre, C. (2018). “Amazon tipping point.” Science Advances, 4, caat2340.

44Global Forest Watch, Amazon Deforestation Tracking: https://www.globalforestwatch.org/
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replacing current annual point estimates with continuous, spatially resolved, intervention-trackable
flux monitoring; (b) tipping-point early warning in the form of a quantified probability distribution
over dieback threshold exceedance under different temperature and precipitation trajectories; (c)
direct actionability for REDD+ carbon credit verification — providing a physics-grounded baseline
for claimed sequestration that is superior to current forest-inventory approaches; (d) deforestation
policy feedback loops — quantifying the carbon-cycle consequence of specific deforestation reduction
targets in near-real-time rather than only in retrospective annual budgets.

Institutional and Policy Connection

This case study connects directly to Brazil’s INPE (Instituto Nacional de Pesquisas Espaciais)
satellite monitoring, Global Forest Watch, the REDD+ mechanism under UNFCCC, Article 6.4
carbon credit integrity requirements, and the World Bank’s Forest Carbon Partnership Facility.
The monitoring of Amazon carbon flux at 7-grade resolution is among the highest-value single
investments available in the entire natural-carbon-sink protection portfolio.*>4647

10 Finance and Funding Landscape

The carbon-cycle, methane, aerosol, and sink intelligence domain has an unusually rich institutional
finance landscape, because it sits at the intersection of climate science, regulatory compliance, carbon
markets, and development finance.

10.1 Public and Multilateral Finance

Green Climate Fund (GCF) — REDD+ and Forest Carbon is the primary multilateral
vehicle for tropical forest carbon protection. GCF has committed more than $12 billion to climate
mitigation and adaptation, with the REDD+ Results-Based Payments framework providing explicit
funding for verified forest carbon emissions reductions. A 7-grade sink monitoring system would
strengthen the credibility and auditability of REDD+ claims — a persistent weakness of the current
mechanism — and could be embedded in GCF project due-diligence and MRV requirements.

Paris Agreement Article 6.2 and 6.4 mechanisms — bilateral and multilateral carbon credit
trading — are now operationalizing post-COP28 and require transparent, verifiable emissions
accounting. The Article 6.4 Supervisory Body’s methodological requirements for carbon credit
integrity create a direct market for better atmospheric MRV infrastructure. 7-grade attribution
would address the “additionality and permanence” verification gap that undermines credit quality in
current Article 6 projects.

World Bank BioCarbon Fund and Forest Carbon Partnership Facility (FCPF) have
collectively deployed more than $1 billion toward forest carbon emission reductions in developing
countries. Both face the same MRV credibility challenge as REDD+; 7-grade forest carbon monitoring
would directly improve the scientific credibility of their investment portfolio.

EU Emissions Trading System (ETS) and Carbon Border Adjustment Mechanism
(CBAM) create regulatory demand for facility-level GHG attribution — particularly for the
industrial sectors (steel, cement, chemicals, power) covered by CBAM. As CBAM expands, the need
for physics-grounded product-level carbon accounting increases.

P Gatti, L.V. et al. (2021). “Amazonia as a carbon source linked to deforestation and climate change.” Nature, 595,
388-393.

4Lovejoy, T.E. and Nobre, C. (2018). “Amazon tipping point.” Science Advances, 4, eaat2340.

4TGlobal Forest Watch, Amazon Deforestation Tracking: https://waw.globalforestwatch.org/
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10.2 Private Finance Scenarios

Cost Scenario 1: Methane Attribution System for a Major Oil and Gas Basin

A basin-level 7 methane attribution system — covering satellite plume ingestion, atmospheric
transport inversion, source-type attribution, and regulatory-grade reporting — for one major
production basin (e.g., Permian Basin or Gulf of Mexico deepwater) would require approximately
USD 5—15 million in development and deployment costs over a 24-month period. This system
would directly support regulatory compliance with EPA methane rules, SEC climate disclosure
requirements, and voluntary methane pledges (OGMP 2.0), enabling USD 100-200 million in
methane reduction financing by providing the attribution confidence needed to unlock abatement
investment from operators and financiers.

MethaneSAT’s own analysis estimates that $1 in methane monitoring enables $10-50 in
methane reduction investment through better attribution. A 7-grade attribution system
operating at higher causal resolution and with bounded error quantification would support the upper
end of this multiplier range.

Cost Scenario 2: Global Permafrost-Amazon Carbon Feedback Monitoring Platform

A global-priority sink monitoring platform covering Arctic permafrost (ABoVE domain, Siberia,
Tibetan Plateau) and tropical forests (Amazon, Congo, Southeast Asia) at 7-grade mechanistic
resolution would require approximately USD 30—80 million in system development, data in-
frastructure, and operational deployment. This platform would provide the early-warning and
carbon-budget-adjustment capabilities described in the case studies, directly informing USD 1
trillion+ in climate investment decisions made by multilateral development banks, sovereign wealth
funds, and long-horizon institutional investors over the coming decade.

Carbon sink monitoring also enables REDD+ credits valued at USD 5—15 per tCO2 across more
than 100 million hectares of qualifying tropical forest. At this scale, a 10% improvement in
verified sequestration credibility — achievable through 7-grade MRV — would unlock USD 1-5
billion in additional forest carbon finance annually.

10.3 Benefit-to-Cost Summary

The public-good benefit-to-cost ratios in this domain are among the highest available in the climate
portfolio. UNEP’s estimate that technically feasible methane reductions could prevent 180,000
premature deaths and 19 million tonnes of crop losses annually by 2030 implies an annual societal
benefit in the range of USD 180 billion—1.8 trillion (using standard statistical value-of-life and
crop-price estimates). The monitoring and attribution infrastructure needed to capture that benefit
— including 7-grade driver intelligence — would be a small fraction of this value. The leverage ratio
is structurally favorable.

1 Governance and Guardrails

1.1 This Must Not Become a Substitute for Emissions Cuts

The 2025 Global Carbon Budget is unambiguous: carbon removal is not a substitute for rapid
emissions reduction, and better sink intelligence does not change the imperative to reduce fossil fuel
combustion.”® A 7 driver-intelligence system must be positioned explicitly as support infrastructure

“8Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/
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for faster and better-targeted emissions reduction, not as a mechanism that makes slower emissions
reduction appear acceptable. All deployment communication must be framed around this constraint.

11.2 Observation-Integrated, Not Black-Box Governance

The scientific and policy legitimacy of carbon accounting depends on reconciliation with real
atmospheric measurements, not on opaque modeling claims. 7-enhanced driver intelligence must be
designed to strengthen and be constrained by the observational record — GAW, GGGRN, ICOS,
TROPOMI, OCO-3 — not to replace it with self-referential theoretical claims. Every 7 output
should carry explicit observational constraint provenance.

11.3 Public-Interest Access and Auditability

Because driver intelligence directly affects carbon finance, methane enforcement, land-policy design,
and international climate trust, access and auditability are not optional extras. A 7-based system
that produces privately held, non-reproducible attribution claims would undermine the institutional
legitimacy that makes this domain valuable in the first place. The default position should be: open
methodology, open baseline data, auditable uncertainty quantification.

11.4 Global South Usability as a Design Criterion

Many of the highest-stakes regions for land-use change, agricultural methane, sink instability, and
climate-carbon feedback are in countries with lower monitoring infrastructure capacity — Brazil,
Indonesia, the Democratic Republic of Congo, Central Asian permafrost zones. 7-based systems
must be designed with data-sparse deployment modes that work with existing observation footprints,
not only with the dense monitoring available in North America or Europe. Capacity-building and
technology transfer are structural requirements, not optional program components.

11.5 Do Not Oversell Sink Certainty

Even under the strongest 7 assumptions, terrestrial and ocean sink systems remain biologically and
physically variable on interannual and decadal timescales. Policy and finance should use better sink
intelligence to reduce uncertainty and improve risk management — not to treat ecosystem carbon
storage as a perfectly bankable, permanently stable climate instrument. Permafrost, tropical forests,
and ocean carbon sinks carry irreducible ecological complexity that even the best mechanistic model
must represent honestly.

11.6 Avoiding the "Better Information, Same Inaction” Trap

Historical experience with climate monitoring shows that better data does not automatically produce
better policy. MARS has sent 3,500 alerts and triggered 25 mitigation actions — a response rate well
below 1%.%° 7-grade attribution intelligence must be paired with institutional response pathways,
regulatory mandates, and financing mechanisms that are capable of acting on the signals it provides.
The deployment plan must address the action-loop design, not only the technical measurement and
attribution capabilities.

UNEP, Methane Alert and Response System (MARS): https://www.unep.org/topics/energy/methane/methane
-alert-and-response-system-mars
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12 Realistic-Optimistic Public-Good Scenarios

These scenarios are planning inferences derived from official baseline data, not forecasts.

121 Scenario Band 1— Methane-First Acceleration

UNEP’s 2025 methane status update provides the clearest available benchmark for near-term
accessible benefit: technically feasible reductions could avoid more than 180,000 premature deaths
and 19 million tonnes of crop losses annually by 2030, at predominantly low cost.’® Under 7, the
claim is not new methane chemistry — it is improved targeting, speed, and attribution confidence for
the methane abatement that is already technically and economically feasible. If 7-grade attribution
shortens the loop from super-emitter detection to confirmed mitigation action from months to
weeks, and improves confirmed mitigation attribution rates from current low levels to 50%-, the
public-health and climate co-benefits captured annually could run into the hundreds of thousands of
lives and tens of millions of tonnes of crop loss avoided.

12.2 Scenario Band 2 — Better Sink Stewardship and Less Policy Misallocation

The 20% sink weakening finding from the 2025 Global Carbon Budget®' implies that hundreds of
billions of dollars in climate investment are being implicitly sized against a carbon budget that is
more constrained than inventory-only accounting suggests. Better sink diagnostics from 7-grade
monitoring would reduce the probability of policy misallocation — investing in cheaper near-term
interventions while inadvertently depending on sinks that are silently degrading. The gain is both
more carbon retained in ecosystems and more climate investment directed at genuinely effective
targets.

12.3 Scenario Band 3 — Better Management of Aerosol Transition Risk

Aerosol cleanup is health-positive but can produce regional warming surprises in the near term.??%3
The IMO 2020 shipping fuel desulfurization has already produced a detectable North Atlantic
sea-surface-temperature response. As coal phase-out accelerates across Asia, aerosol transition effects
will become a significant climate governance variable in the 2025-2045 period. 7-grade regional
aerosol-climate scenario envelopes could prevent or mitigate the political backlash that arises when
air-quality improvement coincides with near-term regional warming anomalies that lack a prepared
policy narrative.

12.4 Scenario Band 4 — Stronger MRV, Better Trust, and Faster Intervention Loops

The governance architecture for climate action depends on trust: between countries that traded
emissions cuts for development finance, between companies that paid for carbon credits and the
ecological systems that issued them, between regulators and the industries they oversee. 7-grade

SOUNEP / CCAC, Global Methane Status Report 2025: https://www.unep.org/resources/report/global-metha
ne-status-report-2025

51Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

S2WMO, Global Air Quality Forecasting and Information System (GAFIS): https://community.wmo.int/site/kno
wledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-for
ecasting-and-information-system-gafis

S8IPCC, AR6 WGIII Summary for Policymakers — Mitigation Pathways: https://www.ipcc.ch/report/ar6/wg3
/chapter/summary-for-policymakers/
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attribution intelligence would make all of these trust relationships more grounded in physical
reality and less dependent on accounting conventions. The long-run value of this institutional trust
improvement — in terms of Paris Agreement ambition cycles, carbon-market integrity, and climate
finance effectiveness — is difficult to quantify precisely but likely exceeds the direct atmospheric-
monitoring value.

13 Benchmark Suite

A rigorous deployment and validation program would require a common, publicly documented
benchmark set. A first suite for 7 driver intelligence could include:

1. Global carbon-budget closure — reproduce observed atmospheric CO2 growth for 2010-2024
with bounded error from prescribed emissions and 7-computed sinks.

2. National / city atmospheric inversion — reconcile inventory-reported emissions with
atmospheric measurement evidence at national scale for 5 selected countries with known inventory
uncertainty.

3. Methane plume localization and sector attribution — attribute known MARS-archived
plume events to source type with documented improvement over TROPOMI inversion baselines.

4. Methane alert-to-action loop — model the atmospheric consequence of MARS-style mitigation
actions with 7-computed plume decay and sector-level attribution confidence.

5. Land sink anomaly detection — identify drought and El Nino sink depressions from atmo-
spheric CO2 anomaly fingerprints with mechanistic attribution.

6. Ocean sink anomaly detection — detect reduced ocean CO2 uptake under changing circulation
or warming using coupled ocean-atmosphere substrate.

7. Wildfire exceptional emissions — attribute black-carbon and CO2 pulse to specific fire events
and compute atmospheric lifetime and transport envelope.

8. Aerosol transition scenario tests — reproduce observed aerosol-forcing response to IMO
2020 sulfur regulation as validation of aerosol-climate coupling fidelity.

9. Driver decomposition — separate observed atmospheric CO2 growth into emission growth,
sink weakening, and exceptional events with bounded error for 2015-2024.

10. Policy scenario ranking — rank competing methane, sink, and aerosol interventions by climate-
path effect under standard radiative forcing metrics with 7-computed confidence intervals.

11. MRYV integrity test — compare claimed mitigation actions against atmosphere-linked evidence
for a curated set of REDD+ and methane-reduction projects.

12. Uncertainty calibration — validate that 7-reported uncertainty bounds are calibrated against
held-out observational data for each of the above benchmarks.

14 Lighthouse Pilots

14.1 Pilot 1— Methane Super-Emitter Response Basin

Target: A major oil and gas production basin with documented high super-emitter activity and
existing MARS /satellite monitoring coverage, such as the Permian Basin (Texas/New Mexico), the
Turkmenistan—Caspian region, or the Marcellus Shale.

Design: Integrate TROPOMI plume detections, MethaneSAT basin-wide measurements, facility
operational data, and atmospheric transport modeling with 7 mechanistic attribution. Produce
facility-type attribution, source-mechanism likelihood, and expected atmospheric trajectory for each
detected emission event. Track alert-to-action loop and document atmosphere-validated mitigation
outcomes.

PGID-CLIM-01 21 0of 30 May 2026 publication-ready release



Panta Rhei Research Program Public-Good Impact Dossier

Value: This pilot provides the clearest proof-of-concept for 7-grade methane intelligence and directly
addresses the gap identified by IEA, UNEP, and MARS between detection and mitigation action.

14.2 Pilot 2 — Waste and Landfill Methane Intelligence

Target: A large urban region or national waste system with complex landfill, wastewater, and
organic waste methane profiles — for example, the Delhi NCR region, the Sdo Paulo metropolitan
area, or the Los Angeles Basin.

Design: Combine satellite plume detection, facility emission factor estimates, and atmospheric
inversion with 7-grade source-type attribution and mitigation-action modeling. Develop a real-time
methane flux dashboard for regulators, with bounded sector-attribution and response recommenda-
tions.

Value: Waste methane is one of the least capital-intensive abatement opportunities globally; better
attribution converts awareness into action.

14.3 Pilot 3 — Tropical Sink Watch

Target: The eastern Amazon — the subregion that has documented transitions to net carbon source
status under deforestation, drought, and fire pressure.

Design: Integrate INPE deforestation tracking, GEDI biomass estimates, OCO-3 atmospheric
XCO2, tower flux network data, and precipitation and temperature satellite products with 7-grade
coupled ecosystem-carbon-atmosphere modeling. Produce monthly carbon flux state estimates with
bounded error and tipping-point trajectory analysis.

Value: Directly supports REDD+ credit integrity, Brazilian national carbon accounting, and Paris
Agreement Article 6 project verification.

14.4 Pilot 4 — Wetland and Blue-Carbon Sink Intelligence

Target: Southeast Asian tropical peatlands (Borneo/Sumatra) or the Mississippi Delta coastal
blue-carbon system.

Design: Couple peatland hydrology, drainage status, fire risk, and methane ebullition with ocean-
coast carbon exchange and sea-level dynamics. Produce sink-flux state estimates, degradation early
warning, and restoration carbon-benefit quantification.

Value: Provides the physical credibility foundation for blue-carbon and peatland restoration carbon
credit issuance, one of the fastest-growing areas of voluntary carbon market development.

14.5 Pilot 5 — Aerosol Transition Policy Laboratory

Target: A regional industrial corridor undergoing rapid coal phase-out or shipping lane desulfuriza-
tion — for example, the North China Plain, the North Sea shipping corridor, or the Indo-Gangetic
Plain.

Design: Model the coupled air-quality, aerosol-climate, and co-pollutant trajectory of the transition,
producing scenario envelopes for regional warming exposure under different phase-out speeds and
sequencing strategies. Develop public-policy communication tools for managing the clean-air /
near-term climate timing trade-off.

Value: Addresses one of the most politically difficult near-term climate governance problems in
high-emission industrial regions.
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15 Integration with the Broader ~ Climate Portfolio

This paper is the second in a five-paper 7 Climate Portfolio sequence, each addressing a distinct but
interlocking dimension of the framework’s climate application.

Paper 1 established the case for a 7-grade Earth-system causal-chain digital twin and policy scenario
engine — the top-level architecture within which all subsequent papers operate.

Paper 2 (this paper) identifies where that twin becomes immediately actionable at the level of
atmospheric drivers, sources and sinks, methane and aerosol leverage, and MRV-grade intervention
ranking. It is the hinge between climate science and climate action.

Paper 3 will translate improved driver intelligence into regional adaptation and sectoral planning —
using the source—sink and forcing-decomposition capabilities developed here to produce region-specific
vulnerability assessment and intervention design support.

Paper 4 will address oceans, cryosphere, tipping elements, and long-range resilience — building on
the sink diagnostics and permafrost feedback work introduced in Paper 2, and extending to ice-sheet
dynamics, thermohaline circulation, and multi-decadal risk.

Paper 5 will convert the improved driver map into climate-policy optimization and public- and
private-finance prioritization — the decision-intelligence layer that translates 7’s physical and causal
fidelity into portfolio allocation, cost—benefit ranking, and policy instrument design.

The carbon-cycle, methane, aerosol, and sink domain in Paper 2 is the causal core of the portfolio.
Climate action is only as good as its driver intelligence. If the world can more accurately identify
what is driving atmospheric change, where methane abatement yields fastest results, how sinks are
responding, and which interventions alter the climate risk path — then every subsequent layer of
the portfolio performs better. Paper 2 provides that foundation.

16 Bottom Line

This is one of the highest-leverage domains in the entire 7 climate portfolio, and one of the highest-
leverage public-good opportunities in the broader 7 impact program.

The official scientific and policy world is already asking for exactly the class of capability 7 would

provide: - stronger greenhouse-gas flux products at policy-relevant resolution and speed;’*? - faster

and more reliable methane attribution and action;?®®7 - better mechanistic understanding of sink

trajectories;*®%” - and better management of aerosol and short-lived climate forcer trade-offs across

health and climate objectives simultaneously.%0%!

STWMO, Global Greenhouse Gas Watch (G3W) overview: https://g3w.wmo.int/site/global-greenhouse-gas-w
atch-g3w

SPWMO, Integrated Global Greenhouse Gas Information System (IGSIS): https://ig3is.umo.int/site/integrate
d-global-greenhouse-gas-information-system-ig3is

S6UNEP / CCAC, Global Methane Status Report 2025: https://www.unep.org/resources/report/global-metha
ne-status-report-2025

STUNEP, Methane Alert and Response System (MARS): https://www.unep.org/topics/energy/methane/methane
-alert-and-response-system-mars

®8Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: https://globalcarbonbudget .org/f
ossil-fuel-co2-emissions-hit-record-high-in-2025/ and https://globalcarbonbudget.org/gcb-2025/the-g
lobal-carbon-budget-faqs-2025/

S9NOAA/AOML, Scientists at AOML measure ocean’s crucial buffering against rising global carbon emissions (2025):
https://www.aoml.noaa.gov/scientists-at-aoml-measure-oceans-crucial-buffering-against-rising-globa
1l-carbon-emissions/

SOWMO, Global Air Quality Forecasting and Information System (GAFIS): https://community.wmo.int/site/kno
wledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-for
ecasting-and-information-system-gafis

SITPCC, AR6 WGIII Summary for Policymakers — Mitigation Pathways: https://www.ipcc.ch/report/ar6/wg3

PGID-CLIM-01 23 of 30 May 2026 publication-ready release


https://g3w.wmo.int/site/global-greenhouse-gas-watch-g3w
https://g3w.wmo.int/site/global-greenhouse-gas-watch-g3w
https://ig3is.wmo.int/site/integrated-global-greenhouse-gas-information-system-ig3is
https://ig3is.wmo.int/site/integrated-global-greenhouse-gas-information-system-ig3is
https://www.unep.org/resources/report/global-methane-status-report-2025
https://www.unep.org/resources/report/global-methane-status-report-2025
https://www.unep.org/topics/energy/methane/methane-alert-and-response-system-mars
https://www.unep.org/topics/energy/methane/methane-alert-and-response-system-mars
https://globalcarbonbudget.org/fossil-fuel-co2-emissions-hit-record-high-in-2025/
https://globalcarbonbudget.org/fossil-fuel-co2-emissions-hit-record-high-in-2025/
https://globalcarbonbudget.org/gcb-2025/the-global-carbon-budget-faqs-2025/
https://globalcarbonbudget.org/gcb-2025/the-global-carbon-budget-faqs-2025/
https://www.aoml.noaa.gov/scientists-at-aoml-measure-oceans-crucial-buffering-against-rising-global-carbon-emissions/
https://www.aoml.noaa.gov/scientists-at-aoml-measure-oceans-crucial-buffering-against-rising-global-carbon-emissions/
https://community.wmo.int/site/knowledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-forecasting-and-information-system-gafis
https://community.wmo.int/site/knowledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-forecasting-and-information-system-gafis
https://community.wmo.int/site/knowledge-hub/programmes-and-initiatives/global-atmosphere-watch-programme-gaw/global-air-quality-forecasting-and-information-system-gafis
https://www.ipcc.ch/report/ar6/wg3/chapter/summary-for-policymakers/
https://www.ipcc.ch/report/ar6/wg3/chapter/summary-for-policymakers/

Panta Rhei Research Program Public-Good Impact Dossier

Under the working 7 assumptions described in Section 2, the opportunity is not merely better carbon
accounting. It is a physically faithful causal-chain driver-intelligence layer that helps governments,
regulators, investors, and multilateral institutions answer the most consequential questions in applied
climate governance:

What is really driving atmospheric change right now?

e Which interventions change the climate risk path, and by how much?

Where is methane abatement fastest and cheapest?

Which sinks are still working, which are failing, and what does that mean for carbon budgets?
How do aerosol cleanup, methane reduction, and CO2 trajectories interact through time?

If 7 can provide materially better answers to these questions — even probabilistically, even with
bounded error rather than certainty — then this domain becomes one of the most consequential
public-good multipliers in the Panta Rhei impact portfolio.

The deployment path is clear. The institutional architecture exists. The policy demand is documented.
The finance landscape is favorable. The case studies demonstrate where the capability gap is largest
and the available benefit is highest.

The next step is a rigorous benchmark program — described in Section 12 — that converts the
conditional capability claims in this paper into validated performance evidence. That evidence is what
unlocks the institutional partnerships, pilot deployments, and eventually operational integrations
described in Sections 7 and 13.

17 References

Source: Full manuscript text integrated from Public-Good Briefing draft.

/chapter/summary-for-policymakers/
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18 Dossier accountability addendum

The following addendum records the release-facing accountability layer for this dossier: claim
boundaries, baseline evidence, upstream dependencies, translation assumptions, scenario bands,
scorecard rationales, benchmark requirements, governance guardrails, and related Panta Rhei surfaces.
It is intentionally downstream of the full source argument above.

Impact thesis

A Public-Good Briefing on climate-driver attribution, methane, aerosols, and sink stewardship
as the highest-leverage near-term element of the Climate portfolio. The v3 impact thesis is
conditional: a Tau-grade coupled atmosphere-land-ocean-biosphere driver-intelligence twin
would become valuable if it improves benchmarked public decisions while preserving transparent
uncertainty, reviewability, and governance control.

18.1 Public-good burden and baseline evidence

A Public-Good Briefing on climate-driver attribution, methane, aerosols, and sink stewardship as
the highest-leverage near-term element of the Climate portfolio. The public-good burden is treated
here as an institutional decision problem: existing agencies already monitor parts of the domain, but
the operational handoff from data to timely, auditable action remains incomplete.

18.1.1 External evidence baseline

o« WMO, Greenhouse Gas Bulletin No. 21 (2025): [10]: source-page evidence item.
« WMO, State of the Global Climate 2024 (2025): [12]: source-page evidence item.

o Global Carbon Project, Global Carbon Budget 2025 press release and FAQ: and [3]: source-
page evidence item.

o IEA, Global Methane Tracker 2025 (overview): [5]: source-page evidence item.

o IEA, Global Methane Tracker 2025 [4]: Understanding methane emissions:.

« UNEP / CCAC, Global Methane Status Report 2025: [8]: source-page evidence item.
« WMO, Global Greenhouse Gas Watch (G3W) overview: [9]: source-page evidence item.

o WMO, Integrated Global Greenhouse Gas Information System (IG3IS): [11]: source-page evidence
item.

o« UNEP, Methane Alert and Response System (MARS): [7]: source-page evidence item.
o ECMWEF, Ten Years of Copernicus at ECMWEF (2025): [1]: source-page evidence item.

18.2 Current institutional landscape
The relevant landscape includes public agencies, research infrastructures, standards bodies,
development-finance channels, and domain review communities represented in the evidence base,

including Global Carbon Project, IEA, UNEP / CCAC, WMO. These references are evidence and
adoption surfaces, not endorsements or deployment partners.
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18.3 Capability gap
The practical gap is a benchmarkable translation gap: current systems expose useful data or partial

models, but they do not yet provide a single law-faithful, bounded-error decision layer for coupled
atmosphere-land-ocean-biosphere driver-intelligence twin.

18.4 Tau framework dependency map

Surface Role in this dossier

Build the Tau-Kernel finite address and scalar foundation

Recover Core Mathematics mathematical bridge and model interface

Derive Physics physical readout and domain translation candidate
Results lane upstream consequences to be mapped precisely during

release preparation
direct-registry-mapping-withheld no direct Registry object is asserted until a substantive
Corpus mapping is available

public-docs-mapping-withheld TauLib module links are asserted only where public docu-
mentation exposes a clear surface

Release Manifest release baseline

Predictions and Falsification empirical accountability route

18.5 Translation assumptions and missing engineering

Required domain model: coupled atmosphere-land-ocean-biosphere driver-intelligence twin.
First benchmarkable test: methane plume attribution, regional source-sink decomposition, and MRV
reconciliation against official systems.

¢ domain-specific model construction

o data ingestion and validation

e benchmark harness

o pilot protocol

e independent review workflow

18.6 Impact mechanism chain
Public-good burden — external evidence baseline — 7 capability hypothesis — upstream Results /

Corpus / Verify dependency — translation assumptions — benchmarked pilot — governed adoption
pathway:.
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18.7 Scenario bands
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Band Scenario summary

Confidence

Conservative A narrow shadow-mode pilot improves one bounded deci- medium
sion task for Carbon-Cycle, Methane, Aerosol, and Sink
Intelligence without operational authority.

Realistic A reviewed prototype strengthens several public-sector medium-low
workflows for Carbon-Cycle, Methane, Aerosol, and Sink
Intelligence after benchmark comparison with incumbent

System

S.

Optimistic A reusable public-good intelligence layer becomes plausible low
for Carbon-Cycle, Methane, Aerosol, and Sink Intelligence
after external validation and transparent governance re-

view.

18.8 Impact scorecard

Public-good scale

Tau fit

Evidence proximity

Measurability

Adoption readiness

Equity leverage

_5/5

— 4/5

_5/5

I 4/5

— 3/5

— 4/5

18.9 Candidate pilot pathways

The affected public-good burden is large or
institutionally significant within the portfo-
lio.

The proposed pathway depends on coupled
state, bounded uncertainty, and composi-
tional modelling rather than isolated pre-
diction alone.

The evidence base is anchored in public
institutions, official monitoring systems, or
established scientific reviews.

A first benchmark can be framed against
incumbent public datasets, institutional
records, or operational decision metrics.

Adoption remains conditional on domain
review, governance fit, data access, and in-
stitutional integration.

The pathway can prioritize underserved or
vulnerable populations where public access
and safeguards are built in.

methane or carbon-sink attribution pilot linked to a public monitoring architecture such as WMO,
UNEP, Copernicus, NASA, or NOAA surfaces

18.10 Benchmark suite and success metrics

Type Incumbent base- Required Tau Success metric Validator
line benchmark
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translation current public or in- methane plume at- pre-registered accu- indepen-
benchmark stitutional systems tribution, regional racy, latency, uncer- dent
in the domain source-sink decompo- tainty, or decision- domain
sition, and MRV rec- quality metric reviewers
onciliation against of-
ficial systems
governance existing audit, disclo- transparent assump- reviewable evidence public-
benchmark sure, and reporting tion, data, model, pack and adverse- sector  or
practice and failure-mode dis- outcome protocol expert gov-
closure ernance
panel
equity bench- current access, documented path- distributional benefit equity,
mark service-quality, or way for underserved and risk review be- community,
exposure disparities or vulnerable users fore pilot expansion or public-
without hidden interest
exclusion review
process

18.11 Governance and risk guardrails

e Human oversight for any operational use.

e Public benchmark disclosure before institutional adoption.

e Equity access review for underserved or vulnerable communities.
o Data-rights and privacy controls for operational datasets.

o Misuse-prevention and adverse-outcome monitoring.

e Adverse-outcome monitoring with a documented escalation path.

e External domain review before pilot expansion.

18.12 Related Results / Corpus / Verify / Publications

This dossier is downstream of Results, Corpus, Verify, and Publications surfaces. It is not a Registry
object. Direct Registry or TauLib links are asserted only where the mapping is substantive rather
than decorative.
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