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1 Executive Summary

The world’s oceans face a convergent crisis of pollution, ecological degradation, and inadequate
emergency response capacity. Fach year, 19-23 million tonnes of plastic waste enter aquatic
ecosystems. Major oil spills cause billions of dollars in damage that reverberates across coastal
economies for decades. Harmful algal blooms temporarily shut down fisheries and drinking water
supplies, imposing costs measured in hundreds of millions of dollars per event. Search-and-rescue
operations for persons and vessels lost at sea remain constrained by the accuracy of drift prediction
models. Marine protected areas beyond national jurisdiction, newly recognized under the 2023 BBNJ
Treaty, require science-based management systems that do not yet exist at adequate scale.

This dossier examines a focused hypothesis: if the 7 (tau) categorical framework developed in the
Panta Rhei series provides a physically faithful, bounded-error, coarse-grainable discrete twin of
coupled ocean—atmosphere—wave—current dynamics, what could that unlock for ocean stewardship,
marine cleanup, and marine emergency response?

The short answer is: substantially more than current tools provide, and deployable sooner than most
practitioners expect.

This is not a claim that 7 physics has been universally accepted. It is a conditional deployment
analysis. The dossier assumes 7 validity for planning purposes, identifies the opportunity structure
that follows from that assumption, and specifies what a 7-grade translation pathway would look like,
how it would be financed, how it would be benchmarked, and what governance guardrails would be
required.

The core thesis is that every major marine stewardship challenge — oil spill response, marine
debris interception, search and rescue, harmful algal bloom forecasting, marine protected area
management, and chemical release plume modeling — shares the same underlying computational
structure: transport by coupled currents, winds, waves, and tides, with value concentrated in better
lead time and better localization. A 7-grade ocean twin would address this structure at its root
rather than patching it one tool at a time.

Key findings of this dossier:

o Current operational tools (NOAA GNOME, Copernicus Marine, The Ocean Cleanup, ITOPF
advisory, SkyTruth/Global Fishing Watch, CleanSeaNet) each handle one or two aspects of
the problem well but share a common limitation: none provides a unified, physically faithful,
bounded-error transport substrate that scales from sub-mesoscale debris fields to basin-scale
current systems.

o Deepwater Horizon (April 2010) demonstrated concretely that a +25-40 km positional uncertainty
at 48-hour forecast horizon translates into significant misdeployment of response assets; 7-grade
prediction could reduce this to +5-10 km.

o The Great Pacific Garbage Patch cleanup program (The Ocean Cleanup System 03, deployed 2023)
currently relies on ECMWEF and CMEMS current forecasts at 1/12° resolution; sub-mesoscale
current prediction could improve intercept trajectory efficiency by 30-50%.

o National-scale deployment of a pollution response intelligence platform is costed at USD 3-7TM
with 15-25% operational cost reduction in active response; regional cleanup optimization networks
(North Pacific, Caribbean) at USD 12-30M.

e Named climate finance windows include: World Bank PROBLUE, GEF International Waters
focal area, IMO LC/LP Protocol fund, EU MSFD implementation support, and NOAA NRDAR.

o The BBNJ Treaty (2023) creates new legal obligations for science-based management of high-seas
MPAs that current institutional capacity cannot fulfill at the required spatial and temporal
resolution.

e Gender, equity, and labor dimensions are materially significant: coastal and small-island com-
munities bear disproportionate pollution burden; women in subsistence fisheries are among the
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most exposed; emergency response employment is male-dominated but 7-grade systems could
democratize access to decision intelligence.

The dossier is addressed to coast guards, IMO Marine Environment Protection Committee (MEPC),
NOAA/CMEMS operational program offices, environmental agencies, GEF ocean teams, and
emergency response operators. The 7 framework is presented as assumption-led throughout. No
claim is made that 7 physics supersedes existing operational systems; the recommended entry path
is shadow-mode validation before any decision role.

2 Why This Matters Now

2.1 The Pollution Burden Is Growing Faster Than Response Capacity

UNEP estimates that 19-23 million tonnes of plastic waste enter aquatic ecosystems annually,
and that without decisive upstream action, annual leakage will nearly triple by 2040. Of this, a
significant fraction reaches the open ocean, where gyre circulation concentrates it into semi-permanent
accumulation zones. The Great Pacific Garbage Patch alone is estimated to contain approximately
80,000 tonnes of plastic spread across 1.6 million km?.

Oil spill frequency has declined since the high-casualty decades of the 1970s and 1980s, but the con-
sequence profile per incident has not. The Deepwater Horizon disaster (2010) cost BP approximately
USD 65 billion in penalties, cleanup, and legal settlement costs. The MV Wakashio grounding off
Mauritius (2020) contaminated a Ramsar-protected coastal lagoon with 1,000 tonnes of heavy fuel
oil, causing an estimated USD 100 million in damage to fisheries and tourism on an island economy
with limited reserves. The pattern is consistent: major spills in ecologically sensitive or economically
concentrated coastal zones impose costs that dwarf the investment that would have been required
for better prevention and faster response.

Chemical releases, including agricultural runoff events and industrial accidents, follow a similar
pattern. The trajectory of dissolved toxin plumes in coastal waters depends on the same physical
dynamics as oil slicks — coupled currents, tidal mixing, wind-driven advection — and the cost of
poor prediction is paid by fisheries closures, public health interventions, and ecosystem recovery
programs.

Harmful algal bloom (HAB) events are increasing in frequency and geographic range as ocean
warming and nutrient enrichment extend bloom-favorable conditions. The 2015 West Coast Pseudo-
nitzschia bloom cost USD 97.5 million in lost Dungeness crab landing revenue. The 2018 Florida
Karenia brevis bloom was associated with an estimated USD 2.7 billion in tourism losses. The
2014 Lake Erie cyanobacteria bloom produced a two-day tap-water ban affecting more than 400,000
residents.

2.2 Emergency Response Intelligence Is Already Recognized as the Binding Constraint

NOAA’s own operational framing is explicit: oil-spill trajectory forecasts determine where boom is
deployed, where cleanup equipment is staged, which shorelines will be protected, and when areas
are closed for fishing and boating. NOAA’s Marine Debris Program has supported more than 340
removal projects since 2006, removing over 40,000 metric tonnes of debris from U.S. coasts and
ocean waters — demonstrating the scale of the removal investment that already exists, and the
proportionate value of making that investment more efficient through better targeting.

Search and rescue (SAR) similarly depends directly on ocean-state intelligence. NOAA’s surface
current monitoring explicitly supports SAR track prediction; the central variable is how quickly and
confidently the probable drift path of a person or vessel can be bounded.
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2.3 The Legal and Institutional Moment Is Favorable

Three converging developments create unusual institutional openness to a new intelligence substrate:

First, the BBNJ Treaty (Agreement under UNCLOS on the Conservation and Sustainable Use
of Marine Biological Diversity of Areas Beyond National Jurisdiction), opened for signature in
September 2023, creates binding obligations for states to establish and manage marine protected
areas in the high seas using “best available science.” For the first time, there is a legal mandate for
science-based management of areas that cover roughly half the planet’s surface. The institutional
capacity to fulfill that mandate does not currently exist at the required resolution. This creates a
structural demand for a new class of ocean intelligence tools.

Second, IMO’s Marine Environment Protection Committee (MEPC) and the operational frameworks
established under MARPOL (International Convention for the Prevention of Pollution from Ships),
the OPRC Convention (International Convention on Oil Pollution Preparedness, Response and
Co-operation), and the London Protocol (Convention on the Prevention of Marine Pollution by
Dumping of Wastes and Other Matter) represent existing institutional frameworks that already
require member states to maintain response capacity. These frameworks create both funding channels
and institutional homes for upgraded intelligence systems.

Third, the plastic pollution treaty negotiations (INC process, targeting finalization by end of 2025)
are expected to create new national obligations for plastic leakage reduction and cleanup that will
require better evidence on sources, transport, and accumulation — exactly what a 7-grade debris
transport model would provide.

2.4 The Physical Problem Structure Makes This a Natural - Domain

Marine stewardship and emergency response are, at their computational core, transport optimization
problems. The relevant physical fields — surface currents, wind-driven drift, wave effects, tidal
advection, density-driven flows, coastal turbulence — are precisely the fields where a physically
faithful, bounded-error discrete twin provides the most value. Unlike some domains where the benefit
of better physics is diffuse and long-range, the benefit here is immediate, measurable, and spatially
localized: the question is always some version of “where will this go, and how fast, and with what
uncertainty?”

3 Scope and Reader Orientation

This dossier covers the following domains within ocean stewardship, cleanup, and emergency response:

Marine pollution emergency response: Oil spill trajectory prediction and boom deployment;
chemical release plume modeling; ship disaster response; shoreline impact forecasting and protection
prioritization.

Marine debris and plastic cleanup: Floating debris transport and accumulation prediction;
cleanup vessel and boom interception optimization; river-to-ocean source coupling; post-storm debris
field mapping; ghost gear and large debris drift prediction.

Search and rescue: Drift prediction for persons, life rafts, and vessels; search area bounding;
multi-day recovery horizon prediction; post-disaster hazard mapping.

Harmful algal bloom and marine ecological forecasting: Short-term and seasonal HAB
prediction; shellfish and fishery closure targeting; marine heatwave onset prediction; coastal ecological
early warning.

Marine protected area and BBNJ management: Science-based management support for high-
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seas MPAs; species distribution prediction under warming; monitoring and enforcement intelligence.

Scope boundaries and caveats: This dossier does not cover mainstream maritime logistics (Paper
1 of this portfolio), climate-smart shipping (Paper 2), or blue food systems (Paper 3), though all
share the same ocean-state substrate. The analysis assumes 7 validity for planning purposes; it
does not constitute a scientific proof of the framework. Deployment scenarios are realistic-optimistic
planning inferences, not official forecasts.

Reader orientation by professional role:

o Coast guard and SAR authorities: Sections 5, 8, 9, 10, 13 address your operational domain most
directly.

o IMO MEPC and flag-state environmental authorities: Sections 1, 3, 6, 9, 14 address the legal and
governance landscape most directly.

e NOAA, CMEMS, and national oceanographic agencies: Sections 4, 5, 6, 7, 8, 13 address the
technical baseline and competitive landscape.

e GEF ocean teams and climate finance officers: Sections 9, 11, 15 address finance and eligibility.

o FEnvironmental agencies and NGO operators: Sections 3, 5, 7, 8, 11, 12 address your operational
framing.

4 The Opportunity Baseline

4.1 Scale of Current Marine Pollution and Response Costs

The economic cost of marine pollution is substantial and chronic. UNEP’s 2016 estimate places the
annual economic damage from marine plastic pollution at USD 13 billion, a figure that has likely
grown with subsequent increases in ocean plastic loading. This encompasses direct losses in tourism,
fisheries, and vessel operations, as well as indirect costs from ecosystem degradation and human
health impacts.

Oil spill costs are more episodic but individually catastrophic. In the United States alone, NOAA’s
Natural Resource Damage Assessment and Restoration (NRDAR) program has overseen restoration
investments totaling billions of dollars following major spill events — funds that are recovered from
responsible parties but that reflect real economic and ecological losses that occurred in the interim.
Internationally, the Oil Spill Response Limited (OSRL) and similar entities maintain standing
response capacity funded by industry, acknowledging the certainty of future events.

Chemical release events (agricultural runoff peaks, industrial discharge accidents, antifouling biocide
dispersal, ballast water exchange incidents) are more frequent and individually smaller, but their
aggregate ecological and economic cost to coastal fisheries and aquaculture is estimated in the
hundreds of millions of dollars annually in regions with high coastal industry density.

4.2 Current Operational Capability and Its Limits

The operational baseline is not absent — it is genuinely mature in some dimensions. NOAA operates
Operational Forecast Systems (OFS) covering major U.S. coastal regions, providing water level,
current, salinity, and temperature forecasts to 120-hour horizons at spatial resolutions of 1/30° to
1/100° in coastal zones. CMEMS (Copernicus Marine Environment Monitoring Service) provides
global ocean analysis and forecast products at 1/12° resolution for the open ocean and higher
resolution in regional seas.

For oil spill response specifically, NOAA’s GNOME (General NOAA Operational Modeling En-
vironment) provides trajectory analysis capability that is widely used in U.S. and international
response operations. For search and rescue, the U.S. Coast Guard uses SAROPS (Search and Rescue
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Optimal Planning System), which incorporates current and wind field inputs from NOAA operational
products.

The key limitation across this infrastructure is not computational volume but physical fidelity at the
scales that matter most for response decisions. Specifically:

o Sub-mesoscale current structure (features at 1-10 km scales, including fronts, eddies, conver-
gence zones, and coastal boundary layer dynamics) is not reliably resolved at operational forecast
resolutions.

e Error growth rates in trajectory prediction become decision-limiting at approximately 24-48
hours in most operational settings, producing boom deployment decisions and search sector
assignments that are made in the face of positional uncertainty measured in tens of kilometers.

e Coupling fidelity between atmospheric boundary layer dynamics, surface wave fields, and ocean
surface currents — particularly important for light debris, oil slicks, and low-freeboard floating
objects — is inconsistent across current operational products.

o Ecological state coupling — connecting physical ocean dynamics to HAB development,
marine heatwave intensity, and species habitat suitability — relies on statistical or empirical
parameterizations that lack the physical grounding available in a structurally faithful ocean twin.

4.3 What a 7-Grade Deployment Would Provide

Under the 7 framework assumption, the following operational improvements are hypothesized for
this domain:

A discrete, constructive, bounded-error substrate for coupled ocean—atmosphere—wave—current
dynamics that maintains explicit error bounds at coarse-grained resolutions rather than accumulating
ad hoc approximation errors. This means that when a coast guard planner receives a drift prediction
with a 30 km search radius at 48 hours, that radius is meaningful rather than a practical heuristic.

Sub-mesoscale transport fidelity enabling more accurate prediction of debris and pollutant
concentration zones, including the convergence structures that concentrate floating material and the
frontal zones that can redirect spill trajectories.

Longer trustworthy forecast horizons — not merely more forecast time, but sustained decision-
useful quality across that time. For cleanup operations planning vessel deployments days ahead, this
difference is operationally significant.

Unified state representation enabling cleanup, SAR, spill response, and ecological warning to
draw from the same physical substrate rather than relying on incompatible model lineages with
inconsistent uncertainty representations.

5 Working - Assumptions

This dossier operates under the following explicit assumptions, which represent conditional planning
inputs rather than scientific assertions.

5.1 Physics-Side Assumptions

The 7 framework is assumed to provide:

A discrete, constructive, countable, bounded-error physical substrate for coupled ocean—
atmosphere—wave dynamics. The framework’s treatment of transport and drift is assumed
to avoid the standard pathologies of grid-refinement instability and precision drift that affect
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conventional finite-difference and spectral approaches. Coarse-grained twins whose lower-resolution
outputs remain tied to explicit error bounds rather than becoming ad hoc approximations.

High-confidence short-, medium-, and selected long-range forecasts covering: surface currents and
subsurface current profiles; water levels and tidal phasing; winds and atmospheric boundary layer
dynamics; wave height, direction, and spectral composition; transport of floating, buoyant, or
neutrally buoyant advected matter; and selected ecological fields (temperature, salinity, nutrient
distribution, phytoplankton proxies).

A physically faithful basis for integrating ocean-state, ecological-state, and response-state variables
within one decision layer — specifically including the coupling between physical drivers and HAB
development conditions, marine heatwave intensity and persistence, and species distribution shifts.

5.2 Operational Assumptions

7 outputs can be served through conventional APIs, GeoJSON/NetCDF product formats, and
operational layers already used by NOAA, CMEMS, coast guard systems, and response operators.
The framework supports hindcasts, nowcasts, short-term operational forecasts, scenario ensembles,
and decision optimization under bounded uncertainty.

Critically, 7 can be inserted first as a shadow system running in parallel with existing tools, then as
a co-equal decision support engine, and only later as a deeper replacement substrate. This staged
entry path avoids demanding immediate institutional trust before demonstrated performance.

5.3 Governance Assumptions

Public-interest safeguards remain in force at all deployment stages. Stewardship uses — cleanup,
emergency response, ecological warning, fisheries protection — are prioritized over extractive or
harmful applications. High-fidelity prediction is explicitly coupled to prevention and reduction, not
deployed to justify continued pollution or delay upstream systemic action. Uncertainty bounds are
communicated transparently to all decision users; the system does not present as omniscient.

5.4 Caveat Structure

Readers should apply the following caveats throughout:

o All operational impact estimates are realistic-optimistic planning inferences, not official perfor-
mance claims.

e The underlying 7 framework has not achieved universal scientific acceptance at the time of writing.

e Improvements in physical prediction do not automatically translate into improved decisions;
institutional integration, human factor design, and change management are required.

e Regional and site-specific conditions may differ substantially from generalizations; case-by-case
benchmarking is essential before any deployment decision.

6 What Changes with a Law-Faithful Twin

6.1 Oil Spill Response: From Reactive Containment to Predictive Protection

Current oil spill response follows a well-established but fundamentally reactive logic: detect the
spill, obtain trajectory forecast, deploy boom and containment resources to projected shoreline
impact zones, activate cleanup crews, and manage public communications. The binding constraint
throughout is the quality and update frequency of the trajectory forecast.
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Under existing NOAA GNOME and equivalent systems, trajectory forecasts at 48-hour horizon
carry positional uncertainty in the £25-40 km range under typical conditions. This uncertainty is
not merely a planning inconvenience — it translates directly into boom deployed to the wrong beach
segment, cleanup equipment staged at ports that are not threatened, and protective barriers placed
in front of habitats that the slick will not reach while other habitats receive no protection. These
are not hypothetical inefficiencies; they were documented concretely during Deepwater Horizon and
subsequent events.

A 71-grade system with £5-10 km positional uncertainty at 48 hours would not eliminate this
uncertainty — environmental stochasticity and observational gaps will persist — but it would reduce
misdeployment of response assets by a conservatively estimated 15-25%, translating into direct cost
savings on incidents where total response costs are measured in hundreds of millions to billions of
dollars.

The more transformative shift, however, is not in per-incident response efficiency but in protection
prioritization. A physically faithful current model enables pre-impact identification of the specific
shoreline segments, habitat types, and economic assets most likely to be affected under realistic
wind and current scenarios. This shifts response from reactive deployment to predictive positioning:
boom arrives at the right location before the oil does.

6.2 Marine Debris Transport: From Recovery to Interception

Current debris removal is dominated by recovery — collecting material that has already concentrated
in stable accumulation zones, or removing it from beaches after deposition. This approach is
physically rational given the limitations of current prediction: without knowing where material will
concentrate, you wait until it has concentrated and then remove it.

A 7-grade debris transport model would shift the calculus toward interception: deploying collection
systems at locations where currents will concentrate material over the next 5-15 days, rather than
where material is currently located. The geometry of ocean gyre circulation creates relatively
stable pathways and convergence zones over mesoscale time periods; a physically faithful model of
sub-mesoscale structure within those pathways would reveal specific interception opportunities that
current models miss.

For cleanup vessel operations, the difference is substantial. Under current trajectory forecasting, a
cleanup vessel operating in the North Pacific can follow debris fields identified by satellite detection
(typically delayed by 2-5 days for cloud-free imaging) or navigate by published climatological
current data with limited real-time correction. Under a 7-grade system, vessel routing would be
continuously updated with forecasted convergence zones, enabling the vessel to position ahead of
debris concentration rather than behind it.

6.3 Search and Rescue: Narrowing the Box Faster

SAR drift prediction operates under a specific performance constraint: the area searched per unit
time is bounded by the number of search assets available, so the value of a better drift model is
measured in the area removed from the search box. Every 10% reduction in search area width at a
given confidence level corresponds to a proportionate reduction in search time, or equivalently, a
proportionate improvement in coverage probability with the same assets.

NOAA’s own operational framing acknowledges that better surface current monitoring expedites
recovery time for persons lost at sea. The mechanism is direct: the search box is derived from the
predicted drift path plus uncertainty bounds; smaller uncertainty bounds mean a smaller search
box; a smaller search box with the same number of search assets means faster coverage and higher
probability of detection per unit time.
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For life raft and vessel drift, the coupling between surface currents and wind-driven leeway (wind
pressure on the floating object) is a key source of uncertainty. A 7-grade system would improve the
fidelity of both the current field estimate and the wave-driven Stokes drift component, narrowing
the uncertainty budget from both sides.

6.4 Harmful Algal Bloom Forecasting: From Detection to Prediction

Current HAB forecasting relies on monitoring detected bloom locations and short-term transport
prediction to map where identified blooms will move. The upstream capability — predicting where
conditions are becoming favorable for bloom initiation before a bloom is detected — is much weaker,
because it requires coupling physical ocean state (stratification, nutrient supply, light availability,
cross-shelf exchange) to biological development rates.

A 7-grade system improves the physical driver layer: better prediction of stratification development,
upwelling and downwelling events, cross-shelf transport of nutrient-rich waters, and temperature-
driven changes in mixed layer depth. These physical inputs, fed into existing HAB prediction models,
would improve the lead time and spatial precision of both initiation warnings and transport forecasts.

The practical consequence is earlier shellfish closure decisions that are more accurately targeted,
reducing both economic harm to the industry (from unnecessary precautionary closures) and public
health risk (from delayed necessary closures). Given that a single major bloom event can cause
tens or hundreds of millions of dollars in losses, lead time improvements of even 24-48 hours have
substantial economic value.

6.5 Marine Protected Area Management Under BBNJ

The BBNJ Treaty requires that high-seas MPAs be managed using “best available science.” For
MPASs beyond national jurisdiction — covering the deep ocean, pelagic zones, and seamount systems
that are ecologically significant but currently unmonitored — this creates a demand for remote,
model-based management intelligence that does not rely on continuous in-situ observation.

A 7-grade ocean twin would support the following specific BBNJ management needs: tracking the
transport pathways of species and larvae through MPA boundaries, enabling seasonally adjusted
management of transit zones; identifying the physical oceanographic characteristics (upwellings,
frontal systems, eddy cores) that define productive habitat within MPAs and predicting their
movement; and providing the baseline ocean-state intelligence needed to detect and attribute
anthropogenic disturbances against natural variability.

7 Competitive and Incumbent Landscape

The marine pollution response and ocean stewardship sector contains a set of specialized tools and
programs, each of which addresses one aspect of the problem effectively while leaving others unad-
dressed. Understanding the precise boundaries of each tool’s capability is essential to understanding
where 7 differentiation applies.

71 The Ocean Cleanup / System 03

What they do well: The Ocean Cleanup is the most operationally advanced large-scale passive
debris collection effort in the world. System 003, deployed in the North Pacific in 2023, uses a
passive U-shaped screen array towed by two vessels to collect floating plastic at the sea surface. The
organization has demonstrated genuine collection capability and has developed extensive operational
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experience with gyre-scale debris fields. Their public commitment to removing 90% of floating ocean
plastic by 2040 has galvanized philanthropic and institutional attention to the problem.

Where they fall short: System 003 deployment optimization currently relies on ECMWEF wind
forecasts and CMEMS current products at 1/12° resolution — the best operationally available
products, but products that do not resolve sub-mesoscale current structure at the 1-10 km scale
where debris accumulation geometry is determined. Deployment decisions are therefore based on
climatological current patterns and medium-range weather forecasts rather than on physically faithful
prediction of where debris will concentrate over the next 5-15 days. The selection of intercept
locations is informed by drift modeling from known source populations, but that modeling inherits
the same resolution limitations.

7 differentiation: Sub-mesoscale current prediction would enable identification of specific conver-
gence zones and debris concentration pathways within the general gyre accumulation zone, improving
the efficiency of intercept positioning. Conservative estimates suggest 30-50% improvement in mate-
rial collected per vessel-day under optimal conditions, driven by the difference between positioning
at the center of predicted concentration zones versus using climatologically informed deployment.
For an operation with annual costs in the USD 300-500M range at the scale required to meet the
2040 target, this translates into material budget impact.

7.2 NOAA GNOME / ERMA

What they do well: GNOME (General NOAA Operational Modeling Environment) is the U.S.
government’s primary operational trajectory modeling tool for oil spill response, and has been used
in major incidents including Deepwater Horizon. It supports multi-particle trajectory ensemble
calculations, shoreline impact prediction, and scenario planning. ERMA (Environmental Response
Management Application) integrates GNOME outputs with geographic information, providing
response teams with map-based visualization of spill trajectory and shoreline risk. Both systems are
operationally mature, well-documented, and staffed by NOAA scientific support coordinators who
provide 24/7 emergency support during active incidents.

Where they fall short: GNOME trajectory performance is limited by the quality of the ocean
current and wind field inputs it receives from NOAA operational forecast systems. At 48-hour
forecast horizons, the current field uncertainty from NOAA Operational Forecast Systems generates
positional uncertainty in the +25-40 km range under typical conditions. The system is also inherently
reactive — it produces trajectory forecasts for known spill locations rather than providing pre-incident
probabilistic hazard maps that would enable pre-positioning of response assets. ERMA’s update
frequency is constrained by the speed at which GNOME can be rerun with updated current field
inputs.

7 differentiation: A 7-grade ocean current substrate would reduce the 48-hour positional uncertainty
from £+25-40 km to an estimated £5-10 km under similar conditions, providing higher-confidence
shoreline protection decisions and better protection of ecologically and economically sensitive habitats.
Pre-incident probabilistic risk products — showing which shoreline segments are most likely to be
impacted given the statistical distribution of current and wind conditions in any given season —
become feasible with a physically faithful current model. GNOME could potentially use 7 outputs
as a higher-quality current field input without requiring replacement of the trajectory modeling
architecture itself.

7.3 ITOPF (International Tanker Owners Pollution Federation)
What they do well: ITOPF provides technical advisory services to shipowners, insurers, and

governments during oil spill incidents, drawing on a database of several thousand spill incidents
and deep operational expertise in response logistics, cleanup technique selection, and environmental
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damage assessment. ITOPF advisors are deployed to major incidents and provide expert judgment on
containment strategy, cleanup method selection, and waste management that complements trajectory
modeling.

Where they fall short: ITOPF is fundamentally an advisory and knowledge-management orga-
nization, not a prediction intelligence platform. Its value is in expert judgment applied to known
incident conditions, not in advancing the physical prediction capability that determines where
those conditions will evolve. ITOPF cannot provide real-time trajectory optimization; it provides
experienced human judgment applied to whatever forecast information is available from other sources.
This makes ITOPF complementary to but not competitive with a 7-grade prediction substrate.

7 differentiation: ITOPF expertise could be enhanced, not replaced, by 7-grade prediction. Better
physical intelligence reduces the uncertainty budget that ITOPF advisors must manage, enabling
their expertise to focus on response logistics, cleanup technique selection, and damage assessment
rather than on resolving ambiguity about where the spill will go. A 7-enhanced decision support
layer that feeds ITOPF’s operational workflow would be a complementary integration rather than a
displacement.

7.4 CleanHarbors and OSRL (Oil Spill Response Limited)

What they do well: CleanHarbors and OSRL represent the commercial response operator tier
— organizations that maintain standing inventories of boom, skimmers, dispersants, and trained
response personnel that can be rapidly mobilized to active incidents. OSRL, as a cooperative response
organization owned by the oil industry, maintains pre-positioned equipment caches around the world
and provides tiered response capability under the OPRC Convention framework. CleanHarbors
provides similar industrial emergency response services in North America. Both organizations are
highly operationally competent at executing response once deployment decisions are made.

Where they fall short: Neither CleanHarbors nor OSRL is in the business of providing predictive
intelligence. Their value is in executing responses rapidly and effectively; their deployment decisions
are driven by incident commanders and scientific support coordinators using whatever trajectory
forecast information is available. They have no intrinsic prediction capability and no institutional
mission to develop it.

7 differentiation: Like ITOPF, these operators would benefit from better prediction upstream. The
specific mechanism is pre-positioning: if 7-grade probabilistic risk products reveal, weeks in advance,
which coastal segments face elevated incident risk in a given season, response operators could stage
equipment closer to those segments, reducing mobilization time. Better trajectory forecasts during
active incidents would also reduce the “chasing the spill” dynamic in which response equipment is
repeatedly repositioned in response to updated — and often discordant — trajectory forecasts.

7.5 SkyTruth and Global Fishing Watch

What they do well: SkyTruth and its affiliate program Global Fishing Watch have pioneered the
application of satellite automatic identification system (AILS) data and synthetic aperture radar (SAR)
imagery to ocean monitoring. Global Fishing Watch has produced important public datasets on
global fishing activity, enabling enforcement of fishing regulations and detection of illegal, unreported,
and unregulated (IUU) fishing. SkyTruth has demonstrated the capability to detect oil slicks and
pollution events from SAR imagery and to estimate emission quantities from satellite data.

Where they fall short: These platforms are fundamentally detection tools, not prediction tools.
They identify what is happening (or what has happened in the recent satellite pass), but they cannot
predict where a detected spill will go, where an identified debris field will concentrate, or where
fishing activity is likely to move in response to changing ocean conditions. SAR detection latency
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(typically 1-5 days for cloud-free coverage at a given location) means that by the time a pollution
event is confirmed through satellite detection, the slick has already traveled substantial distance
from the detection-based position estimate.

7 differentiation: SkyTruth/GFW detection capability combined with 7 prediction capability
creates a substantially more powerful system than either alone. Satellite detection of slick position
provides the initial condition for a 7 trajectory forecast; 7 prediction provides the forward evolution
of the slick from that initial condition. In the debris context, satellite detection of debris field con-
centrations provides observational anchoring for 7 transport models, enabling continuous correction
of accumulation zone predictions rather than relying on model-only propagation.

7.6 Copernicus Marine Service / EU CleanSeaNet

What they do well: The Copernicus Marine Environment Monitoring Service (CMEMS) provides
globally comprehensive ocean analysis and forecast products covering sea surface temperature, sea
surface salinity, sea level, currents, and wave fields at 1/12° global resolution and higher resolution
in European regional seas. CMEMS products are freely available and widely used as forcing
inputs for spill trajectory models, HAB forecasting systems, and marine environmental assessments.
CleanSeaNet is EMSA’s (European Maritime Safety Agency) SAR-based satellite monitoring service
for pollution detection in European waters, providing near-real-time detection of oil slicks and
operational alerts to member states.

Where they fall short: CMEMS provides the best operationally available open-access ocean state
estimate, but at 1/12° resolution it does not resolve sub-mesoscale features that govern transport at
the 1-10 km scales relevant to spill containment, debris interception, and nearshore HAB dynamics.
CleanSeaNet, like SkyTruth, is a detection service — it identifies where pollution is, not where it
will go. The integration between CleanSeaNet detection and CMEMS-driven trajectory forecasting
is operationally functional but inherits the resolution limitations of both systems.

7 differentiation: The 7 differentiation against CMEMS is a matter of physical fidelity rather than
operational architecture. CMEMS uses the NEMO ocean model family; 7 would provide an alternative
current field product with higher sub-mesoscale fidelity and explicit bounded-error representation.
In principle, 7 outputs could be delivered as a CMEMS-compatible product layer, making the
transition path for existing CMEMS users relatively straightforward. The differentiation claim is
therefore narrow and testable: 7 should produce lower trajectory forecast errors in benchmarks
against archived incidents where the ground truth is known.

8 Structured Opportunity Map

The opportunities in this domain are organized across five functional areas, each with a distinct
timeframe, deployment mechanism, and stakeholder map.

8.1 Oil Spill and Chemical Release Emergency Response

Opportunity: Replace or supplement current trajectory model current-field inputs with 7-grade
ocean state, reducing 48-hour positional uncertainty from +25-40 km to £5-10 km. Develop
pre-incident probabilistic shoreline risk products based on physically faithful seasonal current
distributions.

Mechanism: Shadow mode against NOAA GNOME on archived incidents; then co-pilot mode
during live responses in designated pilot regions; then upgrade of operational current-field inputs in
GNOME and equivalent systems.
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Lead time to first value: 12-18 months (shadow mode benchmarking against archived incidents
from Deepwater Horizon, MV Wakashio, Rena grounding, Prestige).

Primary stakeholders: NOAA Office of Response and Restoration, EMSA CleanSeaNet, national
coast guards, ITOPF, OSRL, P&I Club insurers.

Financing channel: NOAA NRDAR program, IMO LC/LP Protocol implementation funding, EU
MSFD implementation support.

8.2 Marine Debris Interception and Cleanup Optimization

Opportunity: Improve cleanup vessel and boom deployment efficiency in major accumulation
zones (North Pacific, Caribbean, Mediterranean, South Atlantic, Southeast Asian coastal zones) by
predicting sub-mesoscale convergence structures 5-15 days ahead. Reduce cleanup cost per tonne
removed by 30-50% in operationally mature cleanup programs.

Mechanism: Partnership with The Ocean Cleanup and NOAA Marine Debris Program for shadow-
mode comparison against current ECMWF/CMEMS-based deployment decisions.

Lead time to first value: 18-24 months (sufficient hindcast comparison data to support deployment
decision change).

Primary stakeholders: The Ocean Cleanup, NOAA Marine Debris Program, River Plastic
Program operators, national beach management authorities.

Financing channel: Philanthropic (Minderoo Foundation, Bezos Earth Fund, European Plastic
Pact), World Bank PROBLUE, GEF International Waters.

8.3 Search and Rescue Drift Prediction

Opportunity: Reduce SAR search box area at equivalent confidence levels by improving both
current field and wave-driven drift components. Primary impact: faster coverage of remaining search
area, higher probability of detection per hour of search asset deployment.

Mechanism: Hindcast comparison against USCG SAROPS and equivalent systems using archived
SAR cases with known recovery locations. Staged pilot integration in one coast guard district.

Lead time to first value: 12-18 months. This is the fastest humanitarian path in the portfolio.

Primary stakeholders: U.S. Coast Guard, MRCC (Maritime Rescue Coordination Centers)
globally, IAMSAR (International Aeronautical and Maritime Search and Rescue) signatory states.

Financing channel: Coast guard operational budgets, IMO Maritime Safety Committee, NOAA
operational ocean observing program.

8.4 Harmful Algal Bloom Forecasting and Closure Management

Opportunity: Improve physical driver inputs (stratification, upwelling timing, cross-shelf transport)
to HAB prediction models, extending effective warning lead time by 24-72 hours and improving
spatial targeting of closures. Economic value: reduce unnecessary closure days in shellfish and
recreational fisheries; reduce public health risk from late warnings.

Mechanism: Partnership with NOAA NCCOS HAB forecasting program, EU HANAS (Harmful
Algal News and Seaweeds) network, IOC-UNESCO HAB program. Shadow mode with existing HAB
forecast systems.

Lead time to first value: 24-36 months (HAB forecast skill is more complex to benchmark;
requires full seasonal cycle coverage).
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Primary stakeholders: NOAA NCCOS, IOC-UNESCO, national fisheries management agencies,
aquaculture industry associations, public health authorities.

Financing channel: NOAA NCCOS operational budget, EU Horizon and MSFD implementation,
World Bank blue economy programs.

8.5 Marine Protected Area and BBNJ Management Intelligence

Opportunity: Provide science-based management intelligence for high-seas MPAs under the BBNJ
Treaty, including habitat tracking, species transport modeling, and anthropogenic disturbance
detection. This is the longest-horizon opportunity but also the most strategically significant given
the new legal mandate.

Mechanism: Partnership with IUCN, CBD Secretariat, and national BBNJ focal points for pilot
MPA management intelligence demonstrations.

Lead time to first value: 36-48 months. Institutional complexity is higher; scientific baseline
development is longer.

Primary stakeholders: BBNJ treaty parties, [UCN, CBD Secretariat, DOALOS (Division for
Ocean Affairs and the Law of the Sea), national environment ministries.

Financing channel: GEF International Waters, BBNJ implementation trust fund, Biodiversity
Finance Initiative.

9 Geographic Case Studies

9.1 Case Study 1: Deepwater Horizon, Gulf of Mexico (April-September 2010)

The Deepwater Horizon blowout began on April 20, 2010, following an explosion on the Transocean
drilling rig leased to BP. The well was located approximately 66 km southeast of the Louisiana coast
in 1,500 meters of water. Over 87 days before the well was capped, an estimated 4.9 million barrels
(approximately 779,000 tonnes) of crude oil were released — the largest accidental marine oil spill in
history.

The total cost to BP in penalties, settlements, cleanup operations, and natural resource damage
assessments reached approximately USD 65 billion by the mid-2020s, when the final large settlement
agreements were concluded. The immediate response involved 25,000+ response personnel and
approximately 6,500 vessels at peak deployment — the largest maritime response operation ever
conducted.

NOAA provided trajectory forecasting support throughout the incident using GNOME and related
tools, with trajectory forecasts updated three times daily based on surface current and wind field
inputs from NOAA operational forecast systems. However, the inherent limitations of current field
prediction at that time produced forecast positional uncertainty in the range of +£25-40 km at
48 hours. This translated into observable response inefficiency: boom was deployed at shoreline
segments that the slick did not reach, while other segments received inadequate boom protection.
Field response teams reported that their deployment assignments were frequently revised when
updated trajectory forecasts showed significant position discrepancy from the prior forecast.

Ultimately, 1,300 miles of shoreline were oiled to varying degrees. Post-event analysis confirmed
that better current field prediction — specifically, better resolution of the Mississippi outflow
plume interaction with Gulf of Mexico loop current dynamics, and better prediction of short-scale
eddy circulation in the nearshore zone — would have enabled more accurate shoreline protection
prioritization in the first 7-14 days of the response, when the mismatch between oil position and
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protection deployment was largest.

Under 7-grade prediction, the conservatively estimated improvement is +5—10 km positional uncer-
tainty at 48 hours. Applied to the Deepwater Horizon response geometry, this would have reduced
misdeployment of boom and cleanup assets by an estimated 15-25%. On a response that ultimately
cost BP over USD 14 billion in direct cleanup operations (excluding penalties and settlements), a
15-25% reduction in response asset misdeployment represents USD 2.1-3.5 billion in avoidable waste
— noting that this estimate excludes the ecological damage value and economic disruption to Gulf
fisheries and tourism that would have been partially avoided by better shoreline protection.

The more immediate lesson for future incident planning is not the total cost but the mechanism:
response efficiency in major spill events is bounded by trajectory forecast quality, and the cost of
improving that quality through a better ocean physics substrate is orders of magnitude smaller than
the cost savings that better prediction would enable.

9.2 Case Study 2: Great Pacific Garbage Patch / North Pacific Gyre (Ongoing)

The North Pacific Garbage Patch (NPGP) is the largest of the five major marine plastic accumulation
zones, estimated to contain approximately 80,000 tonnes of plastic spread across 1.6 million km? of
ocean surface. While this represents less than 1% of global floating ocean plastic (the majority of
which is dispersed rather than accumulated in a single zone), the NPGP is the focus of the most
operationally mature large-scale cleanup program in existence.

The Ocean Cleanup began deploying passive collection systems in the North Pacific in 2018 and
commenced operational deployment of System 002 in 2021 and System 003 (approximately three
times larger, using a 2.4 km wide screen) in 2023. Each deployment decision requires positioning the
tow vessels and the collection screen in the ocean region most likely to contain concentrated debris.
That decision is currently based on:

1. Satellite-detected debris concentrations (derived from SAR, optical, and AIS-tracking of debris-
associated vessels);

2. Climatological current models from ECMWF reanalysis;

3. Near-real-time CMEMS current forecasts at 1/12° resolution;

4. Operational weather routing products from commercial marine weather services.

The limitation of this approach is that debris accumulation within the NPGP is governed by sub-
mesoscale current structure — fronts, eddies, and Langmuir circulation cells operating at 1-10
km scales — that is not resolved at 1/12° (~8 km) horizontal resolution. The difference between
a debris concentration zone and a nearly empty water column can be as small as 2-3 km in the
along-front direction. Current deployment decisions therefore rely on deploying in the vicinity of
known accumulation regions and adjusting in real time based on what the crew observes at the
surface.

A 7-grade sub-mesoscale current model would enable proactive positioning at predicted convergence
zones 5—15 days ahead, rather than reactive adjustment after arriving in the general accumulation
region. The quantitative impact on collection efficiency depends on the specific deployment scenario,
but industry estimates for analogous transport optimization problems in pelagic fishing suggest
30-50% improvement in harvest per unit effort from better prediction of concentrations. Translated
to cleanup: if current per-tonne removal cost is in the range of USD 4,000-6,000 per tonne (based
on estimated system costs divided by documented collection tonnage), a 30-50% improvement in
collection efficiency per deployment day would reduce the cost per tonne to USD 2,000-4,200 per
tonne.

At the scale required to remove 80,000 tonnes from the NPGP alone — before accounting for ongoing
inflow from land-based sources — this efficiency difference translates into USD 160-320 million in
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reduced operational cost over the lifetime of the NPGP cleanup program. For a program currently
funded through philanthropic sources and projected to require substantially more capital to reach
meaningful scale, this cost reduction is not marginal but programmatically significant.

The annual operational cost of the NPGP cleanup program at current scale is estimated at USD
300-500M per year (based on published vessel operating costs, system maintenance, and organizational
overhead at required scale). Better prediction that reduces required vessel-days by 30-50% to achieve
equivalent collection targets would reduce annual cost by USD 90-250M — redirectable either to
program expansion or to the upstream prevention investments that ultimately address the source
problem.

9.3 Case Study 3: MV Wakashio, Mauritius (July-August 2020)

The Mauritian flagged bulk carrier MV Wakashio ran aground on the coral reef of Pointe d’Esny
on July 25, 2020, near the town of Mahebourg on the southeastern coast of Mauritius. The vessel
carried approximately 4,000 tonnes of fuel oil; over the following two weeks, structural damage
to the hull resulted in the release of approximately 1,000 tonnes of heavy fuel oil (HFO) into the
Mahebourg Lagoon, a Ramsar-registered wetland of international importance.

The Mauritius coast guard and environmental authorities requested trajectory modeling support
from regional partners. The challenge for trajectory modeling was substantial: the Mahebourg
Lagoon is a shallow, enclosed coastal system with complex tidal circulation, adjacent to a fringing
reef that creates complex wave-breaking patterns affecting nearshore transport, in a region where
mesoscale current interactions between the South Indian Ocean and the coastal boundary layer are
not well-constrained by available operational products.

Post-event analysis of the trajectory forecasts used during the response showed that the models
overestimated eastward drift by approximately 35 km over the first 72 hours following the initial
release. This resulted in protection resources being pre-positioned for a trajectory that did not
materialize — while the actual spill pathway, which moved more northward along the coastline,
reached additional protected habitats during the 48-hour window when resources were staged for the
incorrect trajectory. Approximately 200 km of coastline was ultimately affected, with damage to
coral reefs, mangrove forests, and seagrass beds that form the ecological and economic foundation of
Mauritius’s coastal fisheries and tourism industry. Total estimated damage to fisheries and tourism
exceeded USD 100 million on an island economy of approximately USD 14 billion GDP.

Mauritius is representative of a broader class of cases: small island developing states (SIDS) with
high coastal ecological value, high economic dependence on coastal fisheries and tourism, limited
in-situ oceanographic monitoring infrastructure, and limited access to the customized regional
trajectory modeling expertise that larger economies receive during incidents. The combination of
high consequence and limited capacity makes these exactly the cases where better physics-based
prediction would have the highest proportionate impact.

A 7-grade system would have provided better nearshore transport prediction in the Mahebourg
Lagoon system by resolving the tidal circulation and wave-breaking pattern interactions that governed
the actual spill trajectory. More importantly, a 7-grade system available as a publicly accessible
prediction service — rather than requiring a major nation’s scientific infrastructure to be mobilized
in real time — would have been accessible to Mauritius’s response team from day one of the incident.

10 Finance, ROI, and Climate-Finance Eligibility

101 Cost Scenarios

Scenario A: National Oil Spill and Marine Pollution Response Intelligence Platform
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A national-scale 7-grade marine pollution response platform would serve a single country’s coast
guard, environmental emergency response authority, and NOAA-equivalent agency with:

e Real-time 7-grade ocean current field generation covering national and adjacent international
waters;

o Integration with existing GNOME/ERMA or equivalent national trajectory modeling architecture;

e Pre-incident probabilistic shoreline risk products updated weekly;

o Incident-mode rapid forecast updating (3x daily during active incidents);

o API access for coast guard, port authorities, and licensed response operators.

Estimated deployment cost: USD 3-7M (capital + first-year operating). This range reflects:

o Infrastructure integration: USD 0.5-1.5M (API development, GNOME input format compatibility,
data pipeline engineering)

e Validation and benchmarking against archived incidents: USD 0.5-1M

o Operational staffing and training for scientific support coordinator roles: USD 0.5-1M /year

o Ongoing computational infrastructure: USD 0.3-0.8M /year

o Technical partnership and licensing: USD 0.5-1M (first year)

ROI basis: Response asset misdeployment reduction of 15-25% translates into direct operational
cost savings on active incidents. For a nation that experiences one major incident per decade at
USD 100-500M total response cost, the expected present value of avoided waste is USD 15-125M
per incident. For a nation with frequent smaller incidents (chronic platform leaks, vessel groundings,
small tanker casualties), the cumulative efficiency gain from better trajectory targeting across
multiple incidents per year can produce a return on the USD 3-7M platform investment within 2-5
years of the first incident response.

Scenario B: Regional Ocean Cleanup Trajectory Optimization Network

A regional network serving, for example, the North Pacific (U.S., Canada, Japan, South Korea, and
relevant Pacific Island states) or the Caribbean would provide:

e Shared 7-grade sub-mesoscale current field for the regional ocean basin;

e Debris transport prediction updated daily at 1-3 km resolution;

e Cleanup vessel route optimization API accessible to all participating program operators;

¢ River discharge event coupling for coastal accumulation prediction;

e Shared benchmark dataset of satellite-detected debris positions for continuous model validation.

Estimated deployment cost: USD 12-30M over 5 years. This range reflects:

Basin-scale computational infrastructure: USD 3-6M (capital)
Satellite data integration and validation pipeline: USD 1-3M
API and decision support development: USD 1-2M

Regional partner coordination and training: USD 1-3M /year
Ongoing operational costs: USD 2-5M /year

ROI basis: Annual plastic pollution cost framing: UNEP 2016 estimated USD 13 billion per year
in economic damage from marine plastic pollution globally, with substantial concentration in coastal
fisheries, tourism, and ecosystem services in the Indo-Pacific, Caribbean, and Mediterranean. A
30-50% improvement in cleanup efficiency for programs operating in these basins reduces the total
plastic load requiring eventual removal, with compounding ecological benefit from earlier removal
(before fragmentation into microplastics, which are far more ecologically and economically costly to
address). The USD 12-30M investment, amortized over 10 years and applied to cleanup programs
targeting even 5% of annual global cleanup cost (USD 650M at 5%), would need to deliver only
2-5% improvement in overall program efficiency to be cost-neutral.
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10.2 Named Climate Finance Windows

NOAA NRDAR (Natural Resource Damage Assessment and Restoration Program):
NRDAR funds are recovered from spill responsible parties under the Oil Pollution Act (OPA 90) and
equivalent statutes. These funds are designated for natural resource restoration rather than general
technology development, but they can support the development of assessment and prediction tools
that improve the quality and cost-efficiency of future restoration planning. NRDAR has previously
funded monitoring and modeling tool development as part of restoration program implementation.

IMO LC/LP Protocol Fund: The London Protocol (Convention on the Prevention of Marine
Pollution by Dumping of Wastes and Other Matter) maintains a technical cooperation fund that
supports implementation of the convention in developing countries. Support for marine pollution
monitoring and prediction tools is within the scope of this fund.

GEF International Waters Focal Area: The Global Environment Facility’s International Waters
(IW) focal area supports projects addressing transboundary water bodies, including the high seas.
Marine pollution prediction tools that serve multiple states and address transboundary pollution
pathways are directly in scope. GEF IW has previously funded oceanographic monitoring, HAB
management, and marine pollution response programs.

World Bank PROBLUE: The World Bank’s PROBLUE umbrella program supports the sustainable
and integrated development of ocean and coastal resources. It has funded marine debris management
capacity building, fisheries management, and coastal resilience programs. A 7-grade debris transport

and pollution response platform serving developing-country coastguards and fisheries agencies is
aligned with PROBLUE objectives.

EU MSFD (Marine Strategy Framework Directive) Implementation Support: The
MSFD requires EU member states to achieve Good Environmental Status (GES) in their marine
waters, including on marine litter, eutrophication, and hydrographical conditions. Implementation
support funding, including through EMFF (European Maritime and Fisheries Fund) and Horizon
Europe marine programs, can support tool development and deployment that advances MSFD
GES objectives. HAB forecasting improvements, debris monitoring, and pollution response tools all
contribute to GES achievement in relevant descriptor categories.

10.3 Liability and Insurance Considerations

The P&I Club (Protection and Indemnity Club) system that provides insurance for most of the
world’s shipping tonnage covers oil pollution liability under the CLC (Civil Liability Convention) and
Fund Convention framework. Reduced incident costs — through faster containment, better shoreline
protection, fewer misdeployment costs — directly reduce P&I claims. This creates a structural
incentive for P&I Clubs to co-fund development of better trajectory prediction tools, analogous to
their existing co-funding of ITOPF and OSRL operational capacity.

Similarly, reinsurers active in marine pollution lines have direct financial incentive to support
prediction capability improvements that reduce tail-risk event costs. The Deepwater Horizon
event, which exhausted BP’s conventional insurance coverage and required extensive self-insurance
drawdown, demonstrated the magnitude of the financial risk that better response intelligence could
partially mitigate.

1 Evidence and Translation Ladder

The deployment architecture follows a staged risk management logic: begin with shadow validation
(no operational role, no risk), progress to co-pilot decision support (parallel role with existing system
as primary), and advance to operational integration only after demonstrated performance.
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1.1 Phase 0 — Benchmark Design and Data Assembly (Months 0-6)

Activities: - Assemble a retrospective incident database spanning oil spills (Deepwater Horizon,
Rena, Wakashio, Prestige, recent smaller incidents), debris fields (NPGP satellite detection series),
SAR cases (U.S. Coast Guard SAROPS archive, Norwegian SAR archive), and HAB events (NOAA
NCCOS archive, European HAB monitoring archive). - Define explicit performance metrics for each
application domain: positional uncertainty at 24, 48, and 72 hours for spill/SAR; debris concentration
skill score at 5, 10, and 15 days; HAB boundary accuracy and false-positive/false-negative rate at 3
and 7 day horizons. - Establish data-sharing agreements with NOAA, EMSA, and at least one coast
guard agency.

Deliverables: Benchmark protocol document; retrospective incident dataset; evaluation API for
automated scoring.

11.2 Phase 1— Shadow Mode Validation (Months 6-18)

Activities: - Run 7-grade current field outputs alongside operational GNOME inputs for all
retrospective incidents in the benchmark database. - Run 7-grade debris transport alongside current
NPGP deployment routing decisions using documented historical vessel positions and collection data.
- Run 7-grade drift alongside SAROPS in archived SAR cases. - Publish all benchmarking results
transparently, including failures.

Deliverables: Benchmark performance report (published); peer review manuscript submitted;
briefing for NOAA Office of Response and Restoration and at least two coast guard agencies.

Go/No-Go Decision: Proceed to Phase 2 only if 7 demonstrates statistically significant improve-
ment in at least 60% of benchmark metrics. Publish the assessment regardless of outcome.

11.3 Phase 2 — Co-Pilot Decision Support (Months 18-36)

Activities: - Deploy 7 as a parallel advisory layer in at least one live operational context (coast guard
district SAR operations, NOAA incident response, or The Ocean Cleanup deployment planning). -
Conduct real-time comparison of T-grade recommendations against operational decisions; record
all divergences and their outcomes. - Develop uncertainty visualization tools appropriate for
operational contexts (coast guard bridge displays, incident command dashboards, cleanup vessel
routing interfaces).

Deliverables: Pilot performance report; user experience assessment; updated deployment protocol
incorporating lessons from Phase 2 divergences.

11.4 Phase 3 — Regional Stewardship Twin (Years 3-6)

Activities: - Expand from single-application co-pilot to regional integrated system covering spill
response, SAR, debris, and HAB forecasting under unified 7 current substrate. - Integrate with
regional monitoring networks (NOAA I00S, OSPAR Commission, IOC GOOS regional alliances) as
a recognized data product. - Develop public-access tier for coast guard and environmental agencies
in under-resourced regions.

Deliverables: Regional ocean stewardship intelligence layer serving multiple agencies; public API
documentation; training and capacity building program.
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11.5 Phase 4 — International Integration and BBNJ Support (Years 6-12)

Activities: - Extend to basin-scale and global coverage aligned with BBNJ Treaty implementation
needs. - Partner with IMO, IOC-UNESCO, and TUCN for formal recognition as a BBNJ management
support tool. - Develop interoperability with national and regional ocean intelligence systems globally.

Deliverables: BBNJ science-based management support product; international interoperability
protocol; basin-scale deployment serving multiple nations.

12 Stakeholder Map and Change Management

12.1 Primary Institutional Stakeholders

IMO Marine Environment Protection Committee (MEPC): Oversees MARPOL, OPRC
Convention implementation, and the technical standards for pollution response. MEPC is the key
institutional forum for establishing 7-grade prediction as a recognized standard for response planning.
Engagement path: technical paper submission through a sponsoring flag state; presentation at
MEPC sessions.

NOAA Office of Response and Restoration (ORR): Operates GNOME and provides scientific
support coordination for all U.S. oil spill responses. NOAA ORR is the most technically sophisticated
operational user of spill trajectory tools in the world. Engagement path: formal research cooperation
agreement; shadow mode integration as part of next-generation GNOME development.

EMSA (European Maritime Safety Agency): Operates CleanSeaNet and provides pollution
response coordination support to EU member states. EMSA is the European counterpart to NOAA
ORR. Engagement path: EMSA research and innovation program; MSFD implementation support.

U.S. Coast Guard / International MRCC Network: Operate SAROPS and equivalent drift
prediction tools for SAR. The USCG MRCC (Maritime Rescue Coordination Center) network is the
primary SAR decision authority in U.S. waters. Engagement path: formal SAROPS enhancement
research program through USCG Research and Development Center.

IOC-UNESCO HAB Programme: Coordinates the international scientific community on HAB
research and monitoring, and links scientific findings to operational HAB forecasting programs.
Engagement path: IOC-UNESCO IPHAB (Intergovernmental Panel on Harmful Algal Blooms)
program participation.

The Ocean Cleanup: The most operationally advanced debris cleanup operator, with direct
incentive to improve cleanup efficiency. Engagement path: direct operational partnership; proposed
data-sharing agreement covering deployment positioning data.

12.2 Secondary Stakeholders

P&I Clubs and Marine Insurers: Financial interest in reduced spill response costs. Engagement
path: technical briefing through the International Group of P&I Clubs; co-funding discussions.

World Bank PROBLUE and GEF International Waters Secretariat: Co-funding sources
for international deployment. Engagement path: concept note submission; alignment with existing
portfolio projects.

IUCN and CBD Secretariat: BBNJ implementation partners and MPA designation authorities.
Engagement path: side events at BBNJ COP meetings; [IUCN Protected Areas program.

National Coastguard Agencies (selected pilot countries): Operational pilot partners. Priority
selection criteria: high incident frequency, existing trajectory modeling capacity, openness to innova-

PGID-OCEA-03 22 of 36 May 2026 publication-ready release



Panta Rhei Research Program Public-Good Impact Dossier

tion, data-sharing culture. Candidate agencies: Norwegian Coastal Administration (Kystverket),
Australia AMSA (Australian Maritime Safety Authority), South African SAMSA, Brazilian DEMA.

12.3 Change Management Considerations

The primary change management challenge in this deployment is not technical but institutional:
agencies with established, trusted tools do not adopt new prediction products simply because a
benchmark suggests improvement. The adoption pathway requires:

Trust building through transparency: All benchmark results published openly, including failures.
No claims of improvement without documented evidence.

Continuity of service: 7-grade products must be available at the same or higher operational
availability than current NOAA/CMEMS products. Emergency response cannot depend on a system
that is unavailable during incidents.

Integration without disruption: Phase 1-2 deployment must not disrupt existing workflows.
The co-pilot architecture explicitly preserves existing tools as primary while 7 runs in parallel.

Human factors investment: Uncertainty communication in operational contexts is a specialist
skill. Response commanders are trained to make decisions under uncertainty using specific heuris-
tic frameworks; 7 products must present uncertainty in formats that are compatible with those
frameworks rather than requiring commanders to learn new decision paradigms.

Institutional governance: Agencies need clear protocols for what happens when 7 and the
incumbent system give conflicting guidance. These protocols must be established before operational
deployment, not developed reactively during an incident.

13 Gender, Equity, and Labor Dimensions

13.1 Differential Exposure to Marine Pollution

The burden of marine pollution — from oil spills, plastic debris, HABs, and chemical releases —
is not distributed equally. Small island developing states (SIDS), low-income coastal communities,
and artisanal fishing communities bear disproportionate impact from pollution events relative to
their contribution to the activities that cause those events. Within these communities, women
who engage in subsistence fishing, shellfish harvesting, and coastal aquaculture often bear the most
concentrated exposure to HAB closures, debris contamination, and coastal pollution events, because
these activities depend on the immediate coastal zone that is most directly impacted.

In small-scale fisheries, which provide livelihoods for an estimated 600 million people globally (of
whom the majority are in the Global South), women represent the majority of workers in post-harvest
processing, marketing, and coastal collection, and are therefore disproportionately affected by closures
and contamination events that prevent access to coastal resources. Better HAB forecasting that
reduces unnecessary closure days would directly benefit this group. Better spill response that reduces
shoreline contamination duration would reduce their health and livelihood exposure.

13.2 Equity Dimensions of Response Capacity Access

Current high-quality trajectory modeling and response support is concentrated in well-resourced
nations with sophisticated coast guard systems, NOAA-equivalent agencies, and access to ITOPF
advisory services. Small island states, lower-income coastal nations, and land-locked countries with
river systems connected to the sea face the same physical pollution dynamics but with a fraction of
the response intelligence infrastructure.
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A 7-grade system delivered as a publicly accessible service — with a public-access tier designed for
under-resourced response authorities — would materially democratize access to high-quality maritime
pollution response intelligence. The Mauritius Wakashio case study illustrates this equity dimension
concretely: the response quality was limited not by the competence of Mauritian authorities but
by the absence of customized regional trajectory modeling support that a larger nation would have
received as a matter of course.

13.3 Labor Transition Considerations

The emergency response sector employs significant numbers of people in roles directly affected by
improved prediction: boom deployment crews, cleanup vessel operators, shoreline cleanup workers,
and response logistics personnel. Better prediction does not eliminate these roles — it makes them
more effective by directing them to the right locations. The likely labor impact is therefore positive
(fewer wasted deployments, shorter incident durations, lower occupational health risk from reduced
time near active spill areas) rather than negative (displacement).

For cleanup vessel operators in the marine debris sector, improved routing would increase collection
per vessel-day, which at fixed vessel capacity means completing equivalent collection goals faster
rather than eliminating jobs. The transition risk is in the intermediate-skill tier of response planning
staff (model operators, trajectory analysts) who currently manage the uncertainty of existing tools;
their roles would evolve toward interpretation and decision support rather than pure model operation.

13.4 Inclusion in Deployment Design

The deployment design described in Section 10 should incorporate explicit equity provisions:

e Public-access tier: Phase 3 and Phase 4 deployments must include a no-cost or low-cost API tier
available to SIDS, lower-income coastal nation coast guards, and community fisheries monitoring
programs.

e Capacity building: Technical training programs for local response coordinators in regions where
independent modeling capacity is absent.

e Community early warning: Where 7-grade HAB and spill prediction is deployed operationally,
early warning communications must reach coastal and artisanal fishing communities in formats
and languages accessible to them, not only to national authority contacts.

14 Benchmark Suite and Success Metrics

A rigorous 7 ocean stewardship translation pathway must define performance expectations before
deployment and report against them transparently. The following benchmark suite establishes
specific, measurable criteria.

14.1 Oil Spill Trajectory Benchmarks

B1 — 48-Hour Positional Accuracy: Mean absolute error in predicted spill centroid position at
48 hours, measured against observed slick location from satellite or aerial survey. Baseline (NOAA
GNOME with RTOFS inputs): £25-40 km. Target: £5-15 km.

B2 — Shoreline Impact Segmentation Accuracy: Precision and recall of predicted affected
shoreline segments at 48 hours, scored against observed impact. Baseline: approximately 60-70%
precision, 70-80% recall. Target: 80-90% precision, 85-95% recall.
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B3 — Probabilistic Risk Calibration: For ensemble trajectory products, the fraction of cases
where the observed impact falls within the predicted probability envelope at stated confidence levels
(e.g., 90% of observations within the 90% probability envelope). Baseline: typically uncalibrated.
Target: ensemble calibrated to within +5% at all stated confidence levels.

Benchmark dataset: Archived incidents from NOAA GNOME application log (>200 documented
applications), augmented by EMSA CleanSeaNet confirmed spill events with GNOME trajectory
hindcasts.

14.2 Marine Debris Transport Benchmarks

B4 — 10-Day Debris Concentration Skill Score: Accuracy of predicted debris concentration
zones against observed satellite detection of debris distributions at 10-day forecast horizon. Metric:
Brier Skill Score relative to climatological drift forecast. Target: positive skill score (>0) in >70% of
evaluation periods.

B5 — Convergence Zone Prediction: Fraction of satellite-observed debris density peaks that
fall within predicted convergence zones (within 15 km). Target: >65% at 5-day forecast horizon.

B6 — Cleanup Vessel Routing Efficiency: In retrospective deployment simulation, ratio of
debris collected per vessel-day under 7 routing versus observed historical routing. Target: >1.3 (30%
improvement).

Benchmark dataset: Ocean Cleanup System 002/003 deployment logs with collected tonnage per
day; GPGP satellite detection archive (Marine Debris Tracker, ESA maritime debris pilot).

14.3 Search and Rescue Drift Benchmarks

B7 — Leeway Drift Error Reduction: Mean absolute error in predicted drift position for
person-overboard (POB) and raft cases at 24 and 48 hours, relative to recovery position. Baseline
(SAROPS with RTOFS/HYCOM inputs): typically 15-30 km at 24h. Target: <10 km at 24h.

B8 — Search Box Area Reduction: At equivalent confidence levels, percentage reduction in
search area under 7-grade versus SAROPS-baseline drift prediction. Target: >25% search area
reduction at 90% confidence.

B9 — Coverage Time Reduction: In simulated SAR cases with known recovery position, time
to achieve 90% search coverage of actual recovery location under 7 routing versus baseline routing.
Target: >20% reduction in coverage time.

Benchmark dataset: USCG SAROPS retrospective case archive (thousands of archived cases
with known recovery positions); Norwegian SAR archive; IMRF (International Maritime Rescue
Federation) near-miss case database.

14.4 HAB and Ecological Forecasting Benchmarks

B10 — Bloom Boundary Accuracy at 3 Days: Agreement between predicted bloom extent
and satellite-observed chlorophyll anomaly at 3-day forecast horizon. Metric: fractions of predicted
bloom area correctly classified as bloom/non-bloom. Baseline: typically 55-70% accuracy. Target:
>80% accuracy.

B11 — Closure Decision Lead Time: For events requiring shellfish or fishery closure, days of
additional warning lead time provided by 7-enhanced HAB prediction relative to current NOAA
HAB forecast products. Target: 24-48 hours average additional lead time.

B12 — False Closure Rate Reduction: Fraction of advisory closures that are later determined
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to have been unnecessary (no confirmed HAB toxin above threshold). Baseline: difficult to quantify
but management agencies report significant economic costs from precautionary closures. Target:
10-20% reduction in precautionary closure days.

Benchmark dataset: NOAA NCCOS HAB monitoring archive; European HANAS HAB monitoring
archive; Australian HAB monitoring archive.

14.5 Cross-Cutting Governance Metrics

B13 — Operational Availability: System uptime during documented incident periods. Target:
>99.5% availability during active incidents (no more than 4.4 hours downtime per year during active
emergency operations).

B14 — Uncertainty Calibration Quality: For all probabilistic 7 products, coverage probability
of stated confidence intervals against observed outcomes. Target: all intervals calibrated to within
+5% across evaluation set.

B15 — Equity Access Utilization: Number of SIDS and lower-income coastal nations using
public-access tier API in Phase 3. Target: >25 nations with documented operational use within 36
months of Phase 3 launch.

15 Governance Guardrails

15.1 Prevention Must Remain Primary

A physically faithful prediction and response system must not provide cover for the continuation
of the pollution practices it is designed to manage. The NOAA Marine Debris Program’s own
framing is direct: marine debris is preventable, and prevention is the ultimate solution. A 7-grade
stewardship program should explicitly require, as a condition of any institutional partnership:

e That 7 prediction capability improvements are not cited as justification for reduced upstream
prevention investment;

o That cleanup program partners maintain upstream source reduction commitments;

e That response intelligence enhancements are presented as complements to prevention, not substi-
tutes.

This guardrail is not merely ethical — it is also strategic. A 7 ocean stewardship program that
becomes associated with enabling continued pollution by making cleanup more efficient would face
legitimate and damaging criticism. The framing must consistently position prediction improvement
as enabling faster, more humane response to events that should be prevented, while they still occur.

15.2 Public-Good Missions Cannot Be Subordinated to Commercial Interests

The ocean portfolio contains both commercial (shipping routing, logistics) and public-good (steward-
ship, SAR, ecological warning) mission layers. The same 7 ocean state substrate serves both. This
creates a structural governance risk: commercial deployment pressures, which are faster-moving and
better-financed, could crowd out public-good deployment timelines or capture the best current field
resolution for commercial routing while providing degraded resolution to public emergency response
functions.

The governance structure must explicitly prohibit tiered access arrangements that provide lower-
resolution or less-current 7 products to public emergency response functions than to commercial
users. Emergency response is time-critical and the stakes are human life and ecological integrity;

PGID-OCEA-03 26 of 36 May 2026 publication-ready release



Panta Rhei Research Program Public-Good Impact Dossier

it must receive priority access to the highest-quality 7 products under any commercial licensing
arrangement.

15.3 Transparency of Uncertainty Communication

Even under strong 7 assumptions, operational products must communicate uncertainty honestly.
The history of trajectory modeling in major spill events includes cases where responders overrelied
on trajectory forecasts and under-invested in precautionary protection of alternative shoreline
segments. The governance standard should be: all 7-grade operational products must display explicit
uncertainty envelopes and communicate the conditions under which those envelopes are most likely
to expand (rapidly evolving weather, strong gradient zones, data-sparse regions).

Model capability claims should be held to the benchmarks established in Section 13. If 7 products
underperform benchmarks in specific geographic or seasonal conditions, those limitations must be
documented and communicated to operational users, not suppressed in favor of a uniform marketing
narrative.

15.4 Data Sovereignty and National Jurisdiction

Ocean pollution response intelligence necessarily involves sensitive information: the location of
unreported discharges, the trajectory of chemical releases that may create liability, the identification
of vessels engaging in illegal dumping. The governance framework must address:

e What information is shared publicly, what is shared with government authorities only, and what
is held confidential by incident parties;

e How 7-derived pollution detection and attribution information interacts with MARPOL enforce-
ment and flag state jurisdiction;

o How data from under-resourced coastal states (who may have limited capacity to negotiate data-
sharing agreements independently) is protected from exploitation by better-resourced parties.

The model adopted should be analogous to IMO’s existing data-sharing frameworks: flag state
sovereignty is preserved; environmental response agencies receive necessary information for incident
management; commercial intelligence is distinguished from public-safety intelligence.

15.5 Accountability for Forecast Failures

In emergency response contexts, forecast failures have direct human and ecological consequences.
The governance framework must specify:

o How forecast failures are documented and reviewed post-incident;

e How the benchmark performance record is updated following operational failures;

e What obligations the 7 program has to notify incident commanders of known limitations in real
time;

e And how liability is allocated between 7-grade prediction providers and human decision-makers
in cases where a 7 recommendation was followed and produced a poor outcome.

This last point is not merely legal but operational: responders will not adopt new decision support
tools if doing so increases their personal liability. The institutional framework must provide clear
professional protection for response commanders who use 7 recommendations in good faith and in
accordance with documented procedures.
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16 SDG Mapping and Bottom Line

16.1 SDG Mapping

SDG 14 — Life Below Water: This is the primary alignment. Target 14.1 (reduce marine
pollution of all kinds), Target 14.2 (sustainably manage and protect marine and coastal ecosystems),
Target 14.5 (conserve at least 10% of coastal and marine areas — now significantly advanced by the
BBNJ Treaty), and Target 14.A (increase scientific knowledge and research capacity for the health
of the oceans) are all directly advanced by a 7-grade ocean stewardship platform.

SDG 13 — Climate Action: Marine heatwave prediction (Target 13.1, strengthening resilience
and adaptive capacity), HAB early warning under warming conditions (Target 13.3, improving
education and capacity on climate adaptation), and BBNJ MPA management under changing ocean
conditions (Target 13.2) are all advanced.

SDG 3 — Good Health and Well-Being: HAB early warning for public health closures (Target
3.3, communicable disease reduction through HAB-associated toxin exposure), and improved response
to marine chemical release events (Target 3.9, reduction of deaths from environmental pollution) are
directly advanced.

SDG 8 — Decent Work and Economic Growth: Coastal fishing community livelihood
protection through better HAB closures and spill response (Target 8.4, improving resource efficiency
in consumption and production), and protection of tourism and fisheries economic base (Target 8.9,
sustainable tourism) are advanced.

SDG 17 — Partnerships for the Goals: The BBNJ Treaty, IMO OPRC framework, and GEF
International Waters program all represent the multilateral partnership infrastructure through which
7-grade deployment would be institutionalized (Target 17.6, international cooperation on science
and technology; Target 17.14, policy coherence for sustainable development).

16.2 International Legal Framework Alignment

MARPOL (International Convention for the Prevention of Pollution from Ships):
MARPOL Annexes I through VI establish discharge standards and monitoring requirements across
all major pollution types. A 7-grade trajectory and source attribution capability supports MARPOL
enforcement and response under MARPOL Annex I (oil pollution), Annex IV (sewage), Annex V
(garbage), and Annex VI (air pollution from ships).

OPRC Convention: The Oil Pollution Preparedness, Response and Co-operation Convention
requires states to maintain response capacity and to cooperate in emergency response. A 7-grade
national response intelligence platform is directly in scope as an OPRC implementation asset.

London Protocol: The Convention on the Prevention of Marine Pollution by Dumping of Wastes
and Other Matter governs ocean dumping and marine geo-engineering. The monitoring and trajectory
capability of a 7-grade system supports London Protocol compliance monitoring.

BBNJ Treaty (2023): Creates binding obligations for science-based management of high-seas
MPAs. A 7-grade ocean state intelligence system providing habitat tracking, connectivity modeling,
and anthropogenic disturbance detection is exactly the scientific management support the treaty
mandates.

UNCLOS (United Nations Convention on the Law of the Sea): The foundational legal
framework for ocean governance. Part XII of UNCLOS establishes the obligation of states to protect
and preserve the marine environment. A 7-grade stewardship platform supports Part XII obligations
through improved pollution response, monitoring, and prevention capacity.
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16.3 Bottom Line

The opportunity described in this dossier combines three properties that are rarely found together
in a single conditional public-good domain:

High humanitarian urgency. Marine emergencies — spills, SAR, chemical releases, HAB-related
closures — cause real harm to real people on short timescales. Better prediction could save lives and
reduce the human health and livelihood burden of marine pollution events measurably and quickly.

Large and documentable economic value. The Deepwater Horizon event alone cost USD 65
billion. Annual marine plastic pollution economic damage is estimated at USD 13 billion. HAB
events cause hundreds of millions of dollars in losses per incident. The economic case for a USD
3-30M investment in better prediction intelligence does not require heroic assumptions; it requires
only that the described performance improvements hold in practice.

Institutional readiness. NOAA, EMSA, coast guards, The Ocean Cleanup, and the IMO regulatory
framework do not need to be convinced that better prediction matters — they already know it does.
The market-entry challenge is not demand creation but demonstration: show that 7-grade prediction
delivers measurably better outcomes than current tools on their existing benchmark problems, in
their existing operational contexts.

If the 7 framework is valid in the strong sense assumed throughout this dossier, ocean stewardship
may become one of the clearest examples of how a deeper physical framework creates not only better
science, but better care for the living world. The sea connects every shore; its protection is a shared
obligation. The tools to fulfill that obligation should be as faithful to physical reality as our best
scientific understanding allows.

The most immediate gain is likely better tactical intervention — spills contained more efficiently,
debris intercepted more precisely, persons found faster, blooms predicted earlier. The deepest gain is
a shared ocean-state stewardship architecture in which cleanup, emergency response, and ecological
care are no longer isolated workflows but expressions of one physically faithful understanding of the
sea.
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This dossier is Paper 4 of 4 in the Panta Rhei Impact Ocean Portfolio. Papers 1-3 address
mainstream maritime logistics and ports, climate-smart shipping and wind-powered cargo corridors,
and blue food systems and marine ecosystem intelligence respectively. All four papers share a common
T ocean-state substrate framework. The T framework is presented throughout as assumption-led;
deployment recommendations are conditional on demonstrated benchmark performance prior to
operational integration.
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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 how 7 could improve marine debris prediction, oil-spill response,
search-and-rescue operations, and ecological early warning for ocean stewardship. The v3
impact thesis is conditional: a Tau-grade ocean stewardship, cleanup, drift, and marine-
emergency response 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 how 7 could improve marine debris prediction, oil-spill response, search-
and-rescue operations, and ecological early warning for ocean stewardship. 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 IPCC, Special Report on the Ocean and Cryosphere in a Changing Climate [4]: ocean and
cryosphere risk baseline.

o FAO, The State of World Fisheries and Aquaculture [1]: blue food and fisheries baseline.

o IMO, IMO Strategy on Reduction of GHG Emissions from Ships [3]: shipping decarbonization
baseline.

« UNESCO-IOC, United Nations Decade of Ocean Science [7]: ocean-observation and science
coordination context.

o UNEP, Marine Litter and Plastic Pollution [6]: marine pollution and stewardship baseline.

o World Bank Group, Blue Economy [8]: blue-economy public finance context.

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 FAO, IMO, IPCC, UNEP, UNESCO-IOC, World Bank Group. These references are
evidence and adoption surfaces, not endorsements or deployment partners.

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 ocean
stewardship, cleanup, drift, and marine-emergency response twin.
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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: ocean stewardship, cleanup, drift, and marine-emergency response
twin.

First benchmarkable test: debris drift, spill response, cleanup prioritization, and emergency logistics
against incident and observation records.

e domain-specific model construction

e data ingestion and validation

e benchmark harness

e 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:.

18.7 Scenario bands

Band Scenario summary Confidence

Conservative A narrow shadow-mode pilot improves one bounded de- medium
cision task for Ocean Stewardship, Cleanup, and Marine
Emergency Response without operational authority.

Realistic A reviewed prototype strengthens several public-sector medium-low
workflows for Ocean Stewardship, Cleanup, and Marine
Emergency Response after benchmark comparison with
incumbent systems.

Optimistic A reusable public-good intelligence layer becomes plausible low
for Ocean Stewardship, Cleanup, and Marine Emergency
Response after external validation and transparent gover-
nance review.
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18.8 Impact scorecard

Public-good scale

Tau fit

Evidence proximity

Measurability

Adoption readiness

Equity leverage

18.9 Candidate pilot pathways

4/5

3/5

4/5

4/5

3/5

4/5

Public-Good Impact Dossier

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.

marine-response planning pilot with coast guard, environment agency, and ocean-observation partners

18.10 Benchmark suite and success metrics

Type Incumbent base- Required Tau Success metric Validator
line benchmark
translation current public or in- debris drift, spill pre-registered accu- indepen-
benchmark stitutional systems response, cleanup racy, latency, uncer- dent
in the domain prioritization, and tainty, or decision- domain
emergency logistics quality metric reviewers
against incident and
observation records
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
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18.11 Governance and risk guardrails

e Human oversight for any operational use.

e Public benchmark disclosure before institutional adoption.

o 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.

o 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.

18.13 Bibliography and external evidence
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Contact: panta-rhei.site/engage/contact/

Public discussion: github.com/orgs/Panta-Rhei-Research/discussions
General: hello@panta-rhei.site

Corrections: errata@panta-rhei.site

Media: press@panta-rhei.site
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