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Executive Summary 
Plastic pollution is one of the most visible, fastest growing, and least systematically observed forms of 

environmental change on Earth today. Mismanaged plastic waste accumulates in informal dumps and 
agricultural land, is transported by rivers, and ultimately reaches coastlines and the open ocean, yet no 
operational space-based capability exists to detect, identify, quantify, and track it consistently from source-
to-sink across this land-to-sea continuum. A sustained observing capability would direct cleanup and 
interception to where material has actually accumulated, and supply the outcome indicator against which 
upstream measures can be evaluated. We propose a coordinated, multi-sensor observing strategy rather than 
a single monolithic instrument, reflecting the fact that plastic-detection requirements differ meaningfully 
across the aquatic and terrestrial domains even as they share the same underlying spectral and structural 
identification principles, combining hyperspectral SWIR and multispectral imaging with complementary 
radar, fluorescence/lidar, thermal, and polarimetric sensing, supported by a distributed validation network. 
We recommend that future and planned Earth Observation instruments be explicitly optimized to meet 
plastic-detection requirements rather than treating this capability as an incidental byproduct of platforms 
designed for other purposes — in effect, pursuing a dedicated plastic-detection mission or instrument rather 
than assuming this capability follows automatically from a general-purpose space agency platform. Two 
decades of peer-reviewed research show that the physical and technological basis for this capability is 
increasingly mature, even though a sustained operational system does not yet exist. 

1. Science Question and Societal Challenge 
1.1 Scope of the problem 

Global plastic production has grown roughly 230-fold since 1950 and now exceeds an estimated 400 
million tonnes annually (OECD, 2022). A substantial share of this class of materials — produced mainly for 
single-use packaging and short-lived products — escapes formal collection and recycling systems. Because 
these materials are durable, buoyant in many forms, and fragments rather than fully degrades, they 
accumulate in multiple Earth-system reservoirs simultaneously (Rangel-Buitrago et al., 2026): informal and 
unmanaged dumpsites and agricultural lands (Biosphere), rivers and estuaries (Hydrosphere), coastlines — 
corals, mangroves, salt marshes, beaches — and the open ocean (Hydrosphere/Biosphere), and, as 
fragmentation proceeds, the atmosphere itself as airborne microplastic (Atmosphere). Aquatic plastic 
pollution is the most visible and heavily studied of these reservoirs, but a comparable terrestrial-source 
problem — poorly managed dumps, agricultural film and mulch, and urban litter — is now understood to be 
a dominant origin of the material that ultimately reaches rivers and coasts (Lamb et al., 2018; Walther and 
Bergmann, 2022; UNEP, 2021, 2023; Kruse et al., 2023; Rillig et al., 2024). Long-lasting floating plastics 
provide a persistent substrate for fouling species, enabling them to cross historical biogeographic boundaries 
and reach distant ecoregions (Carlton et al., 2017), with potential biological invasions and significant 
consequences for pelagic ecosystems (Haram et al., 2023). The increasing frequency and intensity of climate-
related extreme events may further enhance the input and redistribution of plastic into the marine environment 
through maritime incidents and natural disasters. 
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The consequences of this accumulation extend across the food web and, increasingly, to human health. 
A synthesis of ingestion and entanglement records found impacts on 914 marine species — including 
ingestion in more than half of studied marine mammal species, over 40% of studied seabird species, and all 
studied sea turtle species — through blockage, starvation, and injury (Kühn and van Franeker, 2020; Santos 
et al., 2021; Perold et al., 2024). As larger debris fragments into microplastics and nanoplastics that enter 
food, water, and air, a growing body of animal and emerging human evidence has linked exposure to 
endocrine disruption and adverse reproductive outcomes, including altered hormone levels and the direct 
detection of plastic particles in human placental tissue (Barboza et al., 2018; Ragusa et al., 2021; Xu et al., 
2024; Zurub et al., 2024; Chartres et al., 2024; Thompson et al., 2024; Landrigan et al., 2025). These findings 
elevate plastic pollution monitoring from a primarily environmental concern to one with direct public-health 
relevance, reinforcing the case for systematic observation of where this material accumulates and how it 
moves across the land-to-sea continuum. 
1.2 A land-to-sea Earth-system question 

The central science question is not simply how much plastic is present in the ocean, but rather: where 
does plastic accumulate across the land-to-sea continuum, at what rate does it move between reservoirs, and 
how can these fluxes be observed with enough consistency to inform mitigation, interception, and policy? 
This is inherently an Earth-system question because no single sphere captures it. Rivers are the dominant 
conduit linking terrestrial mismanaged waste to ocean input, and this concentration is not diffuse (Weiss et 
al., 2021; Gonzalez-Fernandez et al., 2021; van Emmerik et al., 2022; Gnann et al., 2026). Just over 1,000 
rivers account for roughly 80% of riverine plastic emissions to the ocean (Meijer et al., 2021), meaning a 
targeted rather than uniform-coverage observing strategy is scientifically justified and operationally feasible. 
Floating aggregations (“windrows”) are similarly strategic, observable targets for tracking that transport 
(Cózar et al., 2021). The physical oceanography governing where floating debris subsequently accumulates 
— in convergence zones, coastal retention areas, and ocean gyres — is reasonably well modeled, but requires 
observed source terms and boundary conditions that do not currently exist at global scale (van Sebille et al., 
2020; Chaturvedi et al., 2020). On land, informal dumps and agricultural plastic films are simultaneously a 
Biosphere land-cover signature and a direct predictor of Hydrosphere input; mapping one without the other 
leaves half of the transport pathway unconstrained. 
1.3 Community recognition of the observational gap 

This gap is not newly identified. A community white paper for the prior decadal cycle called for dedicated 
marine-debris-sensing mission concepts (Maximenko et al., 2016), and a subsequent effort proposed an 
“Integrated Marine Debris Observing System” spanning satellite, aircraft, and in-situ elements (Maximenko 
et al., 2019); the first systematic assessment of space-based observation requirements followed the same year 
(Martínez-Vicente et al., 2019; Martinez-Vicente et al., 2020), and literature reviews (Vighi et al., 2022; GIZ, 
2023; Guan et al., 2026) and stakeholder recommendations (UNEP, 2021; NASEM, 2022; UN Secretariat, 
2025) continue to indicate the relevance of remote sensing as the missing source of complementary 
information about aquatic plastics. Despite a decade of community input, no dedicated operational capability 
exists, and current detections rely on repurposing ocean-color and land-imaging missions not designed for 
the task, with real, well-documented limitations (Hu, 2021, 2022, 2025). Addressing this gap would advance 
decadal-survey priorities under the Hydrosphere theme (coastal and ocean water quality, land–ocean material 
exchange) and the Biosphere themes (ecosystem health, land-cover and land-use characterization). 
1.4 Domestic and global policy context 

The importance of this capability is reinforced by recent national and state findings. The United States 
generates more plastic waste by weight and per capita than any other nation as of 2016 (Law et al., 2020). A 
National Academies consensus study explicitly recommended a nationally coordinated, expanded monitoring 
system to track plastic pollution, identify its sources, and measure progress against reduction targets 
(NASEM, 2022). That report’s central conclusion — that the absence of regular, standardized data collection 
is itself a barrier to understanding U.S. contributions — is precisely the gap a space-based observing 
capability is positioned to close. 
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State-level action reinforces the same conclusion. In February 2022, California’s Ocean Protection 
Council (CA OPC) adopted the nation’s first Statewide Microplastics Strategy, a multi-year roadmap for the 
state to assume a national and global leadership role in microplastics management (CA OPC, 2022), whose 
science-track pillars — monitoring trends, prioritizing sources and pathways, assessing risk thresholds, and 
evaluating solutions — map directly onto the deliverables described in Section 2. States are moving faster on 
policy than on the means to verify it: extended producer responsibility statutes in seven states, including 
California’s statutory 25 percent packaging reduction requirement by 2032 (SB 54, 2022), set measurable 
targets with no environmental verification mechanism, underscoring the state- and regional-level demand a 
national space-based observing capability could serve. 

Internationally (ESA, 2020; UNEP, 2021), UNEP member states have been negotiating a legally binding 
global plastics treaty since 2022 (pursuant to UN Environment Assembly resolution 5/14); as of this writing, 
five negotiating sessions have not yet produced a final agreement, and the committee reconvened under new 
leadership in early 2026. Provisions on monitoring and verification in successive draft texts remain largely 
non-binding and rest on national self-reporting, with no independent means of confirming reported figures 
against observed conditions. This gap is drawing attention: the SDG 14.1.1 plastic debris density indicator 
remains Tier III for lack of an established methodology, though its own framework already designates Earth 
observation as a core data source (UNEP, 2021), and the Third UN Ocean Conference in Nice (June 2025) 
further underscored remote sensing’s role in closing it. U.S. Earth observation assets are well positioned to 
contribute to this developing MRV architecture if planning begins now. 

2. Utility of the Proposed Measurement / Observing Capability 
We propose a coordinated, multi-sensor observing strategy rather than a single monolithic instrument, 

since plastic-detection requirements differ meaningfully between the aquatic and terrestrial domains even 
though both rely on the same underlying spectral and structural discrimination principles. 

Passive VIS and SWIR reflectance together form the most mature channel, though the two play distinct 
roles: visible imagery mainly supports anomaly detection — flagging a color or brightness anomaly 
consistent with debris — while the diagnostic, polymer-specific absorption features enabling material 
identification, detailed in Section 2.1 (Garaba and Dierssen, 2018, 2020), sit in the SWIR. Even together, a 
resilient observing capability should not depend on passive reflectance alone. Multi-angle polarimetry 
exploits the fact that plastic surfaces are commonly birefringent or semi-transparent and generate distinctive 
polarized reflectance signatures, particularly under sun-glint geometries (Parrish et al., 2023; de Fockert et 
al., 2024; Herrera et al., 2025; Consola and Camps, 2026); laboratory and radiative-transfer studies of the 
polarized light-scattering properties of microplastics (Koestner et al., 2023, 2024; Foster et al., 2025) are 
directly relevant to NASA’s PACE mission, whose HARP2 and SPEXone polarimeters were not designed 
for plastic detection but currently offer a first operational opportunity to test the technique from orbit. 
Polarimetry need not be stand-alone: integrated with standard VIS/SWIR channels at the same wavelengths, 
it also improves atmospheric correction and suppresses natural ocean-surface clutter, reducing false positives 
— a capability future mission concepts could incorporate deliberately rather than incidentally. Active 
fluorescence and LiDAR techniques offer a complementary route to submerged and low-light detection: 
laboratory and at-sea trials of hyperspectral and laser-diode fluorescence LiDAR have demonstrated 
discrimination of several plastic polymers from natural dissolved organic matter and water Raman signals, 
including in submerged and night-time conditions where passive reflectance cannot operate (Palombi and 
Raimondi, 2022; Cadondon et al., 2024; Mahmoud and El-Sharkawy, 2024; Foster et al., 2025). An ESA-
funded feasibility study investigated backscatter, fluorescence, and Raman LiDAR for detecting and 
characterizing raw, marine-harvested, and biofouled plastics in the laboratory and at sea (Raimondi et al., 
2023, 2024), and a NASA-funded concept study characterized the fluorescence signatures of beached, netted, 
and biofouled plastic samples in the laboratory and these data informed the construction of an airborne 
instrument and the future design of a spaceborne system (Cowell et al., 2025). Thermal infrared sensing 
offers a third complement, exploiting thermal emissivity and surface temperature rather than reflected 
sunlight, and has been demonstrated from suborbital platforms for day and night floating-litter detection 
(Goddijn-Murphy and Williamson, 2019; Goddijn-Murphy et al., 2022). SAR and related microwave 
techniques add an all-weather channel: Sentinel-1 C-band imagery has detected large floating aggregations 
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via wave-damping and backscatter anomalies at river dams (Simpson et al., 2022), and the CYGNSS 
constellation has been explored for spaceborne ocean-microplastic sensing (Evans and Ruf, 2021), though 
not all aggregations produce a SAR anomaly and SAR alone cannot distinguish plastics from other floating 
material, requiring confirmation from an optical or thermal channel. No single sensing technology is adequate 
across all litter types and conditions (GIZ, 2023; Goddijn-Murphy et al., 2024; de Fockert et al., 2024; Kato 
et al., 2026; Guan et al., 2026), so the strategy proposed here is explicitly multi-modal, using SWIR 
reflectance to “fingerprint” plastics and VIS-NIR to flag anomalies, with polarimetric, fluorescence/LiDAR, 
thermal, and radar as targeted complements. Sections 2.1–2.2 describe how these channels come together in 
the aquatic and terrestrial domains; Section 2.3 turns to how the two connect, since neither alone captures the 
land-to-sea transport at the heart of the problem. 
2.1 Aquatic detection (ocean, coastal, riverine) 

Plastics exhibit diagnostic absorption features in the SWIR arising from polymer C–H bond overtones, 
distinguishing them spectrally from water, foam, sea ice, and biogenic material such as Sargassum and algal 
mats (Garaba and Dierssen, 2018, 2020; Knaeps et al., 2021; Moshtaghi et al., 2021; Ohall et al., 2025). 
These features underlie essentially all optical plastic-detection algorithms developed over the past decade, 
including Sentinel-2-based plastic and windrow indices (Biermann et al., 2020; Themistocleous et al., 2020; 
Arias et al., 2021; Cózar et al., 2024), indices applied to hyperspectral PRISMA data (Kremezi et al., 2021, 
2022; Taggio et al., 2022; Corbari et al., 2023), and the MARIDA benchmark dataset used to train and 
compare machine-learning classifiers (Kikaki et al., 2022). A dedicated hyperspectral capability with 
adequate SWIR sampling and signal-to-noise would substantially improve on today’s opportunistic use of 
ocean-color and land-imaging missions, whose coarse spectral sampling is a documented source of false 
positives and ambiguous detections given the ubiquity of non-plastic floating materials such as algae mats 
and scums (Hu, 2021, 2022, 2025; Qi et al., 2026). Complementary radar and thermal sensing extend 
detection to cloudy and low-light conditions and provide independent confirmation of large floating 
aggregations through wave-damping and thermal-contrast signatures, though their use remains exploratory 
(Goddijn-Murphy & Williamson, 2019; Evans & Ruf, 2021; Simpson et al., 2022; Qi et al., 2022; Sun et al., 
2023; Hadjal et al., 2025). For rivers, image-based transport-quantification methods already demonstrate that 
discharge-normalized macro-debris flux can be estimated from repeat imagery at bridges and choke points 
(Kataoka & Nihei, 2020), directed studies have begun testing which direct and indirect river signals are 
detectable from orbit (Schreyers et al., 2022), and fine-resolution multispectral imagery has been 
demonstrated for general detection, quantification, and tracking of riverine floating litter (Mohsen et al., 
2023; Garaba and Park, 2024; Acuna-Ruz et al., 2026; Perez-Garcia et al., 2026). 
2.2 Terrestrial detection (informal dumps, agricultural plastic, urban litter) 

Very-high-resolution multispectral imagery has been used to derive normalized-difference plastic indices 
that discriminate plastic sheeting and film from other urban and agricultural surfaces (Guo and Li, 2020), and 
comparable indices map plastic-covered greenhouses using Sentinel-2 (Aguilar et al., 2022; Zhang et al., 
2022). A global-scale demonstration combined commercial very-high-resolution imagery with deep-learning 
classifiers to map terrestrial plastic-waste sites across dozens of countries, providing early evidence this 
approach can scale from local case studies to a global product (Kruse et al., 2023). Most directly relevant to 
this proposal, NASA’s EMIT imaging spectrometer — an ISS-hosted VSWIR instrument built for an 
unrelated purpose — has now been used to detect HDPE and PVC absorption signatures at global scale using 
a column-wise adaptive matched filter and an open-access spectral library, providing the first orbital, 
hyperspectral, land-focused demonstration of essentially the capability this white paper recommends (Estrela 
et al., 2025). This builds on a longer airborne heritage: nearly a decade earlier, AVIRIS imagery was used to 
map synthetic-hydrocarbon signatures at a Southern California landfill using the same diagnostic SWIR 
features EMIT now exploits from orbit (Garaba and Dierssen, 2018), establishing that hyperspectral imaging 
— airborne or spaceborne — resolves terrestrial plastic independent of the aquatic case. AVIRIS combined 
with ASI PRISMA imagery has likewise improved detection of plastic greenhouses (Despini et al., 2025), 
and a more recent experiment using open-access PRISMA, EnMAP, and EMIT imagery mapped LDPE 
greenhouse structures across diverse geographic locations using the same SWIR characteristics (Garaba, 
2026). Complementary work has mapped informal dumps and cleanup priorities in under-observed coastal 
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megacities (Dasgupta et al., 2022; Nahid Ferdous et al., 2024), and land-based UAS litter surveys provide a 
validation pathway analogous to the beach- and coastal-litter protocols already standardized for the aquatic 
domain (Andriolo et al., 2020, 2021; Gonçalves et al., 2020; Swanepoel et al., 2023). 
2.3 Connecting land and water: quantifying flux 

The greatest scientific value of a coordinated capability lies not in either domain alone but in pairing 
them. A terrestrial source map combined with river and coastal detection would, for the first time, allow 
direct observational estimation of land-to-river-to-ocean mass flux rather than the model-based 
apportionment used today, providing essential validation and boundary-condition data for the Lagrangian 
ocean-transport models the community already relies on (van Sebille et al., 2020). Purpose-built modeling 
tools illustrate the kind of observational input this capability would provide; the examples named here are 
part of a broader and growing modeling ecosystem. In the ocean, PlasticParcels — an open-source 
Lagrangian particle-tracking package built on the Parcels framework for simulating plastic dispersal and 
testing settling, degradation, and beaching parameterizations (Denes & van Sebille, 2024) — sits alongside 
other transport models such as Onink et al. (2021) and the near-real-time plastic tracer model of Maximenko 
and Hafner (2024). On land, the Plastic Pathfinder is an early terrestrial counterpart, simulating wind- and 
runoff-driven macroplastic mobilization and transport across river basins and identifying where terrestrial 
pollution enters freshwater systems (Mellink et al., 2022). These models currently run on assumed or sparsely 
observed source terms rather than direct measurements. A coordinated observing capability would let their 
parameters be calibrated against actual detections, meaningfully tightening the land-to-ocean mass-flux 
estimates on which cleanup prioritization and policy depend. Realizing this potential will also require a 
coordinated data-management framework linking satellite detections with in-situ observations — 
standardized metadata, harmonized measurements, persistent archives, and interoperable products essential 
for comparing observations across platforms and time. This capability also has immediate applications value: 
rapid response assessment following storms, floods, and tsunamis has already been demonstrated with 
existing sensors (Matthews et al., 2017; Hu et al., 2023; Qi et al., 2024; Jiao et al., 2026), and a dedicated, 
higher-revisit capability would make this response systematic rather than opportunistic, supporting cleanup 
and river-interception infrastructure investment (Dasgupta et al., 2022; Acuna-Ruz et al., 2026). The same 
observations would also serve a distinct verification function: extended producer responsibility targets and 
international treaty provisions currently rest on self-reported figures with no independent means of 
confirmation (Section 1.4), and systematic land-to-sea observation would provide exactly that check. 

3. Key Measurement Requirements 
Requirements fall into two categories that should be specified separately. Table 1 summarizes the 

demonstrated capability, principal limitation, and plastic-specific requirement for each instrument technology 
introduced in Section 2. Table 2 summarizes the cross-cutting, mission-level requirements — coverage, 
latency, resolution, and validation — that apply regardless of instrument. Two points merit emphasis. First, 
adequate signal-to-noise in diagnostic SWIR windows (e.g., ~1045, 1215, 1660, 1732, 2310 nm) is what 
separates genuine polymer identification from color- or brightness-based proxy detection (Garaba and 
Dierssen, 2020; de Vries et al., 2023; Ohall et al., 2025). Second, nominal temporal revisit in Table 2 is a 
best-case, clear-sky number. Cloud cover routinely reduces usable observations well below the nominal 
repeat, particularly over tropical and monsoon-affected regions where several of the highest-emitting rivers 
are located (Meijer et al., 2021), so an operational capability needs a faster nominal revisit or an all-weather 
complement (e.g., SAR, thermal). 

4. Likelihood of Achieving within the Decadal Time Frame 
4.1 Heritage and near-future instruments 

Table 1 summarizes the demonstrated capability, principal limitation, and plastic-specific requirement 
for each relevant instrument technology. Aquatic detection has real heritage, but each existing or planned 
platform carries a specific, documented gap. NASA’s PACE Ocean Color Instrument, launched in 2024, 
offers a ~2-day global revisit but only ~1 km spatial sampling — far coarser than most plastic aggregations 
— and its polarimeters (HARP2, SPEXone) were not designed for plastic detection, though already being 
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explored for it (Koestner et al., 2023, 2024; Foster et al., 2025). The ISS-hosted EMIT imaging spectrometer 
has moved beyond a technology precursor to an operational demonstration, detecting LDPE, HDPE and PVC 
signatures on land at global scale (Estrela et al., 2025; Garaba, 2026); however, its ISS-based data collection 
is opportunistic and irregular rather than systematic, limiting its use for tracking episodic events. 

NASA’s Surface Biology and Geology effort, recently restructured as the cost-capped, Explorer-class 
EAGLE-VSWIR mission, is the most directly relevant program of record. Its existence should not be read as 
evidence that the observational gap in Section 1.3 is already closed. EAGLE-VSWIR inherits baseline design 
parameters (~30 m spatial sampling, ~16-day equatorial revisit) optimized for mineralogy and vegetation 
objectives rather than plastic detection, and its accelerated, cost-capped timeline increases the risk that 
plastic-specific requirements are traded away by default. Protecting plastic-diagnostic band placement, 
adequate SNRs, and finer spatial/temporal sampling for planned and successor missions is the single highest-
leverage action available to the decadal survey.  

A further distinction matters here. Multispectral sensors can detect a spectral anomaly consistent with 
plastics, supporting quantity/extent mapping at high revisit and low cost, but their handful of broad bands 
cannot resolve the narrow polymer-specific SWIR features needed to determine composition; only 
hyperspectral sensors provide that finer identification capability with low risk of spectral ambiguities (Table 
1). Commercial hyperspectral capability now exists in principle — Planet’s Tanager constellation shares 
design and processing heritage with EMIT and has been on orbit since September 2024 — but it has not yet 
been demonstrated for plastic detection specifically, and its imagery is not currently offered as open-access 
data. 

Two further institutional factors bear on feasibility. First, relying on a constellation of commercial or 
international assets to achieve adequate revisit requires cross-sensor harmonization and verifiable calibration 
(Table 2); without it, differences between platforms can be mistaken for genuine detection signal. Second, 
government-provided calibration and validation carry a trust value — a fidelity assurance — that commercial 
data alone does not yet establish for many regulatory users. NASA and partner agencies are positioned to 
provide this function even where data are commercially sourced. 
4.2 Algorithm and data maturity 

The volume and diversity of existing peer-reviewed work is substantial. The IOCCG’s Task Force on 
Remote Sensing of Marine Litter and Debris (RSMLD) bibliography exceeds 280 entries spanning spectral-
library development, index-based detection, and machine-learning benchmarks, most published within the 
past six years — including open spectral-reflectance datasets (Knaeps et al., 2021; de Vries et al., 2023; Ohall 
et al., 2025), benchmarked classifiers (Mifdal et al., 2021; Kikaki et al., 2022), and reproduced detection 
indices (Biermann et al., 2020; Themistocleous et al., 2020; Arias et al., 2021). This places core algorithms 
at approximately TRL 4–6; the primary remaining gap is operational validation at TRL 7–9, requiring 
dedicated calibration and validation rather than further algorithm development alone. 
4.3 International and commercial partnerships 

The decadal survey does not need to build this capability alone. Japan’s Ministry of the Environment has 
issued formal guidelines for remote-sensing-based marine litter monitoring (Isobe et al., 2024); ESA’s 
Sentinel-1/2 record and the planned Copernicus Hyperspectral Imaging Mission (CHIME) provide 
complementary capability; and Italian (PRISMA) and German (EnMAP) missions have already supported 
operational demonstrations (Taggio et al., 2022; Corbari et al., 2023; Garaba, 2026). IOCCG functions as an 
existing coordination body (Garaba et al., 2021) a U.S.-led effort could build on rather than duplicate. 
4.4 Workforce, infrastructure, and institutional considerations 

The research community is productive but unevenly distributed. Most of the 280+ RSMLD publications 
originate from Europe, Japan, and North America, while the highest-emitting source regions — much of 
South/Southeast Asia and West Africa — remain under-represented in both the validation-data record and 
trained workforce (Dasgupta et al., 2022; Kruse et al., 2023; UN Secretariat, 2025). A decadal-scale 
investment should fund capacity-building in these regions, both to close this gap and ensure local usability, 
not only global-scale science. Equally important is institutional ownership. A sustained operational product 
requires an identified agency home — NASA, NOAA, or an international partner — and its absence is a 
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central reason a decade of community calls (Maximenko et al., 2016, 2019, 2022) has not yet produced an 
operational system. This should extend to long-term data stewardship: sustained archival, quality control, 
harmonization, and public dissemination of both satellite-derived products and validation observations, using 
existing federal infrastructure to keep these records discoverable and reusable. 
4.5 Overall assessment 

We assess likelihood by capability type, since the same pattern emerges across domains. Sensing 
technology and physical basis: HIGH, given the heritage in Table 1 and Section 4.1. Algorithm and analysis 
maturity: MODERATE — algorithms are demonstrated across multiple sensors and geographies (Section 
4.2), but operational validation (TRL 7–9) is lacking, and terrestrial mapping remains demonstrated rather 
than operationalized (Kruse et al., 2023). Polymer-type discrimination at global scale: MODERATE-LOW, 
constrained by spatial resolution, SNR, and natural-material spectral confusion (Hu, 2021, 2022, 2025). 
Together, these point the same way: the technology is ready, but algorithm maturity and composition-level 
discrimination will not advance without a mission optimized for plastic detection. 

5. Contextual Considerations 
Beyond the policy context outlined in Section 1.4, two further points merit mention. First, the geography 

of the problem raises an environmental-justice dimension: the terrestrial and riverine sources most in need of 
observation are disproportionately in lower- and middle-income coastal nations with the least ground-
validation infrastructure and fewest resources for independent monitoring (Dasgupta et al., 2022; Kruse et 
al., 2023), a burden that falls especially on island nations accumulating disproportionate transboundary debris 
across vast exclusive economic zones with limited capacity for in situ validation (Lavers and Bond, 2017; 
Burt et al., 2020). A decadal investment that does not also fund regional capacity-building risks reproducing 
an asymmetry in which the highest-emitting regions remain least studied. Second, plastic pollution is a 
compelling example of the “Earth as a unified, dynamic system” framing the survey has adopted: it cannot 
be understood, let alone mitigated, through a single-sphere lens, and demonstrates the cross-cutting relevance 
the committee may wish to highlight in its final report. 

6. Summary Recommendations 
We recommend that the ESAS 2028 decadal survey (see also Garaba et al., 2025, reaching similar 

conclusions independently at IOCS 2025): 
• Designate plastic pollution detection and quantification as an explicit cross-cutting science and 

applications target spanning the Hydrosphere and Biosphere themes, rather than a niche ocean-only 
application. 

• Optimize SWIR band placement and signal-to-noise for plastic diagnostics in the next hyperspectral, 
ocean-color, or coastal-imaging mission(s) — in effect, pursue a dedicated plastic-detection mission or 
instrument rather than assume this follows automatically from a general-purpose platform such as 
EAGLE-VSWIR. 

• Engage commercial hyperspectral providers to validate existing sensors (e.g., Tanager-class 
constellations) for plastic detection. 

• Fund a coordinated, internationally partnered calibration and validation network that prioritizes currently 
under-observed, high-leakage regions rather than concentrating further effort where infrastructure 
already exists. 
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Table 1. Instrument technologies: program of record, demonstrated capability / key limitation, technology readiness level 
(TRL, 1–9 scale, authors’ assessment specific to the plastic-detection application), and plastic-specific requirement. 

Technology TRL Program of record Demonstrated capability / key limitation Plastic-specific requirement 
Multispectral 7 Sentinel-2, Landsat 8/9; 

commercial VHR (e.g., 
WorldView-3, 
PlanetScope) 

High revisit (sub-daily to weekly), low cost, 
proven for quantity/extent mapping of suspicious 
features on land and water (Kruse et al., 2023; 
Guo and Li, 2020; Biermann et al., 2020; Garaba 
and Park, 2024; Acuna-Ruz et al., 2026). 
Limitation: a handful of broad bands cannot 
resolve polymer-specific absorption features or 
determine composition; persistent spectral 
confusion with Sargassum, Ulva, foam, 
driftwood, pollen, and algae scums (Hu, 2021, 
2022, 2025). 

Maintain for broad-area screening; 
pair with hyperspectral 
confirmation wherever 
composition matters 

Hyperspectral 6-7 EMIT (ISS); PACE OCI; 
EAGLE-VSWIR; 
PRISMA (ASI); EnMAP 
(DLR); commercial 
Tanager (Planet) 

Only technology resolving polymer-specific SWIR 
absorption features; demonstrated at global 
scale from ISS for land plastic (Estrela et al., 
2025; Garaba 2026) and from PRISMA/EnMAP 
for aquatic plastic (Corbari et al., 2023; Taggio et 
al., 2022). Limitations vary by platform: EMIT's 
ISS orbit gives irregular, opportunistic revisit; 
PACE OCI is only ~1 km (Martínez-Vicente et al., 
2019); EAGLE-VSWIR baseline (~30 m, ~16-day 
revisit) is not optimized for plastic bands; 
Tanager exists commercially but is 
undemonstrated for plastic and is not freely 
available. 

Protect plastic-diagnostic SWIR 
band placement and SNRs in the 
next sustained, high-revisit 
hyperspectral mission 

Thermal 
infrared 

5-6 Landsat TIRS; ASTER 
(Terra); UAV-based 
FLIR systems 

Day/night detection independent of reflected 
sunlight; UAV-demonstrated (Goddijn-Murphy & 
Williamson, 2019; Goddijn-Murphy et al., 2022). 
Limitation: spaceborne spatial resolution far too 
coarse (Landsat TIRS ~100 m, ASTER ~90 m); 
hyperspectral TIR not yet applied to plastic from 
air or space. Practical application still needs to 
be demonstrated. 

Conduct more feasibility studies; 
improve spaceborne TIR spatial 
resolution; couple with VSWIR as 
a night/cloud complement; 
exploratory in nature 

SAR / 
microwave 

7 Sentinel-1 (C-band); 
TerraSAR-X/TanDEM-X 
(X-band); CYGNSS 
(GNSS-R); Capella and 
Ice-Eye (X-band) 

All-weather, day/night detection of large floating 
aggregations (Simpson et al., 2022; Evans & 
Ruf, 2021). Limitation: cannot itself distinguish 
plastic from other floating material; anomaly-only, 
requires independent confirmation; plastic 
detectability is very low. 

Conduct more feasibility studies; 
combine with optical/thermal 
confirmation; not a stand-alone 
detection channel; exploratory in 
nature 

Polarimetry 4 PACE (HARP2, 
SPEXone) — not 
designed for plastic 
detection 

Adds glint-geometry contrast and independent 
diagnostic data at standard VSWIR wavelengths; 
laboratory and radiative-transfer studies of 
polarized light scattering by microplastics 
(Koestner et al., 2023, 2024; Foster et al., 2025). 
Improved atmospheric correction of VSWIR 
channels, suppressed scene clutter. Limitation: 
real-ocean plastic concentrations are largely 
below current passive polarimetric detection 
thresholds; early-stage research. 

Conduct more feasibility studies; 
integrate polarimetric sensitivity 
alongside standard VSWIR 
radiometric channels in future 
mission concepts rather than as a 
standalone payload. 

Fluorescence / 
Lidar 

4 Laboratory and at-sea 
prototypes (e.g., NASA-
funded FLORO concept 
study continued to 
FLORA; ESA-funded 
BLUE feasibility study) 

Submerged and night-time detection with early 
polymer discrimination in lab settings (Palombi & 
Raimondi, 2022; Cadondon et al., 2024; 
Mahmoud & El-Sharkawy, 2024; Cowell et al., 
2025). Limitation: demonstrated only in 
laboratory/proximal settings; deployment from a 
satellite platform remains a major open question. 

Conduct more feasibility studies; 
assess satellite feasibility as a 
targeted, non-primary channel; 
explore the concept of tip-and-
queue with larger swath 
instruments 
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Table 2. Cross-cutting mission-level requirements, independent of instrument technology. 
Parameter Requirement Rationale (selected citations) 

Spectral coverage & 
sampling 

VSWIR 400–2500 nm; ≤10 nm sampling in 
diagnostic SWIR windows (~1215, 1732, 2310 nm) 

Polymer-specific C–H overtone absorption is the 
primary basis for material ID and discrimination 
from natural clutter (Garaba and Dierssen, 2018, 
2020; Knaeps et al., 2021; Moshtaghi et al., 2021) 

Spatial resolution ≤10 m broad-area screening; ≤3–5 m at river 
mouths, coastlines, and dump sites; sub-meter via 
tasked VHR/UAS confirmation 

Floating aggregations and stranded litter are 
frequently sub-pixel at 10–30 m (Biermann et al., 
2020; Guffogg et al., 2021; Hu, 2022; Kikaki et al., 
2022) 

Temporal revisit ~2-5 day nominal global revisit; sub-daily to daily 
tasking at hotspots / episodic events. Treated as a 
clear-sky best case only — cloud cover routinely 
reduces usable observations well below the nominal 
repeat, especially over tropical/monsoon river-mouth 
regions 

Debris presence is highly episodic; dedicated 
requirements work specifies sub-daily to ~24-hour 
revisit for river-discharge and spill scenarios 
specifically (Martínez-Vicente et al., 2019); cloud-
degraded revisit undersamples true flux (Cózar et 
al., 2021; Kataoka & Nihei, 2020) 

Coverage / priority 
sites 

Global coastlines; highest-emitting river mouths; 
documented terrestrial informal-dump and 
agricultural-plastic hotspots 

Just over 1,000 rivers account for ~80% of riverine 
plastic emissions, and terrestrial mismanaged-
waste leakage concentrates in a comparatively 
small number of coastal nations (Meijer et al., 
2021; Kruse et al., 2023; Dasgupta et al., 2022) 

Latency <24 hours for operational/alerting products; days–
weeks acceptable for climate-quality products 

Supports both rapid response (disaster debris, 
interception operations) and long-term Earth-
system trend detection 

Continuity >10-year uninterrupted, cross-calibrated record Natural variability (wind, currents, seasonal river 
discharge) is large relative to the pollution-trend 
signal (Herman & Węsławski, 2022) 

Radiometric 
performance 

SNRs sufficient for sub-pixel spectral unmixing of low 
areal-fraction targets and for spectral discrimination 
of polymers using the low-signal SWIR bands 

Most real-world scenes have low fractional plastic 
cover; abundance retrieval requires unmixing, not 
just detection (Cerra et al., 2024; Hu, 2022; 
Kremezi et al., 2021, 2022; Qi and Hu, 2021) 

Cross-sensor 
harmonization 

Common calibration/validation standards where 
multiple platforms (government, international, 
commercial) are combined to meet revisit targets 

Differences in spectral response, calibration, and 
geolocation between platforms can otherwise be 
mistaken for genuine detection signal; 
government-provided calibration/validation carries 
a trust value commercial data alone does not yet 
establish for many regulatory users 

Validation 
infrastructure 

Distributed in-situ / UAS / citizen-science network 
with harmonized sampling, metadata, and reporting 
protocols, supported by a centralized, openly 
accessible archive of validation observations. 
 

Needed to calibrate/validate products and resolve 
persistent spectral confusion with Sargassum, 
foam, and other natural floating materials (Hu, 
2021, 2022, 2025; Isobe et al., 2024). A sustained 
archive would also enable reproducible algorithm 
evaluation, cross-mission comparisons, and 
reprocessing as detection algorithms and satellite 
sensors evolve. 



 10 

References 
Acuna-Ruz, T.I., Y.J. Park, T. Flohr, and S.P. Garaba (2026). Riverine litter patch detection, quantification and tracking 

at the Grabovica dam using Sentinel-2 imagery before and after October 2024 extreme flooding event. Water 
Research.  https://doi.org/10.1016/j.watres.2026.126705. 

Aguilar, M. A., Jiménez-Lao, R., Ladisa, C., Aguilar, F. J., and Tarantino, E. (2022). Comparison of spectral indices 
extracted from Sentinel-2 images to map plastic covered greenhouses through an object-based approach. GIsci. 
Remote Sens., 59, 822–842. https://doi.org/10.1080/15481603.2022.2071057 

Andriolo, U., Gonçalves, G., Bessa, F., Sobral, P. (2020). Mapping marine litter on coastal dunes with unmanned aerial 
systems: A showcase on the Atlantic Coast. Science of the Total Environment, 736. 
https://doi.org/10.1016/j.scitotenv.2020.139632 

Andriolo, U., Gonçalves, G., Rangel-Buitrago, N., et al. (2021). Drones for litter mapping: An inter-operator 
concordance test in marking beached items on aerial images. Marine Pollution Bulletin, 169, 112542. 
https://doi.org/10.1016/j.marpolbul.2021.112542 

Arias, M., et al. (2021). Advances on remote sensing of windrows as proxies for marine litter based on sentinel-2/MSI 
datasets. IEEE. DOI: 10.1109/IGARSS47720.2021.9555139.  

Barboza, L. G. A., Vethaak, A. D., Lavorante, B. R. B. O., Lundebye, A.-K., and Guilhermino, L. (2018). Marine 
microplastic debris: An emerging issue for food security, food safety and human health. Marine Pollution Bulletin, 
133, 336–348. https://doi.org/10.1016/j.marpolbul.2018.05.047 

Biermann, L., Clewley, D., Martinez-Vicente, V., and Topouzelis, K. (2020). Finding plastic patches in coastal waters 
using optical satellite data. Sci. Rep., 10, 5364. https://doi.org/10.1038/s41598-020-62298-z 

Burt, A. J., et al. (2020). The costs of removing the unsanctioned import of marine plastic litter to small island states. 
Scientific Reports, 10, 14458. https://doi.org/10.1038/s41598-020-71444-6.  

Cadondon, J., Vallar, E., Shiina, T., and Galvez, M. C. (2024). Experimental detection of marine plastic litter in surface 
waters by 405 nm LD-based fluorescence lidar. Mar. Pollut. Bull., 207, 116842. 
https://doi.org/10.1016/j.marpolbul.2024.116842 

Carlton, J. T. et al. Tsunami-driven rafting: transoceanic species dispersal and implications for marine biogeography. 
Science 357, 1402–1406 (2017). 

CA OPC. (2022). Statewide Microplastics Strategy: Understanding and Addressing Impacts to Protect Coastal and 
Ocean Health. Sacramento, CA: California Natural Resources Agency. Adopted February 23, 2022, pursuant to 
Senate Bill 1263 (Portantino, 2018). https://opc.ca.gov/water-quality/plastics/ 

Cerra, D., Auer, S., Baissero, A., and Bachofer, F. (2024). Estimation of floating plastic debris surface in inland waters 
using spectral unmixing with multispectral data. IGARSS 2024, 4393–4396. 
https://doi.org/10.1109/IGARSS53475.2024.10641060 

Chartres, N., Cooper, C. B., Bland, G., Pelch, K. E., Gandhi, S. A., BakenRa, A., and Woodruff, T. J. (2024). Effects of 
microplastic exposure on human digestive, reproductive, and respiratory health: A rapid systematic review. 
Environ. Sci. Technol., 58(52), 22843–22864. https://doi.org/10.1021/acs.est.3c09524 

Chaturvedi, S., Yadav, B. P., Siddique, N. A., and Chaturvedi, S. K. (2020). Mathematical modelling and analysis of 
plastic waste pollution and its impact on the ocean surface. JOES, 5, 136–163. 
https://doi.org/10.1016/j.joes.2019.09.005 

Consola, R. P., and Camps, A. (2026). VNIR/SWIR multispectral polarimetric imager for polymer discrimination and 
identification. Sensors, 26(7), 2040. https://doi.org/10.3390/s26072040 

Corbari, L., Capodici, F., Ciraolo, G., and Topouzelis, K. (2023). Marine plastic detection using PRISMA hyperspectral 
satellite imagery in a controlled environment. Int. J. Remote Sens., 44, 6845–6859. 
https://doi.org/10.1080/01431161.2023.2275324 

Cowell, M., Ward, C., Chirayath, V., Behrenfeld, M., Hu, Y., Streett, D., Farris, B., Ruppert, L., Goldsmith, E., 
Showalter, N., Oakley, P., Applegate, J., Rovig, Z., Shugrue, J., Khoury, N., Harwit, A., Faulk, J. (2025). Advancing 
ocean health monitoring: development of the fluorescence lidar for ocean research: airborne (FLOR-A) instrument", 
Proc. SPIE 13619, Unconventional Imaging, Sensing, and Adaptive Optics 2025, 1361907 (18 Sept 2025); 
https://doi.org/10.1117/12.3066306. 



 11 

Cózar, A., Aliani, S., Basurko, O. C., Arias, M., Isobe, A., Topouzelis, K., Rubio, A., and Morales-Caselles, C. (2021). 
Marine litter windrows: A strategic target to understand and manage the ocean plastic pollution. Front. Mar. Sci., 
8, 571796. https://doi.org/10.3389/fmars.2021.571796 

Cózar, A., Arias, M., Suaria, G. et al. Proof of concept for a new sensor to monitor marine litter from space. Nat 
Commun 15, 4637 (2024). https://doi.org/10.1038/s41467-024-48674-7  

Dasgupta, S., Sarraf, M., and Wheeler, D. (2022). Plastic waste cleanup priorities to reduce marine pollution: A 
spatiotemporal analysis for Accra and Lagos with satellite data. Sci. Total Environ., 839, 156319. 
https://doi.org/10.1016/j.scitotenv.2022.156319 

de Fockert, A., Eleveld, M. A., Bakker, W., Felício, J. M., Costa, T. S., Vala, M., Marques, P., Leonor, N., Moreira, A., 
Costa, J. R., Caldeirinha, R. F. S., Matos, S. A., Fernandes, C. A., Fonseca, N., Simpson, M. D., Marino, A., 
Gandini, E., Camps, A., Perez-Portero, A., Gonga, A., Burggraaff, O., Garaba, S. P., Salama, M. S., Xiao, Q., 
Calvert, R., van den Bremer, T. S., and de Maagt, P. (2024). Assessing the detection of floating plastic litter with 
advanced remote sensing technologies in a hydrodynamic test facility. Scientific Reports, 14, 25902. 
https://doi.org/10.1038/s41598-024-74332-5 

de Vries, R. V. F., Garaba, S. P., and Royer, S. J. (2023). Hyperspectral reflectance of pristine, ocean weathered and 
biofouled plastics from a dry to wet and submerged state. Earth Syst. Sci. Data, 15, 5575–5596. 
https://doi.org/10.5194/essd-15-5575-2023 

Denes, M. C., and van Sebille, E. (2024). plasticparcels: A python package for marine plastic dispersal simulations and 
parameterisation development using parcels. Journal of Open Source Software, 9(102), 7094. 
https://doi.org/10.21105/joss.07094 

Despini, F., S. Costanzini, D. Parmeggiani, and D. la Cecilia (2025). Analysis of hyperspectral data to define 
multispectral sensor specifications for enhancing plastic greenhouse detection. Remote Sensing Applications: 
Society and Environment, https://doi.org/10.1016/j.rsase.2025.101802. 

ESA. (2020). Earth Observation for SDG: Compendium of Earth Observation Contributions to the SDG Targets and 
Indicators. European Space Agency, 157 pp. https://eo4society.esa.int/wp-
content/uploads/2021/01/EO_Compendium-for-SDGs.pdf 

Estrela, R., Thompson, D. R., Brodrick, P. G., Chadwick, K. D., Gierach, M. M., Luis, K., Green, R. O., and Swain, M. 
(2025). Global-scale detection of plastic from space with the EMIT imaging spectrometer. Geophysical Research 
Letters, 52(18), e2024GL112416. https://doi.org/10.1029/2024GL112416 

Evans, M. C., and Ruf, C. S. (2021). Towards the detection and imaging of ocean microplastics with a spaceborne radar. 
IEEE Trans. Geosci. Remote Sens., 1–9. https://doi.org/10.1109/TGRS.2021.3081691. 

Foster, R., El-Habashi, A., and Koestner, D. (2025). Assessment of the Effects of Marine Debris on Ocean Color Signals. 
NRL/7230/MR--2025/1, Naval Research Laboratory, Washington, D.C., June 2025. 

Garaba, S. P., and Dierssen, H. M. (2018). An airborne remote sensing case study of synthetic hydrocarbon detection 
using short wave infrared absorption features identified from marine-harvested macro- and microplastics. Remote 
Sensing of Environment, 205, 224–235. https://doi.org/10.1016/j.rse.2017.11.023. 

Garaba, S. P., and Dierssen, H. M. (2020). Hyperspectral ultraviolet to shortwave infrared characteristics of marine-
harvested, washed-ashore and virgin plastics. Earth Syst. Sci. Data, 12, 77–86. https://doi.org/10.5194/essd-12-77-
2020. 

Garaba, S. P., and Park, Y.-J. (2024). Riverine litter monitoring from multispectral fine pixel satellite images. Environ. 
Adv., 15, 100451. https://doi.org/10.1016/j.envadv.2023.100451. 

Garaba, S., Arias, M., Biermann, L., Corradi, P., Lorenzoni, L., Martin-Lauzer, F.-R., Martinez-Vicente, V., Mitra, D., 
& Murakami, H. (2021). IOCCG Task Force on Remote Sensing of Marine Litter and Debris - Terms of Reference. 
Zenodo. https://doi.org/10.5281/zenodo.4446238. 

Garaba, S. P., Martínez-Vicente, V., Arias, M., and Corradi, P. (2025). Challenges on optical remote sensing for marine 
litter and floating matter: Sixth International Ocean Colour Science (IOCS) 2025 breakout workshop report. 
International Ocean Colour Coordinating Group (IOCCG). https://iocs.ioccg.org/wp-
content/uploads/2026/01/Report-of-IOCS-2025-BW7-RSMLD.pdf 



 12 

Garaba, S.P. (2026). Towards advanced mapping of plastic greenhouses from EMIT, EnMAP and PRISMA 
hyperspectral missions. Environmental Challenges. https://doi.org/10.1016/j.envc.2025.101398. 

GIZ. (2023). Advances in Remote Sensing of Plastic Waste (P. Giang and N. Ortwig, Eds.). Deutsche Gesellschaft für 
Internationale Zusammenarbeit (GIZ) GmbH, 88 pp. https://doi.org/10.25607/OBP-2064 

Gnann, N., Höreth, K., Schweigert, N. et al. The river Rhine transports around 4,000 tonnes of macrolitter towards the 
North Sea each year. Commun. Sustain. 1, 5 (2026). https://doi.org/10.1038/s44458-025-00007-5 

Goddijn-Murphy, L., and Williamson, B. (2019). On thermal infrared remote sensing of plastic pollution in natural 
waters. Remote Sens., 11, 2159. https://doi.org/10.3390/rs11182159 

Goddijn-Murphy, L., Martínez-Vicente, V., Dierssen, H. M., Raimondi, V., Gandini, E., Foster, R., and Chirayath, V. 
(2024). Emerging technologies for remote sensing of floating and submerged plastic litter. Remote Sens., 16(10), 
1770. https://doi.org/10.3390/rs16101770 

Goddijn-Murphy, L., Williamson, B. J., McIlvenny, J., and Corradi, P. (2022). Using a UAV thermal infrared camera 
for monitoring floating marine plastic litter. Remote Sens., 14(13), 3179. https://doi.org/10.3390/rs14133179 

Gonzalez-Fernandez, D., Cózar, A., Hanke, G., Viejo, J., Morales-Caselles, C., Bakiu, R., et al. (2021). Floating 
macrolitter leaked from Europe into the ocean. Nature Sustainability, 4, 474–483. https://doi.org/10.1038/s41893-
021-00722-6 

Gonçalves, G., Andriolo, U., Gonçalves, L., Sobral, P., and Bessa, F. (2020). Quantifying marine macro litter abundance 
on a sandy beach using unmanned aerial systems and object-oriented machine learning methods. Remote Sensing, 
12, 2599. https://doi.org/10.3390/rs12162599 

Guan, D., Zheng, B., Gu, Y., Tian, Y., Zhan, W., Wang, L., and Zhou, J. (2026). Remote sensing monitoring of marine 
plastic litter: From macroplastics to microplastics. IEEE Geosci. Remote Sens. Mag., 2–35. 
https://doi.org/10.1109/MGRS.2026.3701367 

Guffogg, J. A., Soto-Berelov, M., Jones, S. D., Bellman, C. J., Lavers, J. L., and Skidmore, A. K. (2021). Towards the 
spectral mapping of plastic debris on beaches. Remote Sens., 13, 1850. https://doi.org/10.3390/rs13091850 

Guo, X., and Li, P. (2020). Mapping plastic materials in an urban area: Development of the normalized difference plastic 
index using WorldView-3 superspectral data. ISPRS J. Photogramm. Remote Sens., 169, 214–226. 
https://doi.org/10.1016/j.isprsjprs.2020.09.009 

Hadjal, M., Barnes, B. B., Hu, C., Qi, L., Papageorgiou, D. and Topouzelis, K. (2025) Detection potential of floating 
matter in high-resolution X-band SAR data: initial results with visual interpretations. Front. Remote Sens. 
6:1693286. doi: 10.3389/frsen.2025.1693286. 

Haram, L. E., J. T. Carlton, J. Par, L. Centurioni, H. Choong, B. Cornwell, M. Crowley, M. Egger, J. Hafner, V. 
Hormann, L. Lebreton, N. Maximenko, M. McCuller, C. Murray, J. Par, A. Shcherbina, C. Wright, and G. M. Ruiz, 
2023, Extent and reproduction of coastal species on plastic debris in the North Pacific Subtropical Gyre. Nature 
Ecology and Evolution, April 17, 2023, https://doi.org/10.1038/s41559-023-01997-y. 

Herman, A., and Węsławski, J. M. (2022). Typical and anomalous pathways of surface-floating material in the Northern 
North Atlantic and Arctic Ocean. Sci. Rep., 12, 20521. https://doi.org/10.1038/s41598-022-25008-5 

Herrera, F.K., Uhrin, A.V., Winans, W.R., Parrish, C.E., Murphy, P., and Battista, T., (2025). Enhanced detection and 
classification of beach-stranded macrodebris: A pilot study using polarimetric imagery. Journal of Coastal 
Research, 41(4), 640-656. https://doi.org/10.2112/JCOASTRES-D-24-00071.1 

Hu, C. (2021). Remote detection of marine debris using satellite observations in the visible and near infrared spectral 
range: Challenges and potentials. Remote Sensing of Environment, 259, 112414. 
https://doi.org/10.1016/j.rse.2021.112414 

Hu, C. (2022). Remote detection of marine debris using Sentinel-2 imagery: A cautious note on spectral interpretations. 
Marine Pollution Bulletin, 183, 114082. https://doi.org/10.1016/j.marpolbul.2022.114082 

Hu, C. (2025). On the logic of remote detection of plastic litter in the aquatic environments: A revisit. Remote Sens. 
Environ., 329, 114911, https://doi.org/10.1016/j.rse.2025.114911. 

Hu, C., Qi, L., Wang, M., and Park, Y.-J. (2023). Floating debris in the Northern Gulf of Mexico after Hurricane Katrina. 
Environ. Sci. Technol., 57(28), 10373–10381. https://doi.org/10.1021/acs.est.3c01689 



 13 

Isobe, A., et al. (2024). The Guidelines for Harmonizing Marine Litter Monitoring Methods Using Remote Sensing 
Technologies ver.1.0. Ministry of the Environment, Japan. https://www.env.go.jp/en/water/index_00002.html 

Jiao, J., C. Hu, B. B. Barnes, M. Hadjal, Y. Liu, J. P. Cannizzaro, and D. C. English (2026). Floating materials in Tampa 
Bay and Charlotte Harbor, Florida, USA after hurricanes Helene and Milton. Estuaries and Coasts, 49:117, 
https://doi.org/10.1007/s12237-026-01724-3. 

Kataoka, T., and Nihei, Y. (2020). Quantification of floating riverine macro-debris transport using an image processing 
approach. Sci. Rep., 10, 2198. https://doi.org/10.1038/s41598-020-59201-1 

Kato, S., Kataoka, T., Matsuoka, D., et al. (2026). Remote sensing and image analysis of macro-plastic litter: A review. 
Mar. Poll. Bull., 222, 118630, https://doi.org/10.1016/j.marpolbul.2025.118630. 

Kikaki, K., Kakogeorgiou, I., Mikeli, P., Raitsos, D. E., and Karantzalos, K. (2022). MARIDA: A benchmark for marine 
debris detection from Sentinel-2 remote sensing data. PLoS ONE, 17(1), e0262247. 
https://doi.org/10.1371/journal.pone.0262247 

Knaeps, E., Sterckx, S., Strackx, G., Mijnendonckx, J., Moshtaghi, M., Garaba, S. P., and Meire, D. (2021). 
Hyperspectral reflectance dataset of dry, wet and submerged marine litter. Earth Syst. Sci. Data, 13, 713–730. 
https://doi.org/10.5194/essd-13-713-2021 

Koestner, D., Foster, R., and El-Habashi, A. (2023). On the potential for optical detection of microplastics in the ocean. 
Oceanography, 36(Supplement 1), 49–51. https://doi.org/10.5670/oceanog.2023.s1.15 

Koestner, D., Foster, R., El-Habashi, A., and Cheatham, S. (2024). Measurements of the inherent optical properties of 
aqueous suspensions of microplastics. Limnol. Oceanogr. Lett., 9, 487–497. https://doi.org/10.1002/lol2.10387 

Kremezi, M., Kristollari, V., Karathanassi, V., Topouzelis, K., Kolokoussis, P., Taggio, N., Aiello, A., Ceriola, G., 
Barbone, E., and Corradi, P. (2021). Pansharpening PRISMA data for marine plastic litter detection using plastic 
indexes. IEEE Access, 9, 61955–61971. https://doi.org/10.1109/ACCESS.2021.3073903 

Kremezi, M., Kristollari, V., Karathanassi, V., Topouzelis, K., Kolokoussis, P., Taggio, N., Aiello, A., Ceriola, G., 
Barbone, E., and Corradi, P. (2022). Increasing the Sentinel-2 potential for marine plastic litter monitoring through 
image fusion techniques. Marine Pollution Bulletin, 182, 113974. https://doi.org/10.1016/j.marpolbul.2022.113974 

Kruse, C., Boyda, E., Chen, S., Karra, K., Bou-Nahra, T., Hammer, D., Mathis, J., Maddalene, T., Jambeck, J., and 
Laurier, F. (2023). Satellite monitoring of terrestrial plastic waste. PLoS One, 18(1), e0278997. 
https://doi.org/10.1371/journal.pone.0278997 

Kühn, S., and van Franeker, J. A. (2020). Quantitative overview of marine debris ingested by marine megafauna. Marine 
Pollution Bulletin, 151, 110858. https://doi.org/10.1016/j.marpolbul.2019.110858 

Lamb, J. B., Willis, B. L., Fiorenza, E. A., Couch, C. S., Howard, R., Rader, D. N., True, J. D., Kelly, L. A., Ahmad, 
A., Jompa, J., and Harvell, C. D. (2018). Plastic waste associated with disease on coral reefs. Science, 359(6374), 
460–462. https://doi.org/10.1126/science.aar3320 

Landrigan, P.J., et al. (2025). The Lancet Countdown on health and plastics. Lancet. 406, 10507,  pp 1044-1062. 
https://doi.org/10.1016/S0140-6736(25)01447-3. 

Lavers, J. L., and Bond, A. L. (2017). Exceptional and rapid accumulation of anthropogenic debris on one of the world's 
most remote and pristine islands. Proceedings of the National Academy of Sciences, 114(23), 6052-6055. 
https://doi.org/10.1073/pnas.1619818114. 

Law, K. L., Starr, N., Siegler, T. R., Jambeck, J. R., Mallos, N. J., and Leonard, G. H. (2020). The United States’ 
contribution of plastic waste to land and ocean. Science Advances, 6(44), eabd0288. 
https://doi.org/10.1126/sciadv.abd0288 

Mahmoud, A., and El-Sharkawy, Y. H. (2024). Instant plastic waste detection on shores using laser-induced 
fluorescence and associated hyperspectral imaging. Opt. Quant. Electron., 56, 780. https://doi.org/10.1007/s11082-
024-06564-8 

Martinez-Vicente, V., Biermann, L., and Mata, A. (2020). Optical methods for marine litter detection (OPTIMAL) – 
Final Report. Zenodo. https://doi.org/10.5281/zenodo.3748797 

Martínez-Vicente, V., Clark, J. R., Corradi, P., et al. (2019). Measuring marine plastic debris from space: Initial 
assessment of observation requirements. Remote Sens., 11, 2443. https://doi.org/10.3390/rs11202443 



 14 

Matthews, J. P., Ostrovsky, L., Yoshikawa, Y., Komori, S., and Tamura, H. (2017). Dynamics and early post-tsunami 
evolution of floating marine debris near Fukushima Daiichi. Nature Geosci., 10, 598–603. 
https://doi.org/10.1038/ngeo2975 

Maximenko, N., Arvesen, J., Asner, G., et al. (2016). Remote sensing of marine debris to study dynamics, balances and 
trends. Community White Paper Produced at the Workshop on Mission Concepts for Marine Debris Sensing, 22 
pp. 

Maximenko, N., Corradi, P., Law, K. L., et al. (2019). Toward the Integrated Marine Debris Observing System. Front. 
Mar. Sci., 6. https://doi.org/10.3389/fmars.2019.00447 

Maximenko, N., Palacz, A. P., Biermann, L., Carlton, J., Centurioni, L., Crowley, M., Hafner, J., Haram, L., Helm, R. 
R., Hormann, V., Murray, C., Ruiz, G., Shcherbina, A., Stopa, J., Streett, D., Tanhua, T., Wright, C., and Zabin, C. 
(2022). An integrated observing system for monitoring marine debris and biodiversity. Oceanography, 34(4 
Supplement), 52–59. https://doi.org/10.5670/oceanog.2021.supplement.02-22 

Maximenko, N., and J. Hafner (2024). Near-real-time model product to support marine debris research and operations 
in Hawaii and in the eastern North Pacific. IPRC Technical Note No. 7. 
https://iprc.soest.hawaii.edu/publications/tech_notes/NPac-GP-TechNote-7.pdf. 

Meijer, L. J. J., van Emmerik, T., van der Ent, R., Schmidt, C., and Lebreton, L. (2021). More than 1000 rivers account 
for 80% of global riverine plastic emissions into the ocean. Sci. Adv., 7(18), eaaz5803. 
https://doi.org/10.1126/sciadv.aaz5803 

Mellink, Y., van Emmerik, T., Kooi, M., Laufkötter, C., and Niemann, H. (2022). The Plastic Pathfinder: A macroplastic 
transport and fate model for terrestrial environments. Front. Environ. Sci., 10, 979685. 
https://doi.org/10.3389/fenvs.2022.979685 

Mifdal, J., Longépé, N., and Rußwurm, M. (2021). Towards detecting floating objects on a global scale with learned 
spatial features using Sentinel 2. ISPRS Ann. Photogramm. Remote Sens. Spatial Inf. Sci., V-3-2021, 285–293. 
https://doi.org/10.5194/isprs-annals-V-3-2021-285-2021 

Mohsen, A., F. Kovacs, and T. Kiss (2023). Riverine microplastic quantification: A novel approach integrating satellite 
images, neural network, and suspended sediment data as a proxy. Sensors. 23(23), 
9505; https://doi.org/10.3390/s23239505. 

Moshtaghi, M., Knaeps, E., Sterckx, S., Garaba, S., and Meire, D. (2021). Spectral reflectance of marine macroplastics 
in the VNIR and SWIR measured in a controlled environment. Sci. Rep., 11, 5436. https://doi.org/10.1038/s41598-
021-84867-6 

Nahid Ferdous, M., Ismail Hossain, M., and Manik, M. (2024). Applications of remote sensing and GIS techniques for 
identifying plastic waste from space: Evidence from Khulna City Corporation in Bangladesh. City Environ. 
Interact., 100179. https://doi.org/10.1016/j.cacint.2024.100179 

National Academies of Sciences, Engineering, and Medicine [NASEM]. (2022). Reckoning with the U.S. Role in Global 
Ocean Plastic Waste. Washington, DC: The National Academies Press. https://doi.org/10.17226/26132 

OECD. (2022). Global Plastics Outlook: Economic Drivers, Environmental Impacts and Policy Options. OECD 
Publishing, Paris. https://doi.org/10.1787/de747aef-en 

Ohall, A., Bisson, K., Garaba, S. P., and Rivero-Calle, S. (2025). The MArine Debris hyperspectral reference Library 
collection (MADLib). Earth System Science Data Discussions, in press, 1–29. https://doi.org/10.5194/essd-2025-
342 

Onink, V., Jongedijk, C. E., Hoffman, M. J., van Sebille, E., and Laufkötter, C. (2021). Global simulations of marine 
plastic transport show plastic trapping in coastal zones. Environ. Res. Lett., 16(6), 064053. 
https://doi.org/10.1088/1748-9326/abecbd 

Palombi, L., and Raimondi, V. (2022). Experimental tests for fluorescence LIDAR remote sensing of submerged plastic 
marine litter. Remote Sens., 14, 5914. https://doi.org/10.3390/rs14235914 

Parrish, C. E., Winans, W. R., Battista, T., Uhrin, A. V., Herrera, K., Murphy, P., Simpson, C., and Slocum, R. (2023). 
Uncrewed Aircraft Systems, Machine Learning, and Polarimetric Imaging for Enhanced Marine Debris Shoreline 
Surveys. NOAA Technical Memorandum NOS NCCOS 312. https://doi.org/10.25923/337h-k518 

Perez-Garcia, A., et al. (2026). River plastic hotspot detection from space. DOI: 10.1016/j.isci.2025.114570. 



 15 

Perold, V., Ryan, P. G., et al. (2024). Little change in plastic loads in South Atlantic seabirds since the 1980s. Science 
of the Total Environment. https://doi.org/10.1016/j.scitotenv.2024.175343 

Qi, L., Wang, M., Hu, C., Jiao, J., and Park, Y.-J. (2024). Marine debris induced by the Great East Japan Earthquake 
and Tsunami: A multi-sensor remote sensing assessment. Mar. Pollut. Bull., 207, 116888. 
https://doi.org/10.1016/j.marpolbul.2024.116888 

Qi, L., M. Wang, B. B. Barnes, D. G. Capone, J. I. Goes, E. J. Carpenter, Y. Xie, and C. Hu (2026). Global floating 
algae blooms are expanding. Nature Communications. 17:612, https://doi.org/10.1038/s41467-025-66822-5 

Raimondi, V., Di Maggio, P., Gonnelli, A., Palombi, L., de Vries, R., Ciapponi, A., Corradi, P. (2023). Remote Sensing 
of Plastic Marine Litter by Means of Fluorescence LIDAR, IGARSS 2023 - 2023 IEEE International Geoscience 
and Remote Sensing Symposium, Pasadena, CA, USA, 2023, pp. 1733-1735, 
https://doi.org/10.1109/IGARSS52108.2023.10282721.  

Raimondi, V., Bracciale, M.P., Ciacchella, M.C., Ciapponi, A., Corradi, P., de Vries, R., Di Maggio, P., Gonnelli, A., 
Guzzi, D., Lastri, C., Nardino, V., Palombi, L., Santarelli, M.L. (2024). The Blue Project: Investigating the Remote 
Sensing of Plastic Marine Litter by Means of Lidar Techniques, IGARSS 2024 - 2024 IEEE International 
Geoscience and Remote Sensing Symposium, Athens, Greece, 2024, pp. 5924-5926, 
https://doi.org/10.1109/IGARSS53475.2024.10642044.  

Ragusa, A., et al. (2021). Plasticenta: First evidence of microplastics in human placenta. Environmental International. 
10.1016/j.envint.2020.106274. 

Rangel-Buitrago, N., L. Brabo, T. Giarrizzo, W.J. Neal, J.A.G. Cooper, and F. Galgani (2026). What are plastic sinks? 
A comprehensive framework and functional typology. Marine Pollution Bulletin. 
10.1016/j.marpolbul.2026.120068. 

Rillig, M. C., Kim, S. W., and Zhu, Y.-G. (2024). The soil plastisphere. Nature Reviews Microbiology, 22(2), 64–74. 
https://doi.org/10.1038/s41579-023-00967-2 

Santos, R. G., Machovsky-Capuska, G. E., and Andrades, R. (2021). Plastic ingestion as an evolutionary trap: Toward 
a holistic understanding. Science, 373(6550), 56–60. https://doi.org/10.1126/science.abh0945 

SB 54 (2022). https://calrecycle.ca.gov/packaging/packaging-epr/.  

Schreyers, L., van Emmerik, T., Biermann, L., and van der Ploeg, M. (2022). Direct and indirect river plastic detection 
from space. Proceedings, IGARSS 2022, 5539–5542. https://doi.org/10.1109/IGARSS46834.2022.9883379 

Simpson, M. D., Marino, A., de Maagt, P., Gandini, E., Hunter, P., Spyrakos, E., Tyler, A., and Telfer, T. (2022). 
Monitoring of plastic islands in river environment using Sentinel-1 SAR data. Remote Sens., 14, 4473. 
https://doi.org/10.3390/rs14184473 

Sun, Y., Bakker, T., Ruf, C., and Pan, Y. (2023). Effects of microplastics and surfactants on surface roughness of water 
waves. Scientific Reports, 13, 1978, https://doi.org/10.1038/s41598-023-29088-9. 

Swanepoel, S., Scheckle, T. J., and Marlin, D. (2023). Implementing land-based litter surveys through visual inspection 
of imagery using unmanned aerial vehicles. Environ. Chall., 13, 100753. 
https://doi.org/10.1016/j.envc.2023.100753 

Taggio, N., Aiello, A., Ceriola, G., Kremezi, M., Kristollari, V., Kolokoussis, P., Karathanassi, V., and Barbone, E. 
(2022). A combination of machine learning algorithms for marine plastic litter detection exploiting hyperspectral 
PRISMA data. Remote Sens., 14, 3606. https://doi.org/10.3390/rs14153606 

Themistocleous, K., Papoutsa, C., Michaelides, S., and Hadjimitsis, D. (2020). Investigating detection of floating plastic 
litter from space using Sentinel-2 imagery. Remote Sens., 12, 2648. https://doi.org/10.3390/rs12162648 

Thompson, R.C., et al. (2024). Twenty years of microplastic pollution research – what have we learned? Science. 386. 
6720. DOI: 10.1126/science.adl2746. 

Topouzelis, K., Papakonstantinou, A., and Garaba, S. P. (2019). Detection of floating plastics from satellite and 
unmanned aerial systems (Plastic Litter Project 2018). International Journal of Applied Earth Observation and 
Geoinformation, 79, 175–183. https://doi.org/10.1016/j.jag.2019.03.011 

UN Secretariat. (2025). Ocean Action Panel 4: Preventing and Significantly Reducing Marine Pollution of All Kinds, 
in Particular from Land-Based Activities. United Nations, A/CONF.230/2025/7, 20 pp. 
https://digitallibrary.un.org/record/4082384?ln=en&v=pdf 



 16 

UNEP. (2021). Drowning in Plastics – Marine Litter and Plastic Waste Vital Graphics. United Nations Environment 
Programme, Secretariats of the Basel, Rotterdam and Stockholm Conventions (BRS), and GRID-Arendal, 77 pp. 
https://wedocs.unep.org/xmlui/bitstream/handle/20.500.11822/36964/VITGRAPH.pdf 

UNEP. (2023). Turning off the Tap: How the World Can End Plastic Pollution and Create a Circular Economy. United 
Nations Environment Programme, Job No. DTI/2522/NA, 69 pp. ISBN 978-92-807-4024-0. 
https://www.unep.org/resources/turning-off-tap-end-plastic-pollution-create-circular-economy 

UNEP. (2021). Understanding the State of the Ocean: A Global Manual on Measuring SDG 14.1.1, SDG 14.2.1 and 
SDG 14.5.1. Nairobi: UNEP. https://wedocs.unep.org/20.500.11822/35086 

van Emmerik T, Mellink Y, Hauk R, Waldschläger K and Schreyers L (2022) Rivers as Plastic Reservoirs. Front. Water 
3:786936. doi: 10.3389/frwa.2021.786936. 

van Sebille, E., Aliani, S., Law, K. L., et al. (2020). The physical oceanography of the transport of floating marine 
debris. Environmental Research Letters, 15(2), 023003. https://doi.org/10.1088/1748-9326/ab6d7d 

Vighi, M., Ruiz-Orejón, L. F., and Hanke, G. (2022). Monitoring of Floating Marine Macro Litter – State of the Art and 
Literature Overview. MSFD Technical Group on Marine Litter, JRC Technical Report EUR 31073 EN, European 
Union, 69 pp. https://doi.org/10.2760/78914 

Walther, B. A., and Bergmann, M. (2022). Plastic pollution of four understudied marine ecosystems: a review of 
mangroves, seagrass meadows, the Arctic Ocean and the deep seafloor. Emerging Topics in Life Sciences. 
https://doi.org/10.1042/etls20220017 

Weiss, L., et al. (2021). The missing ocean plastic sink: Gone with the rivers. Science. DOI: 10.1126/science.abe0290. 

Xu, H., et al. (2024). First identification of microplastics in human uterine fibroids and myometrium. Environmental 
Pollution, 360, 124632. https://doi.org/10.1016/j.envpol.2024.124632 

Zhang, P., Du, P., Guo, S., Zhang, W., Tang, P., Chen, J., and Zheng, H. (2022). A novel index for robust and large-
scale mapping of plastic greenhouse from Sentinel-2 images. Remote Sens. Environ., 276, 113042. 
https://doi.org/10.1016/j.rse.2022.113042 

Zurub, R. E., Cariaco, Y., Wade, M. G., and Bainbridge, S. A. (2024). Microplastics exposure: implications for human 
fertility, pregnancy and child health. Frontiers in Endocrinology, 14, 1330396. 
https://doi.org/10.3389/fendo.2023.1330396 


