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Maximenko et al. Integrated Marine Debris Observing System

Plastics and other arti cial materials pose new risks to thehealth of the ocean.
Anthropogenic debris travels across large distances and isbiquitous in the water and
on shorelines, yet, observations of its sources, compositin, pathways, and distributions
in the ocean are very sparse and inaccurate. Total amounts oplastics and other
man-made debris in the ocean and on the shore, temporal trensl in these amounts
under exponentially increasing production, as well as degdation processes, vertical
uxes, and time scales are largely unknown. Present ocean oiulation models are not
able to accurately simulate drift of debris because of its cmplex hydrodynamics. In this
paper we discuss the structure of the future integrated manie debris observing system
(IMDOS) that is required to provide long-term monitoring e state of this anthropogenic
pollution and support operational activities to mitigatennpacts on the ecosystem and on
the safety of maritime activity. The proposed observing sysm integrates remote sensing
and in situ observations. Also, models are used to optimize the design fothe system
and, in turn, they will be gradually improved using the prodtuts of the system. Remote
sensing technologies will provide spatially coherent covage and consistent surveying
time series at local to global scale. Optical sensors, inctling high-resolution imaging,
multi- and hyperspectral, uorescence, and Raman technolgies, as well as SAR will
be used to measure different types of debris. They will be imMipmented in a variety of
platforms, from hand-held tools to ship-, buoy-, aircraft; and satellite-based sensors. A
network of in situ observations, including reports from volunteers, citizescientists and
ships of opportunity, will be developed to provide data for alibration/validation of remote
sensors and to monitor the spread of plastic pollution and dier marine debris. IMDOS
will interact with other observing systems monitoring phyisal, chemical, and biological
processes in the ocean and on shorelines as well as the statefehe ecosystem, maritime
activities and safety, drift of sea ice, etc. The synthesizedata will support innovative
multi-disciplinary research and serve a diverse communityf users.

Keywords: plastics, marine debris, sensor development, obse rving network, ecosystem stressors, maritime safety

INTRODUCTION The World Ocean plays an integral role in connecting
remote areas by transporting substances and materials over
In this paper, serving as a Community White Paper contributedarge distances and in between continents. This is not lighite
to the OceanObs19 conferericewe present the concept of to transport of heat and chemical compounds that shape the
an Integrated Marine Debris Observing System (IMDOSk|imate of the planet, but also includes solid objects and
that will provide global coverage and accuracy, required foparticulate matter oating on or near the ocean surface or
understanding the dynamics of marine debris and monitoringsuspended in the water column, including dispersal of many
of Changes in its distribution and e ectiveness of mltlgmlo forms of ||V|ng organisms_ This way, over millions of years,
of its impacts. IMDOS builds on previous initiatives (e.9., oating seeds have populated new volcanic islands, and kelp
MSFD, 2013; GESAMP, 201fo include into consideration species have spread over large areas. Land-derived plantahater
a broad variety of debris and its complete life cycle in thesntering the ocean, provides a substrate and food for marine
marine enVironment, and aims to stimulate the eStabliShmen”fe, and Sinking partic|es in turn Support the diverse ecome
of best practices as well as optimization and expansion &n the ocean oor Pupont et al., 2009 Introduction of
the existing observational networks. We review the propsrtiequrable synthetic materials, especially plastics, has dreatigt
and impacts of dierent types of marine debris, as well asncreased the amount of marine debris. This increase has co-
observation techniques and technologies that are used @Wdco occurred with other natural and anthropogenic changes in
potentially be used in the next decade and beyond, and Wge ocean, such as warming, sea level rise, acidi catiod, an
share our vision of how direct observation, remote sensingoss of biodiversity; and plastic pollution is one particular,
and numerical modeling can be integrated to compose a globahd very visible, example of the lack of sustainability in

observing system. our actions.
The advent of commercial mass production of plastics in
Lhttp://www.oceanobs19.net/ the mid-twentieth-century, and the subsequent exponentss
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in consumption to an estimated 407 million metric tons in sustainable approach to the management of marine plastic
2015 Geyer et al., 20)7resulted in 4.8-12.7 million metric litter, working with industries toward 100% reusable, reey,
tons of plastic waste entering the oceans in 2010 from landr recovered plastics by 2040. In support of these plans, the
and an estimated 120 million tons cumulative totdbh(nbeck International Association for the Physical Sciences ofQlceans
et al.,, 201) Plastics comprise the majority of marine debris(IAPSO), the International Council for Science (ICSU), the
and represent its most durable and persistent part (e.g., 88¥ternational Union of Geodesy and Geophysics (IUGG), and
of samples analyzed byozar et al., 2014vere composed of the Scienti c Committee on Oceanic Research (SCOR) published
plastics). In the absence of comprehensive international laa document, providing a scienti ¢ perspective on these issues
regulating marine pollution, MARPOL Annex&fvas introduced  (Thompson and Maximenko, 20).6
in 1988 and has been signed by more than 150 countries to To be e ective, new regulations must be based on solid
prevent ocean pollution with garbage from ships. However, iknowledge, and changes resulting from their implementation
does not extend to land-based sources. must be monitored comprehensively, accurately, and in a
Now, as part of the Decade of Ocean Science for Sustainalsitandardized way. Decades of scienti ¢ research have asiede
Development (2021-203Y)proclaimed by the United Nations, many important aspects of the abundance, composition, and
the Sustainable Development Goal (SDG) Target“4dims to  dynamics of marine debris, and plastic pollution in particular.
prevent and signi cantly reduce marine pollution of all kinds The earliest scienti c reports documented a variety of items i
by 2025, including marine debris (or marine litter). Marine many marine habitats: industrial resin pellets and millintete
litter is also addressed in the voluntary Global Programmesized fragmentsGarpenter and Smith, 19Y2and plastic bottles
of Action (GPA) through the Global Partnership on Marine (Venrick etal., 19783 oating at the sea surface in the open ocean;
Litter® (GPML), promoting the implementation of the Honolulu synthetic bers derived from marine netting and rope in Ited
Strateg§ from 2011, and through the UN Environment coastal water column sampleSichanan, 1971 and items
Clean Sedscampaign launched in 2017. These initiativesderived from food and beverage consumption, and shing and
engage governments, the general public, civil society aed thboating activities on a beach near recreational wat€rsh(lell,
private sector to transform habits, practices, standards anii973. A systematic chronology of marine debris research was
policies in the ght against marine plastic litter. Sessionswell-described bjryan (2015)
and resolutions of the United Nations Environment Assembly At the same time many questions remain unanswered. There
(UNEA, which encompass GPA) highlighted marine plasticare many reasons why measuring and understanding marine
debris and microplastics amongst the issues of global impoga debris is dicult, including: (i) variety of object sizes rm
and moved to act toward the negotiation of a new internationatens of meters to microns) and shapes (e.g., spherical pellets,
legally binding instrument. packaging Ims, bers, and composite objects), (i) complexity
The Implementation of the G7 Action Plan on Marine of chemical composition (e.g., di erent polymers, metals, glass
Litter® mainstreams the work of the Regional Seas Programmesd organic materials), (i) unknown sources and sinks, af w
and includes capacity building and sharing of best practicess (iv) pathways and (v) decay processes. Also, because di erent
ongoing coordination with European Regional Seas conventionlaboratories and groups use di erent methodologies to study
strengthening the collaboration with GPA and GPML, andmarine litter, local observations are often hard to geneeal
a contribution to the G20 Action Plan on Marine Littdr into a global picture. For example, estimates of the amount
The latter will be implemented through a voluntary Global of microplastic oating at the sea surface vary between 6,350
Network of the Committed (GNC). The actions focus on theand 236,000 metric tonsCozar et al., 2014; Eriksen et al.,
promotion of the socio-economic bene ts of establishing pis 2014; van Sebille et al., 2019Note that even the highest
on marine litter prevention, waste reduction and resourceestimate constitutes only 0.1% of the estimated total arhodin
e ciency, waste/stormwater management, public awarenesgqlastic added to the ocean from land-based sources. Inclusion
education and research, remediation action and the pronmotio of estimates of other debris types (184,000 metric tons gelar
of stakeholder engagement. Under the presidency of Canagidastic debris oating on the ocean surfaéaijksen et al., 2094
in 2018, the G7 countries agreed on a short list of sevesinks (8,000 metric tons removed annually from the shoesihy
main challenges in the areas of health and environment, anthe cleanup groups), and reservoirs (seabed, buried in esach
committed to move toward a more resource-e cient and water column, ingested by marine life, etc.) still leavesntiass
balance of plastic debris open, with the fate of at least 90% of
2http://www.imo.org/en/OurWork/Environment/PoIIutionPrevenﬁniGarbage/ it unknown.

Pages/Default.aspx
Shttps://en.unesco.org/ocean-decade

‘s‘https://sustainableqevelopment.un.org/sdglA IMPACTS OF MARINE DEBRIS AND
https://www.unenvironment.org/explore-topics/oceans-sehatwve-do/

addressing-land-based-pollution/global-partnership-marine IMPORTANCE OF THEIR GLOBAL
Shttps:/marinedebris.noaa.gov/sites/default/ les/publicatie les/ MONITORING

Honolulu_Strategy.pdf

http://www.cleanseas.org/ . . . .
8http://www.g8.utoronto.ca/science/G7_Science._2016dén. Marine debris has numerous impacts on the environment and

Shttps://ieep.eu/news/g20-adopts-t20-recommendations-ontipgsind- SOCiety-. Those in UenCEd' by these @mpacts, managi'ng them
marine-litter professionally, or responding voluntarily are the potentialrase
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of the IMDOS. The global extent and growing magnitudeother marine animalsKigure 2A). Washed ashore, partly buried

of the impacts justi es the importance and urgency of thein sand or stuck on rocks, nets are di cult to remove. Every
global observing system. It is also expected that increasgear, shing nets damage large areas of coral reef ecosystems:
knowledge of marine debris will reveal new impacts that ar¢he Northwestern Hawaiian Islands alone collect on average an
currently unrecognized. Most impacts are speci ¢ to the type okstimated 52 tons per yedr with 80 tons removed in 2018

marine debris. People's activities increase the amount tfrah While concentration of heavy oating shing nets tend to be
material entering the ocean (such as driftwood from logging higher in the subtropical “garbage patches” or in other frdnta
and also introduce arti cial materials that pose new thretts convergence regions of the ocean, light oats or buoys s¢ipara

the environment. from these nets or lost during other shing or aquaculture
_ ) _ ) _ activities are blown by the wind onto selected shorelines. F
Microplastics and Biological Interactions example, plastic and styrofoam buoys, used for shing and in

Consumption of oil grows exponentially, with about 10% usedaquafarms in the western Paci ¢ and Chinese seas do not only
to produce plastic, a large fraction of which is intended forpollute Asian shorelinel(ee et al., 20)3but reach in large
single-use applications and/or packagidgmbeck et al. (2015) numbers the coast of Alask&ifures 2B,G, where inaccessible
estimated that trends in plastic input entering the ocean fronterrain, sparse populations, short summers, and dangerous
land-based sources follow the trends in oil consumption. Sehe wildlife make cleanup very di cult. Winter storms break deisr
human-made polymers can last in the marine environment forinto tiny pieces and blow them inland, contaminating large
a signi cant time; during their lifespan plastic items canwed areas of land. Similarly, crab and lobster tags arrive froonthl
over large distances and accumulate in some areas in higkmerica on the coasts of Europe, and Styrofoam is one of major
concentrations. Weakened by ultraviolet light and brokga@d  types of plastic debris in coastal waters of Chitenpjosa and

by storms, larger objects gradually fragment into smalled a Thiel, 2009.

smaller piecesHigure 1) that become increasingly accessible to

di erent marine species. Pre-production pellets and microleadlarge Debris and Maritime Safety

are deliberately manufactured in small sizes. The aburglan¢n addition to small items that sneak through our waste
and impacts of the smallest plastic particles, nanoplastics, anganagement systems, marine debris also includes large items
not well-studied, but their demonstrated ability to peng&@ell  that carry a threat to maritime activity. The “All is Lost” miav
membranes and accumulate in organisms raises great concettiat starts with a sailboat collision with a marine containe
(c.f., Koelmans et al., 20)5Fish, seabirds, turtles, and otheris not a completely unrealistic story. The World Shipping
marine animals, mistaking microplastics for food, ingestrth ~ Council estimated that in 2008-2016 there were on averag¥56
which may cause physical injury, starvation and even deatlzontainers lost at sea each year during normal operatioriaiigc
After entering the food web, plastics may travel to upper trophiqFigure 3A). This is a tiny fraction of millions of containers
levels, resulting in bioaccumulation and biomagni catidput  delivered safely to sustain the World's economy, but even one
such trophic transfer is not yet well-studied (c.Pyovencher 40-foot object drifting without control can be tremendously

etal., 2018 dangerous. Its path and associated risks depend on the cargo
Additives incorporated during production (such as colorants inside the container, making predictions virtually impodsib
plasticizers, stabilizers, antioxidants, ame retardantsV Smaller objects, including large natural debris, are hard

absorbers, antistatic agents, etc.) make some plastics; ibxi to document. For example, driftwood is abundant on many
ingested by organisms, these toxins may enter the food ¢haishores, but extensive data on its amounts in the open ocean
posing a threat to ecosystem structure and function and pbssibare lacking. However, individual observatiorGgure 3B) and
even to human health. Leaching of additives to the seawatebllision reportd* indicate that the risk is real. In some regions
may also pose ecotoxicological threats to the marine biositye  encounters with shing nets and entanglement of ship progslle
Toxins can be also adsorbed by the plastic when it moves tlirougilso poses signi cant threat to navigatiod¢ng et al., 201)

areas contaminated with industrial pollution or via natuealents

(e.g., such as “red tidé8). Because of their large relative surfaceDebris on the Ocean Floor

area, nanoplastics may be most e cient transporters of thesghe ocean oor is one of the main destinations of marine dsbri

added or adsorbed chemicals (c3alloway, 2016 Many materials are denser than water and sink immediateéy af
. L entering the ocean. For example, the seabed near big citids, por
Derelict Fishing Gear and river mouths are often densely covered with whole PET

One of most abundant and conspicuous types of marine debrigottles and other presumably recent debriggure 4) of local
is derelict shing gear. Used in large numbers, shing nets a

often lost d_U”ng storms. ACCOfd'_ng thebretor_l et _al- (2018) Uhttps:/iwww. sheries.noaa.gov/feature-story/removal-andeggsh-marine-
they comprise 46% of the plastic mass oating in the uppeiebris-team-strikes-again

ocean in the North Pacic Subtropical Gyre. The lifespan of'?https:/Iresponse.restoration.noaa.gov/over-80-tons-madeabris-removed-
these “ghost nets” is not known but as long as they oat the)?orth‘"’es“e'r”'h"’“""'j“""‘r"'S'a”dS

. o . Shttp://www.worldshipping.org/industry-issues/safety/
continue killing not only sh, but also sea turtles, sealsirand Containers_Lost_at Sea. - 2017 Update FINAL_July_10.pdf

Yhttps://2019.transpacyc.com/race-archives/news-articl&2013-honolulu/
10https://oceanservice.noaa.gov/facts/redtide.html dismastings-debris-dazzling-speed-in-transpac
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FIGURE 1 | Plastic debris accumulation at Kamilo Point, Island of Hawai Large items(A) are often still identi able, but gradually break into smalfdgments
(microplastics,B). Photos courtesy of the 2011 IPRC projec{A) and Hawai'i Wildlife FundB) (Maximenko holds copyright on 1A and Lamson holds copyrighon 1B).

Direct Observations of Marine Debris provides more
information about benthic observations). However, beeaus
the benthic zone is a very important and vulnerable part of the
marine ecosystem, it is exposed to critical impacts of naturdl a
arti cial marine debris (c.f.Galgani et al., 2035

Over centuries, alarge number of shipwrecks, lost in accglent
and combat or sunk intentionally, as well as dumped munitions
and containers with chemicals, including toxic and radidaet
material$® have been also deposited on the ocean oor.
These wrecks and dumpsites will sooner or later start leaking
contaminants into the ocean; their retrieval or conserva@md
close monitoring are essential for the health of the deeoce

Biological Dispersal

“Floating macroalgae, wood and volcanic pumice have been part
of the natural otsam assemblage of the oceans for milliohs o
years” Kiessling et al., 20)5They provide not only a substratum
for the pelagic ocean, but also facilitate the spread of new
life to volcanic islands. Together with fouled ship hulls and
ballast water, arti cial marine debris opens new opporturstie
for long-distance travel and elevates risks of invasionalieh
species, which are considered a major threat to coastal éeosy’s
(Molnar et al., 2008 Additionally, changing climate and ocean
currents open up novel pathways for raftekéifer, 2019.

FIGURE 2 | Derelict shing nets (A) oating in the eastern North Paci c. Photo
courtesy of Raymond McCormack, who tagged the net with a sat8ite tracker

during the Ocean Voyages Institute's projects. Styrofoan(B) and plastic (C) CataStrome Events
shing buoys, removed from the shoreline of Alaska. Photos cortesy of Natural disasters such as hurricanes, oods, and tsunartuaga
Christopher Pallister, Gulf of Alaska Keep&P (Maximenko has permissions with accidents created by human activity, can greatly iasee

from McCormack and Pallister to use the photos). inputs of all kinds of natural and arti cial debris overviede

above. For example, when catastrophic events are consideeed, t

number of marine containers lost at sea in 2008-2016 inccease
origin. Other types of debris or their parts oat initially, bu three times to 1,582 per year on average. According to the
gradually lose their buoyancy due to biofouling and degtimata ~ Japan Ministry of the Environment. (201,2the 2011 tsunami
processes that may remove debris from the sea surface. WoodénJapan washed about 5 million tons of debris into the ocean
debris, by being exposed to water may saturate and incremse Within hours. Of this amount, 3.5 million tons sank on the
density and sink. The ocean oor is dicult to study (section shelf, severely damaging the benthic ecosystem and, together

Bhttp://www.goak.org/ 18https://www.epa.gov/ocean-dumping/learn-about-ocean- dumigBefore
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FIGURE 3 | (A) The MV Rena lost an estimated 900 containers when it ran agrowl and broke up off the coast of New Zealand in October 2011 (Péto courtesy of
Maritime New Zealand)(B) Heavily fouled driftwood, oating in the North Paci ¢ (courtesy of Randal Reeves) (Maximenko has permissions from Mamig New
Zealand and Reeves to use the photos).

FIGURE 4 | Litter on the deep sea oor. (a) Plastic bags and bottles dumped 20 km off the French Mediteanean coast at 1,000 m in close vicinity to burrow holes;
(b) food package entrapped at 1,058 m in deep-water coral colony (c) rope at 1,041 m depth, both from Darwin Mounds;(d) waste disposal bin or a vacuum cleaner
with prawns on the sea oor off Mauritania at 1,312 m depth;(e) plastic carrier bag found at 2,500 m depth at the HAUSGARTEN observatory (Arctic) colared by
hormathiid anemones and surrounded by dead tests of irregal sea urchins (adopted fromGalgani et al., 2015Galgani holds copyright of this gure).

with the radioactive spill from the Fukushima nuclear plant,(Carlton et al., 201)7were also transported over large distances
badly aecting the local shing industry. The remaining 1.5 due to this event, some of which are known as past invaders.
million tons (an amount close to a full-year input of land-leds Many near-shore mariculture farms were set a oat and prodlLice
plastic debris for the entire North Paci c) became otsam andlarge numbers of oats. The composition of tsunami debris
a fraction of this drifted to North America and Hawai'i. Four was very complex: according fdurray et al. (2018) counts
20-meter oating docks, about 1,000 vessélsfimenko et al., of all categories of debris, monitored on Washington state
2019, and other large objects posed threats to navigation anteaches, increased in 2012 by a factor of 10 compared to pre-
remote coastlines. At least 289 documented Japanese spetsemamilevels.
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Disasters and accidents often occur under conditions wheand mitigation of marine debris, including but not limited tbe

limited resources, di cult access and emergency priorites
not allow for accurate documentation of the amounts of marin
debris generated. For example, little is known about otsam
from the 2004 tsunami in Indonesia that caused 20 times
more casualties than the tsunami in Japan. On a similar note,
the Malaysian Airlines Flight 370 that disappeared in 2014
is still missing even though satellite engineers deterchine
the approximate location of the crash, veried fragments
were found on Reunion Island, Madagascar, and in Africa,
their drift was studied in research projectSrinanes et al.,
201§ and 100 million Australian dollars were invested in
the search.

Economics

Plastic plays an important role in the economy: every member
of society benets from this inexpensive material. Yet, the
market price of the virgin plastics is only based on the low
cost of plastic production and does not take into account
the potentially much higher cost of its end-of-life proceggin
and mitigation of its leakage into the environment. The
consequences are often hard to estimate because they gledou
with other factors, and impacts are indirect, unproven, or
even unknown.Newman et al. (2015pverviewed published
studies that revealed high or signi cant costs of maringelit
impacts on tourism and recreation, shipping and yachting,
sheries, and aquaculture. Generally, the data available f
consolidation are rare. In the UK, the cost of professional
litter removal is estimated a 7,000 per km per year(ouat

et al., 201)) Jang et al. (2014linked more than 20 million
dollars lost revenue in 2011 (compared to 2010) due to
increased litter on Goeje Island beachkesggett et al. (2014)
estimated that a 75% reduction of marine debris at six popular
beaches of Orange County, California generated 40 million
dollars bene t in just 3 months. Fisheries, shipping induss;i
navy, and aquaculture lose time and money by cleaning
marine debris from their nets, ship propellers, cooling irgak
and farms.

Much higher risks and expenses are associated with potential
future degradation of ecosystems, reduction of food proutunt
and human health issues. The role of marine debris in these
impacts is yet to be quanti ed. IMDOS will provide such data,
without which such quanti cation is impossible. A recent stud
by Royer et al. (2018also suggests that aging plastics release
trace gases that contribute to the greenhouse e ect. This @hpa

following groups:

Policy and decision makerghe long-term resolution of the
problems of anthropogenic debris will likely be achieved
through integrated local, national, and international Bw
balancing rewards and enforcement. IMDOS will provide
knowledge for their development and tools to monitor
their implementation. Such a system will have a strategic
role in supporting the international agenda on the oceans,
including reporting to the SDG 14.1 at dierent but
complimentary scales.

Management of relevant marine environmentsocal
agencies and companies will have rst-hand information
on risks, “hot spots” and “extreme events” associated with
marine debris spills, improving strategies to locate and
remove litter from shorelines, diving sites and Marine
Protected Areas.

First responderfMDOS will inform about abnormal amounts

of marine debris generated by disasters and accidents,
and determine risks and inuenced areas. It will also
track large objects and ensembles of debris that will
help with search and rescue operations and prevention of
subsequent collisions.

Scientistswith the current general understanding of sources,
pathways, processes, and impacts related to marine debris,
quantitative description is very poor; amounts, uxes, and
densities, estimated in dierent studies, often disagree by
orders of magnitude and fate of as much as 90% of plastic
debris is not known. Marine physicists, biologists, ecolsgist
chemists, and climate scientists will use the IMDOS data
in their research, to reduce these uncertainties to both
understand marine litter dynamics and its interaction with
other oceanic processes.

Businessedndustries aected by marine debris (such as
sheries, tourism, etc.) will use IMDOS to plan preparedness
and mitigation of potential impacts. The marine debris
problem also opens new opportunities for inventions and
new technology development. Given the co-responsibility of
the private sector in generating marine litter (e.g., plastic
pellets), they will also be able to inspect the e ectiveness of
implemented mitigation measures (e.g., Operational Clean
Sweep, Circular economy). IMDOS will help high-tech
companies to use marine debris information as a resource and
to monitor impacts of new technologies on the environment.

may be signi cant because of its delayed e ect and because Environm_ental a.cFivists and citizen S(_:i_entiBlastic poIIution_
it can be localized to areas (such as the seabed) where otheas mobilized millions of concerned citizens, who are wogkin

sources are weak. Plastic contamination is one of the maltipl
stressors on the ocean that is projected to increase as thamum
population grows”.

IMDOS STAKEHOLDERS

IMDOS will provide data to individuals, organizations, and
governments dealing with the surveillance, impact managgme

https:/len.unesco.org/ocean-decade

to raise awareness, push legislation and, when possible, to
clean the most polluted areas. Using IMDOS will strengthen
their arguments, avoid biases and misunderstandings, and
optimize their eld work. In addition, IMDOS will o er a
platform to consolidate and share validated marine littetada
produced by citizen scientists.

Educators.IMDOS will help to promote a more holistic
view of our planet by raising population awareness of
the consequences of our actions as a civilization and our
responsibilities for personal and collective decisions.
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STRUCTURE OF THE INTEGRATED debris accumulation. IMDOS will have a global spatial coverage
MARINE DEBRIS OBSERVING SYSTEM and resolution su cient to describe large-scale patterns of
debris distribution. While one-time observational and iaggl
An e ective global IMDOS will make use of a variety of campaigns may also provide important insights, the core of
components, collectingn situ observations and sensing the IMDOS will be designed for multi-year functionality, with
environment remotely. It will be augmented by numerical netel gradual enhancement driven by national monitoring capasiti
and theoretical analyses. developing technologies, gained knowledge and changesein th
The structure of the IMDOS will be designed to provideocean circulation, climate, and ecosystem. To provide data
best possible accurate estimates of variables requirddr calibration/validation of satellite sensors, a partiofsitu
by the users, such as the SDG 14.1 indicators and subbservations will be located along satellite tracks and taaied
indicators under development at UN EnvironmenEESAMP, for the lifetime of these satellite missions. The regiotaiciure
2019. The list of variables includes, but is not limited to: of in situ observations will be adjusted to best cover regional
concentration, composition, origin and pathways of marinesources of debris as well as the areas most a ected by local
debris. Concentration (abundance and mass) data will higiitli and remote marine debris. To increase the volume of high-
patterns of debris distribution, identify areas of accuntiola, quality observational data, new instruments and techniques
and monitor temporal variability and trends. IMDOS will help will be developed and used in collaboration with governmental
identify main sources (i.e., varying both geographicallyd an organizations, citizen scientists, volunteers, and shipsanedaft
possibly in terms of human activities) and quantify inputsof opportunity. Crowdsourcing will be used to establish better
and ways debris enters the marine environment, estimatal tot connections to various groups worldwide and to collect report
amounts residing in di erent reservoirs [such as upper oceanpn extreme events, such as accidental spills or unusualngati
water column, seabed, shoreline, ettla(desty et al., 2017; objects. Techniques will be developed to validate and syizthes
GESAMP, 201), close the gaps in the budget of marine litter low-level data (such as photographs or even verbal reports) with
as a system, and characterize connectivity between di eremtroducts of IMDOS. Thisin situ observational component of
regions. Distinct types of debris come from di erent sourcare  IMDOS is discussed in more detail in section Direct Obseorai
transported along di erent paths and have di erent impacts on of Marine Debris.
the environment and people's activity (e.gieper et al., 2039 Remote sensing will Il gaps between sparge situ
Data on the composition of debris will help scientists choos@bservations (an example of the present coverage is shown in
the right set of instruments for its monitoring, optimizedrfa  Figure 5A) and provide nearly uniform, nearly global coverage
given region. over long time scales. Spatiotemporal scales, resolved by B/DO
A key goal of IMDOS is to monitor and assess the risk posewill include scales of important sources and accumulationezon
by marine debris. This risk can be distilled as a superpositionf marine debris and their variability as well as scales of
of: (1) exposure or concentration; and (2) vulnerability of—physical processes controlling the dynamics of debris (ssch a
or harms to—the system. Large knowledge gaps exist faceanic gyres, fronts, eddies, seasonal cycle, El Ninotheou
both of these risk-determining variables. For example, irDscillation, Paci ¢ Decadal Oscillation, etc.). Remote s&nsi
terms of exposure, it is still not clear among the scienti cwill extend into such remote, unpopulated areas as the Arctic
community how precise a measurement should be such as &nd Southern Oceans, as well as coastlines of uninhabited
accurately estimate the amount of debris in a region, and tislands (avers and Bond, 20).7 Calibration/validation of
calculate the uxes of debris in and out of that region. All remote sensors will be conducted through comparison with
of these demand more scienti c studies, but once risks oflata from a network of dedicateth situ observations and
environmental impact of marine debris can be computed inspecialized models. To enhance regional monitoring, with
IMDOS, these combined with data from other observing systemBigher spatiotemporal resolution, remote technologies Wl
(e.g., systems monitoring the ecosystem, biodiversitjjaté  implemented on suborbital missions using drones and small
and/or maritime activity, and safety), can allow for thegli@sis aircraft. Portable, robust, automated instruments, usiagiote
of extreme situations, can support the mitigation and/or resp®  sensors, will be used on ships and airplanes of opportunity as well
to these risks, and can help to assess the e ectiveness ag by citizen scientists and volunteers to sustain a costtigec
those responses. web of additional observations. The remote sensing component
Direct observations of marine debris will provide “ground- of IMDOS is discussed in more detail in section Remote Sensing
truth” information and will be the most critical component of of Marine Debris.
IMDOS. Di erent instruments will be used to measure distinct Like any e ective observing system, scienti ¢ analysis and
variables and characteristics of debris types. Abundandelwis  numerical modeling will play important roles in all stages of
will be monitored in all parts of the Earth hydrological syste IMDOS design, implementation, and data analysis. Among the
including surface, water-column and sea oor compartments oadvantages of numerical modeling is that dynamical modafs c
the open ocean, coastal areas, shoreline, sea ice, lalars, rivorovide a global perspective on extremely sparse observations
streams and watersheds. To monitor changes in debris densitand Il the regions between the observations with an “edudate
spatial patterns, and composition, IMDOS will include a seiguess” (e.g.Figures 5B-0 also, Hardesty et al., 20)7 This
of permanent sites and repeat sections in the main areas ektrapolation will be especially relevant in areas where direct
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FIGURE 5 | (A) Density of microplastics near the ocean surface in the globalataset and (B-D) three model simulations [adopted from\(an Sebille et al., 2019] (Van
Sebille holds copyright on this gure).

observations are di cult to make, such as the high Arcticimy rising of plastic particles due to biofouling and possible
(Cozaretal., 2017; Peeken etal., 3018 subsequent remineralization at deptiKdoi et al., 201y

Moreover, dynamical models can be used to better understandill be extremely dicult to observe, but its large-scale
the processes that aect transport, fate and distribution ofe ect on the horizontal distribution of marine plastic can
marine debris. For example, the hypothesized sinking ante modeled.
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A possibly even more important task for modeling is tousers have local and regional interests, the observingraysill
underpin Observing System Simulation Experiments (OSSEg)ave an important focus on regional products while maintaining
where the design of the large-scale structure of the IMDOSean global coverage.
ne-tuned with the aid of simulations. OSSEs are a mature and IMDOS will build on the positive experience of such
proven methodology for e ective design of observing systemsuccessful programs as the Global Ocean Observing System
given a realistic “nature run” but in the case of marine dsline  (GOOSY® and, after a setup period, may become a part
di culty will be that the simulated distribution of debrisan be of the GOOS. International groups of experts will maintain
orders of magnitude di erent between modelsa Sebille et al., the list of Essential Ocean Variables and discuss the eectiv
2015. How to deal with this large inter-model uncertainty in the methodologies. Data centers will be set up for producing,
scope of OSSEs will require further research. managing, and distributing quality-controlled data andane

Over the last decade or so, a number of di erent modelseal-time products. These data centers will work together to
for marine debris have been developed. These range frodevelop and implement observational methods and technigues
statistical observation-driven Markov modelsVigximenko providing uniform format and accuracy of observations. They
et al., 2012; van Sebille et al., 201fo highly idealized will also work with satellite mission science teams and madele
mathematical models (e.g.Koelmans et al., 20)7 to to fully use the wealth of information into gridded products
full-blown two- and three-dimensional particle tracking useful for various applications. Synthesis of heterogendates
models {ebreton et al., 2012; Robinson et al., 2017 (such as counts, images, and coarse satellite indicegpegilire

While designing an IMDOS with uncertain models will be development of new advanced methods such as those using
challenging, the fact that these models are so poorly com&tai machine learning. Interaction with users will be improved by
is a primary motivation for the IMDOS in itself. The high involving them in the voluntary data collection process aatso
sensitivity to unknown (or vaguely known) parameters in sgts of opportunity or coastal observers.
model experiments will be used as guidance for upgrading the
initial IMDOS with additional, targeted observations. Exales DIRECT OBSERVATIONS OF MARINE
of these include fragmentation, biofouling, and sinkingesaof
marine plastic particles. DEBRIS

Once operational, the models will then be used to estimate th
overall performance and e ciency of the observing system e w
as to indicate the degree to which the whole dynamics of nearin
debris are understood and monitored. As such, the plannindj an

fi order to characterize the abundance of di erent types of
marine debris, a variety of observing platforms are requiksth
of these have advantages and disadvantages in terms of/tie le
operation of the IMDOS go hand in hand with the developmentOf temporal and spatial resolution tf_]ey can prowd_e, the sensors
and samplers they can carry, debris types and size ranges they
of the models. : . .
an cover, and the physical parts of the marine environment

Specialized studies may be necessary to understand poorlys . . . .
4 . : . ffom which they acquire data. Until appropriate sensors become
known processes responsible for changes in debris properties

. . . . . available and provide su cient temporal and spatial coverage,
degradation, and interaction with the ecosystem, econspand . A i
. . f - samplers will be broadly used for “point” observations. At the
other factors. These studies will be designed to improve the - S R,
. Same time, only samplers provide “ground truthing” in its
products but will not become a permanent part of the IMDOS. . . .
- . entirety and complexity. It was the collection of samples that
Some model uncertainties re ect gaps in the current state_. . L .
. . . raised concern for the trends of plastic debris in the marine
of knowledge or in critical ocean observations. For example, . . ) i
environment. Samples are also irreplaceable in process studies
surface currents are one of the most complex components of the S - L - . _
. . . Investigating biological interactions, chemical degraafatiand
ocean dynamics, presently not measured by satellites diréct . : - . .
. . . changes in the chemical composition of debris over time.
derived from other remotely sensed variables (sea levatjsyi
temperature, etc.), using either relatively coarse oceabagl
: . o . Platforms
circulation models (OGCMs) or simpli ed mixed layer mod&ls . . .
o . .~ " . The following platforms are used for marine debris
The development of IMDOS, with its emphasis on debris drift . -
. . bservationsKigure 6).
on or near the ocean surface, will motivate development an8
improvement of technologies of observations of ocean cusien  Satellites, Aircraft, and Drone®evelopment of advanced
waves and surface winds and their e ects on movement of debris sensors makes the boundary between “direct” and “remote”
(e.g.,Fraser et al., 2018; Putman et al., 2Q1hile objects of observations somewhat fuzzy. Presently, aerial survegs an
dimensions upwards of a few cm are subject to inertial forhas t remote technologies (described in section Remote Sensing of
scale with mass of the object (ey.poks et al., 2099 Marine Debris) provide rich information on debris at the
The overall structure and operation of IMDOS will be ocean or shoreline surface (e.gecke-Mitchell and Mullin,
intrinsically based on the scientic analysis of existing 199). Asthe major part of marine debris is submerged in the
observations and models. The e ciency of IMDOS will be ocean or buried in marine sediments (e.gan Sebille et al.,
achieved by focusing on variables demanded by end-usehgoft 2015; Koelmans et al., 2017; Chubarenko et al., R@irfect

data products. Because (based on our experience) the magbrity measurements remain critical for comprehensive monitoring.

L8nttp://www.globcurrent.org/ Lhttp://www.goosocean.org/
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FIGURE 6 | Schematic of the various observation platforms currentlyniuse and on which a variety of sensors and samplers can be caed (Courtesy Kate Davis)
(Lampitt has permission to use this gure).

In a comprehensive discussion of sensors applicable in its pathways. The Global Drifter Progr&f(Niiler, 2007
monitoring of hazardous materials and organisms in the maintains a network of 1,400 active satellite-tracked drifting
marine environmentZielinski et al. (2009)present how buoys reporting hourly Centurioni, 201§, and an archive of

di erent measurement platforms can contribute to the depth  more than 30,000 drifter-years of historical trajectoriesed

of knowledge at varying geo-spatial and temporal scales. in many studies (e.gL,umpkin et al., 2012; Maximenko et al.,
Ships.Ships are traditionally used to collect data on marine 2012; van Sebille et al., 2)1Satellite trackers, attached to
debris oating on or near the surface. Ship observations large debris (such as shing net igure 2A) facilitate their

are sparse, vulnerable to the weather conditions, and often retrieval from the ocean and reduction of associated hezard
sensitive to the type of ship and expertise of the operator. for maritime activities and coastal businesses. Specialized
Nevertheless, they provide a platform from which a broad Lagrangian tools are developed to study drift of debris and
variety of sensors and samplers can be used for comprehensiveother pollutions in focused regional projects. For example,
study of the entire water column, from seabed to the Meyerjirgens et al. (2019%uilt compact surface drifters
surface. With the small number of research vessels, ships ofand used them on the southern North Sea shelf to study
opportunity have a great potential to greatly improve coverage the transport patterns in the nearshore zones and the
by increasing the number of visual observations and using beaching-re oating dynamics.

ship-borne autonomous systems (e.g., FerryBbx) Fixed Point ObservatorieEhese are important and e cient
Autonomous platformsFloats, gliders (both seagliders and platforms to monitor temporal variability and, in particular,
wavegliders), and Autonomous Surface and Underwater long-term trends of the problem. Moored platforms have the
Vehicles (ASVs and AUVs), equipped with adequate sensors great advantage of being able to carry sensors and samplers.
can provide uniqgue measurements in hard-to-reach parts of At present, there are about 120 open ocean observatories
the ocean. As a rule these platforms have insu cient space (OceanSITES§and even higher numbers of coastal and shelf
for samplers and are often not recovered. The expanding observatories that can be used for marine debris observation
Animal Telemetry Network! can be also used for marine  Some of the observatories are caBfednd can produce
debris data collection as well as to monitor the interaction a large volume of real-time data. Choice of locations of
of debris with marine life. Lagrangian platforms may play an sites optimal for marine debris trend observations as well as
important role in tracking marine debris and understanding interpretation of the time series, contaminated with the salat

22http://www.aoml.noaa.gov/phod/gdp/index.php
2Onttps://www.ferrybox.com/ 23nttp://www.oceansites.org/
21https://ioos.noaa.gov/project/atn/ 24http://aco-ssds.soest.hawaii.edu/
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signal will require coordination with satellite observattoand  be appliedin situ after developing the necessary engineering /
numerical models. instrumentation. For example, staining with the dye Nile Red
Benthic landers and crawles.range of devices have been(Shim et al., 2006results in discrimination of plastics from
developed which remain on the seabed for protracted periodsther particles using uorescence excitation and emission i
of time some of which photograph the seabed repeatedly (e.ghe visible rangeNlaes et al., 20)7a spectral range that can
Lampitt and Burnham, 1983; Lampitt, 1986r can take time be implementedn situ. Whilst chitin and some other organic
series sediment samples when crawling over the se&heddr matter is also stained, these particles may be discriminated
et al., 2018 These provide unique information about the using other means, e.g., by densitylaes et al., 20)7or
arrival of debris on the seabed and the interaction with thisdigestion Erni-Cassola et al., 20).7This technique has been
rather di erent benthic ecological community. semi-automated using image analysis softwafenitCassola
Shoreline monitoring and Beachcombifige highest known et al., 201y, Full automation will requirein situ ltration
concentrations of marine debris are reported from selectednd image capture and likely separation or digestions steps
shorelines, including both anthropogenic deBfigFigure 1)  which though onerous are not beyond the capabilitiesnogitu

and natural materials such as driftwood (e.g., in theinstrumentation (e.g.Scholin etal., 20)7Popular and powerful
background ofFigure 2B). Societal concern has promoted direct hyperspectral/FT-IR techniques used on Itered samples
a massive beachcombing activity. In 2017, the Internationde.g.,Karlsson et al., 20)@nd being increasingly automated
Coastal Cleanuf$, including more than 0.5 million people may be problematidn situ due to the optical absorption of
worldwide, removed more than 8,000 tons of arti cial waterin preferred spectral ranges (e.g., 1,000—2,50@arngson
debris. Despite patchy geographical distribution and sparset al., 201} However, Raman spectroscopy has previously been
timetables, cleanups have great potential of crowdsourcingppliedin situ for other applications Kirkwood et al., 2013;
qualitative and quantitative marine debris data throughPelizer et al., 2016; Guo et al., 2017; Jing et al., 2018; Lj et a
coordinated surveys using approved protocols [e.g., NOAA8019, and for microplastics can be operated in a spectral range
Marine Debris Tracke¥, Litterat?8, and JRC Floating Litter with low absorption in water (e.g., 785nm lasérere et al.,
App (Gonzalez-Fernandez and Hanke, 2)]1Easy-to-access 2016. Imaging (Nelson et al., 20)&nd ow cytometry (Sgier
shorelines facilitate citizen science initiativeSHSAMP, etal.,2016; Long et al., 2Qcan also be used, currently in the lab
2019, can be used for sampling and monitored with beacho analyze small plastic particles. Indeed cytometry is catiéat

camerasi{ako et al., 2010 using plastic microbeads$n situ ow and imaging cytometers
have been deployed(belaar and Jonker, 2000; Dubelaar and
Sensors and Samplers Geerders, 2004; Lambert et al., 2017; Olson et al., 2017; Sosik
A combination of samplers and sensors is used for direck017, and an intriguing possibility is the reduction in size and
observations of marine debris. power of deployed systems using microcytometBes(@zzi et al.,
2007; Barat et al., 2012; Spencer et al., 2014, 2016; Mc®eth e
Sensors 2017. Focused and signi cant e ort is required to turn these

While items at the sea and land surface can be detected amgportunities into mature sensor technologies that can adsires
classi ed using remote sensing (as discussed in section Rem@perational metrology of marine debris across a wide sizgean
Sensing of Marine Debris), the development of autonomous angh the marine environment.

eld deployable sensors for marine debris including micrcties

remains a signi cant research challenge. Some eld-deployegamplers and Subsequent Analytics

deep capable systems carry sensors and combine them wileach litter surveys, using standardized protocols, are the
sampling and post-retrieval analysig/gng and Wang, 2038  simplest sampling technique, in which all analytical methaais ¢
the sensors in this case are only used to trigger samplinge applied in order to deduce debris characteristics, inclgdi
and to provide environmental contexte(ison and Patterson, composition and possibly even origin. For smaller particles
2019. Other imaging systems developed for macrofauna opf debris found in the water, plankton nets of various types
microorganism studies can also be used to study plastigave frequently been used, some focusing on the surface laye
debris. For example, a towed camera and human assistgleuston netsEriksen et al., 20)8and all usually with mesh
semi-automated image analysis (BIIGLE-Bio-Image Indgxinsizes>250-300rm. These techniques are relatively inexpensive
and Graphical Labeling Environment-database) has been usggld easy to operate but they may be missing a signi cant mass
to track increases in debris 2004-2014 in the eastern Frafaction of plastic debris associated with smaller partidiégect
Strait Bergmann and Klages, 2012; Tekman et al., ROBGr  measurements are needed to derive the size distributionsiesss
microplastics, many of the techniques used in the lab (e.gthe missing mass. Presently, smaller particles have begpiezhm
seeWang and Wang, 20)&re being semi-automated and can usingin situ and deck-mounted lters with pore sizes down to
0.5mm, which addresses the smaller size classes very e ectively.

https://www.axios.com/dominican-republic-garbage-plastictwecover- However, such techniques are expensive demanding specialist
beach-c16f8637-6002-476c¢-bcf5-1964fe38abcl.html equipment and operators

2bhttps://oceanconservancy.org/wp-content/uploads/201/i@émational- . . " . .
Coastal-Cleanup_2017-Report.pdf Depending on their composition and degree of biofouling,

2Thitps://marinedebris.noaa.gov/partnerships/marine-debris-teack many common microplastics are less dense than seawater so 'te.nd
28nttps:/www.litterati.org/ to oat at or near the ocean surface, and as such may exhibit
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high concentrations in the upper ocean relative to deeper watehard-to-reach areas, in which direct observations are spansl
Manta trawls are used near the surface and a number of method# cult. Because of the huge diversity of chemistry and gedme
are available for sampling in the 1-1,06® surface microlayer, of di erent types of debris, no single sensor can see it all. tofis
including rapid and facile glass plate sampling methods, whicinstruments is presented to highlight those currently aafalié on
collect samples that contain relatively small amounts ofreedt  in situ, air- and space-borne remote sensing platforms that have
and biogenic material, facilitating subsequent micropésst potential applications relevant to the aims of IMDO®ble 1).
identi cation (Anderson et al., 20)8 A number of these sensors have already been tested in past
Sediments are typically sampled using corers such as tmeissions but each sensor has observational limitatioreged|to
multicorer, which retains the sediment/water interfaéa(nett  spectral resolution, spectral range, sensitivity, revigiteti geo-
et al., 198 The separation of anthropogenic debris from spatial resolution and coverage. To this end, an integrateder
naturally occurring material is a challenging task and s@ant ~ system combining sensors of di erent capabilities on di erent
research is still required to perfect techniques, partidylar platformsis needed to advance future operational remote sgnsi
for micro-debris. e orts of marine debris especially in remote areas of the global
Biota is an additional and relevant source of informationoceansZielinski et al., 2009; Garaba and Dierssen, 2018
to estimate litter distribution and exposure to biodiveysand
humans GESAMP, 2010 It may also be used to validate models
since the greater amount of micro and nano-particles in theHigh Spatial Resolution Imaging
tissues re ects a more chronic instead of episodic contationa Washed ashore, oating and slightly submerged marine debri
in the surrounding environment. Particles in the digestivact has been monitored using high-resolution cameras on xed
are also highly informative on the risks of trophic transferda platforms Kako et al., 2013 shipborne Hanke and Gonzalez-
impacts in the ecosystem. However, as sediment samples, biotiernandez, 20)4airborne (e.g.Veenstra and Churnside, 2012;
sample processing and analysis still demand improved intei<ataoka et al., 2017; Garaba et al., 2018; Martin et al., 2048

calibration between laboratories. et al., 201pand satellites (e.gMatthews et al., 2017; Topouzelis
o o et al., 201p Generally this technique is applied to the visible
Sample Contamination and Intercompatibility spectrum (400700 nm) by making true color RGB composite

In terms of sample analyses, a range of techniques has be&n ugfages. Visible images have been used, for example, to study
often with unknown precision and speci city, which frequent! the dynamics of rafts of marine debris generated by the March
leads to data of unknown quality. A key aspiration for the comi 11, 2011 tsunami that devastated the coastline of eastpemJa
decade is that rigorous and standardized analytical tecles@re  (Figure 7, Matthews et al., 20)7The key requirement for the
developed so that data are intercomparable between lab@ator jmaging technique is high spatial resolution su cient to nohly
and in order to determine temporal and spatial variability. detect otsam but desirably also identify it as a particulapey
Sampling of the smaller size categories of debris angf debris or specic object. While military satellite tecHogy
particularly nanoplastics and bers (due to the relative ubit§ s capable of providing higher resolution, commercial product
of microparticles in clothing, buildings, etc.), has to daen  are limited to 25-50 cm, restricting their utility to severaeters-
frequently characterized by poor protocols which will havesized objects. Identi cation of smaller objects is feasil
generated large numbers of contaminated samples. In orde{borbital missions.
to obtain adequate data on which to base decisions, the Analysis of visible images requires advanced interpretation
coming decade must be characterized by high principles agchniques to eliminate environmental perturbations fronean

“best practice.” bright targets (breaking waves, white caps, sea foam, surfac
re ected glint), clouds and cloud shadowMithews et al.,
REMOTE SENSING OF MARINE DEBRIS 2017; Garaba and Dierssen, 2018he unwanted e ects can

be mitigated by capturing a series of images with intervals
The remote sensing of marine debris, in particular plastiof several seconds and at an optimal viewing geometry. True
pollution, is in its infancy {laximenko et al., 2016g,laraba color RGB images provide crucial complementary information
et al.,, 2018 Despite encouraging results of rst experimentsin monitoring marine debris about the apparent color and shape
with detection of large oating items (e.gAcufia-Ruz et al., of litter that can be used to, for example, discriminate mandma
2018; Garaba et al.,, 2018; Topouzelis et al., X@i@rall objects from marine organisms, such as kelp or whales. Hexvev
marine debris monitoring represents a signi cant technatay the RGB images do not provide information on the physical and
challenge. Successful remote sensing can Il gaps betweesesparthemical composition of the litter. The potential of new “mauh
in situ observations and provide uniform coverage over largéearning” techniques, combined with hyperspectral inforioat
areas and long time periods. Quantifying how much and wherelemonstrated recently bficuiia-Ruz et al. (2018 their pilot
debris enters the marine environment over time is critical t study on the shoreline, will increase the value of high-retsotu
formulate and evaluate proper responses but on a global scalisible imaging in the future. Costs related to managing “big
has, so far, only been roughly estimatedrfibeck et al., 20L5 data’ might be an operational challenge for such very high
Global coverage is particularly important because some@aii temporal and geo-spatial resolution RGB imagery. E ciency of
marine debris such as plastic can travel over long distancés avisual observations can be optimized through interactiothwi
accumulate over time. Satellites can also help to survepteem other components of IMDOS, used to identify “hot spots,” and
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TABLE 1 | Examples of actual sensors already used for detection and/goolymer identi cation of plastic debris.

Satellite/Sensor Spatial resolution Spectral Wavelength Platform Instrument
name (HR>10m; resolution range [nm]
VHR < 10m)
Sentinel-2/ MSI HR Multispectral 450-1,400 Satellite
TanDEM-X HR Satellite SAR
WorldView3 VHR Multispectral 400-2,365 Satellite
PlanetScope VHR Multispectral 455-860 Cubesat/Satellite
SASI VHR Hyper 950-2,450 Airborne imager
APEX VHR Hyper 372-2,540 Airborne imager
AVIRIS-NG VHR Hyper 380-2,510 Airborne imager
ASD FieldSpec VHR Hyper 350-2,500 Handheld
Pro
Spectra vista VHR Hyper 350-2,500 Handheld
corporation
Spectral evolution VHR Hyper 350-2,500 Handheld

in concert with other observing ocean systems, such as weathplastic targetsTopouzelis et al. (201%on rmed that oating

forecast and disaster/accident warning systems. plastics are seen from space as bright objects and demonstrated
the bene ts of using very high (0.02 m) geo-spatial resolution
Optical Spectro-Radiometric Techniques imagery from drones to improve geo-referencing of Sentinel 2

Spectro-radiometric analysis from the ultraviolet to ther fa data, resampled to 10 m resolution.

infrared spectrum has opened new avenues for detection Spectral observations provide a wealth of information that
and characterization of plastic and other types of marinecan be applied to algorithms that are key to inferring abundanc
debris.Garaba and Dierssen (2018¢monstrated the existence of marine debris, polymer types and degree of weathering or
of unique spectral absorption features in the near infraredlegradation relating this to the possible age of debris. Toimec
(NIR) and short-wave infrared (SWIR) spectrum using washediseful, large spectral libraries of dierent types of debris as
ashore macroplastics harvested from the west coast of theell as inorganic substrates and biological environmereche
USA (Figure 8. These absorption features were found to bebe established (e.gGaraba and Dierssen, 2017; Kokaly et al.,
insensitive to the object size (even in the marine-hardkste2017. Because marine debris attracts all kind of organisms,
microplastics from the North Atlantic and Pacic waters), from bacteria and algae to shes, separation of the signalg ma
apparent color or polymer type of plastic particles, suggestinge challenging but, if successful, will provide a very impuairta
that these features have potential applications in remoteharacterization of the impact on the ecosystem. Additionally
detection of ocean plastics under various backgroundsydicy ~ atmospheric correctional approaches (such as the “black pixel
vegetation. Spectral information from multi- and hyperspattr assumption” approach which assumes that in the open ocean the
optical sensors can be used to infer the abundance of plastiignal in the NIR is negligible since the ocean is a dark tafge
objects of a subpixel size. In the infrared spectrum plasties ha satellite and airborne observations need to be revised tountc
identifying spectral signatures with a higher re ectancgnsil  for the contribution of oating plastics to the bulk water leiag
when compared to the ocean, which is a dark target with &ignal. More recently, the use of SWIR at-sensor radiance was
very low nearly at re ectance. However, this approach shouldpresented showing promising results in the airborne detectio
take into account recent substantial increases in the gtyant quanti cation and characterization of oating ocean plasti

of pelagicSargassunfe.g., since 2011 in the tropical Atlantic, (Garaba et al., 20).8Goddijn-Murphy and Dufaur (2018and
Gower et al., 20)3also characterized by high re ectance in Goddijn-Murphy et al. (20185eveloped and veri ed an optical
the NIR. It is therefore possible to detect the re ectance ofnodel of sunlight hitting a water surface, littered with thag
oating ocean plastics, but this will depend on sensor capibili plastic, that describes how inherent optical properties of past
as even shallowly submerged objects might be completely maskiégms (such as transparency) a ect re ectance in the visilole t
by water, a strong absorber of light in the SWIR spectrumSWIR spectrum.

Although the relationship between degree of submersion and A prospective technique to observe submerged debris is
re ectance properties of plastics has not been fully investigiat active remote sensing using a light detection and ranging
it has been shown spectral re ectance shape of the samples waystem (LIDAR) that can measure the onboard laser lights
retained but the magnitude of the re ectance was lower fot webackscattered from the ocean. Alternative approaches with
samples compared to dry samplésafaba and Dierssen, 2018 potential application are based on uorescence and Raman
A combination of drones and satellite imagery was recentlgpectroscopy although the latter operates with a low signal tha
experimented with to detect typical household items as ogtin is presently challenging to detect from current satellitéssions.
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FIGURE 7 | RapidEye image of debris, oating east of Japan 1 day after thiarch 11, 2011 tsunami showing Ukedo Port (Port), Fukushim®aiichi (FDI) nuclear
power station and Fukushima Daini (FDN), oating litter A—Qsible on 12 March 2011 [Adopted from {/latthews et al., 2017)] (Maximenko has permission from Nature
Geosciences to use this gure).

Radar Sensors JPL AiIrSAR system and employed a technique called along-
Radars are active sensors that transmit an electromagpeise track interferometry to enable measurement of the ocean
and measure the signal as scattered by the scene, in thitheaseradial surface velocity (indicated by the color) in additio
water surface. Radar sensors are broadly used to measure st traditional backscatter contrast (indicated by brigess).
essential ocean variables as sea surface topography (aethyherEmploying various techniques and capabilities one can exploit
geostrophic currents), wind-speed and direction, waves dswe interferometry, frequency and polarization diversity to asere
whitecaps and sea ice coverage and for oceanic surveillance. not only the signal re ected from marine debris but also
With respect to marine debris, one of most promising radarits prole above the sea surface, the wake generated by
technologies is synthetic aperture radar (SAR), whereby thiés interaction with ambient surface waves, and velocity of
forward movement of the platform (aircraft or satellite) isits drift relative to the surrounding area. Combined with
exploited to synthesize a large aperture and thereby greattgmotely sensed currents and wind, SAR has the potential to
increase the spatial resolution, possibly even to sub-metg@rovide a comprehensive description of the dynamics of the
resolution depending on sensor design and scene propertiegating object.
Figure 9 shows an example of SAR image exhibiting many Other radars presently used in satellite missions, such
oceanic features. These data were collected from the NAS#S coarse-resolution altimeters and scatterometers, geovi
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FIGURE 8 | Re ectance of washed ashore macroplastics from beaches alog the west coast of the USA reveals spectral absorption feates at 931, 1,215, 1,417,
and 1,732 nm (shaded) that are fairly consistent across theariety of plastic objects (adopted fromGaraba and Dierssen, 201§ (Garaba holds copyright on this gure).

data that are used to derive mesoscale surface cuffedfs broadly used in satellite missions, may also be helpful in
(Maximenko and Hafner, 20)0that play an important role tracking marine debris, however, their capability is yet to
in the transport of marine debris, other pollution (such as oilbe demonstrated.

spills), as well as biological rafting and climate systents. A As a part of IMDOS, remote sensing will require adequate
the same time, model studies/¢Williams, 201§, supported calibration and validation, based on an observatiomalsitu

by high-resolution images of the sea surface temperature armbmponent, described in section Direct Observations of Meari
oil spills suggest that the strongest convergences on thenoceDebris. Analysis of the in uence of subsurface ocean prasess
surface occur on the submesoscale (1-10km). These lodalich as the vertical shear of currents) on debris drift wiio
convergences, whose signatures are seeRignre 9, play a require close interaction with other components of the Globa
very important role in the dynamics of oating marine debris. Ocean Observing System (seenturioni et al., 2019

Such missions as SK (Sea Surface Kinematics Multiscale While satellites are important to cover the largest scales, th
monitoring satellite mission;Ardhuin et al., 2018, 20)9 same or similar remote sensing technologies will be used from
SWOT* (Surface Water and Ocean Topography), SEASFAR suborbital platforms [High Altitude Pseudo Satellites (H2}P
and WACM3* (Wind And Currents Mission) are expected to aircraft, drones] ships and as portable devices to providesfocu
give insight into submesoscale dynamics. SAR observatioran important scales and priority regions as required by the siser
embedded in these missions, or used as complementing projects,

will signi cantly enrich our knowledge of marine debris sues, Using Existing and Planned Satellite
sinks, patterns, and pathways. Passive microwave radioa;metelK/liSSions to Measure Marine Debris

While remote sensing is needed to provide a global view of the

2https://www.esr.org/research/oscar/oscar-surface-curtents

3Ohttp://marine.copernicus.eu/services-portfolio/access-to- pots/ mgrine litter Concen.tration in the oceans, dedicated sitell
31https://www.umr-lops.frien/Projects/Active-projects/SKIM missions are expensive, no single sensor responds to all needs o
$2https:/iswot.jpl.nasa.gov/ IMDOS, and none of the currently orbiting instruments were

S3nttps://www.researchgate.net/publication/323629810_FBERSA_mission_ speci cally designed to detect plastic marine litter. Neithee
to_study_ocean_submesoscale_dynamics_and_small-scale_a¢meespban_

processes in_coastal_shelf and polar_seas “marine debris” satellites in the short-term plans of leadspgice

34https://mdc.coaps.fsu.edu/scatterometry/meeting/docs/Z0des/PM/ agencies (e.g.,' recommendation on the Dec'adal Strateg){ for
B_winds_update.pdf Earth Observation from Space from the US National Academies,

Frontiers in Marine Science | www.frontiersin.org 16 August 2019 | Volume 6 | Article 447



Maximenko et al. Integrated Marine Debris Observing System

FIGURE 9 | High-resolution sea surface map off Santa Barbara, Califoa, derived from suborbital C-band SARNioller, 2016)3°.

FIGURE 10 | Spatial distribution of surveyed beaches, and referenceslis used for litter items in EMODnet and cleaning/monitoringites (The EMODnet Chemistry
project, whose Pls are among the authors of this paper, holdshte copyright on this gure).

ESAS201%). At the same time, the scope and capabiliies The PRISMA satellite, carrying a hyperspectral instrument
of some ying or coming soon missions do overlap with the operating in the 400—-2500 nm range, with spectral and spatial
properties and dynamics of marine deB¥iswith the signi cant  resolution of 12nm and 30 m, respectively, has been launched
increase of the number of satellite launches foreseerydimy  in March 2019 by Italian Space Agency. (ASI). The Plankton,
commercial launchesEuroconsult, 201)7 this provides new Aerosol, Cloud, ocean Ecosystem mission (PACE, NASA),
opportunities for remote sensing of marine debris. For exampleexpected to be launched late 2022, will include a hyperspectral
the ESAS2017 list of designated (top priority) targetedaldeis Ocean Color Instrument (OCI), and Environmental Mapping
includes Surface Biology and Geology, studied with hypetsgdec and Analysis Program (EnMAP, DLR) will carry a hyperspectral
imagery in the visible and SWIR, multi- or hyperspectral imgge “pushbroom” imager with high spectral (6.5—-10 nm) and spatial
in the thermal IR. As described in previous sections, th€30m) resolutions. More examples of future missions with
same sensors can be used for monitoring marine debrisvarying spectral and spatial resolution capabilities relexan
Similarly, other missions will provide data on submesoscalenarine debris remote sensing are summarized below and in
currents that will advance models, simulating marineTable2 To identify characteristics (spectral bands, spectral

debris drift. resolution, signal-to-noise ratio, minimum and maximum
ground sampling distance, etc.) of orbiting optical sensors
Shitp:/fipre.soest.hawaii.edu/NASA_WS_MD2016/agenda.php optimal for detection of plastic marine debris, the European
S6https://www.nap.edu/catalog/24938/thriving-on-our-chamgy planet-a- Space Agency (ESA) Sponsored two paraIIeI ongoing projects
g%i?pdsﬂlmégsyaﬁrﬂga:ﬁmtivities/Preparing_for_the_qu (OP,TIMAI,‘ and RESMA',‘I) focusing on passive optical spectro-
Discovery_and_Preparation/Cleaning_up_our_oceans; radiometric remote sensing.
https://www.esa.int/Our_Activities/Space_Engineering:hF®logy/ Expansion of the satellite mission tasks to include marine
Seeking_innovative_ideas_space_for_the_oceans debris will require collaborative work of marine debris stists,
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FIGURE 11 | Spatial distribution of sea oor litter survey transects andjear types used for sampling (the EMODnet Chemistry projectvhose Pls are among the
authors of this paper, holds the copyright on this gure).

FIGURE 12 | Spatial distribution of micro-litter survey transects in BODnet (The EMODnet Chemistry project, whose Pls are among¢hauthors of this paper, holds
the copyright on this gure).

data users, and mission teams to demonstrate the presengesearchers, focusing on the dynamics and impacts of marine
of signi cant debris signal in the sensor data and develomlebris, penetrate mission science teams and gain in uence on
methodologies for its extraction and calibration-validet the team decisions. Backed by the growing interest of societ
eorts. In some cases, this may require modication ofin the marine debris problem, the activity of these scientists
standard data processing procedures or adjustment of theosenscan accelerate development of new sensors or modi cation of
parameters (e.gGaraba and Dierssen, 201% is critical that sensors on some planned missions and inclusion of marine
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debris applications in the mission goals. Furthermore, small
satellites (such as Cubes&tp er an a ordable solution for
deployment of experimental sensors or their constellations but
require development of compact space systems. Monitoring
marine pollution is addressed as a potential application in saver
small-satellite initiatives proposed recently.

NETWORKING

Consolidation of distributed platforms and their groups into a
integrated system requires active networking. Presetttigre

are several platforms that monitor marine litter on a large
scale by assembling local observatio& SAMP, 2010 These
platforms include national (run by such governmental agesci
as NOAA, CSIRO, SOA, etc.) and regional (such as OSP#HR
the Northeast Atlantic or UNEP/MEE in the Mediterranean
Sea) programs as well as such coordinated e orts as MSFD
(European Parliament and Council of the European Union,
2008; European Commission, 201%ome of the contributing
observations are collected on a regular basis while some othe
are opportunistic or acquired in the course of short-time paige
experiments, or initiatives. Several data-collecting sysi®ften
managed by non-governmental organizations (NGOSs), rely on
coordinated crowdsourcing (e.g., The Trawlshare Prodfam
The International Coastal Cleanff).

With the fast-growing number of local initiatives and datés
their assembling into larger products and databases fort join
analyses requires unied de nitions, standards and formats,
complemented by well-developed infrastructure for data ow
and storage. For example, division on such categories as mega-
meso-, macro-, micro-, and nano-plastics should be based on
clear size ranges (e.grjas and Nash, 2019; GESAMP, 2) &ad
accepted by all contributors and users of the observing system
While precise boundaries of the observed range of marine
debris are hard to enforce with respect to observationalstool
and methods that are currently used, ambiguity of the analysi
should be avoided by carefully following uni ed methodolegi
This also includes harmonization of indicators and sampling
strategies, as recently proposeddiySAMP (2019)

A good example of successful regional partnership is the
European Marine Observation and Data Network (EMODnet).
In Europe, the Marine Strategy Framework Directive (MSFD)
establishes principles and rules for a monitoring network of
environmental data and marine litterGalgani et al., 20)3
This monitoring is based on the measurements of stranded
litter, litter at sea, microplastics, and litter ingested doyimals
(like birds or sea turtles). Also, in some cases, entanglemen
of marine organisms is rated on a regular basis. The data
acquired by EU Member States are used for harmonized
assessments and aims at maintaining or progressing towaod Go

38http://www.cubesat.org/

S%https://www.ospar.org/

“Ohttp://web.unep.org/unepmap/
“Ihttps://www.5gyres.org/trawlshare-application
“2https://oceanconservancy.org/trash-free-seas/internaticoastal-cleanup/
annual-data-release/
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Environmental Status. The MSFD Technical Group on Marindnternational Bottom Trawl Surveys in the Mediterranean
Litter*3 is working toward consolidated approaches in order to(MEDITSY*® as well as general data submitted according to the
derive compatible data (see al§&ESAMP, 2019 EMODnet  Marine Strategy Framework Directive (MSED)

was launched by the European Commission to promote For oating marine microplastics, the SeaDataRfenetadata
and support the large-scale collection and harmonization oénd data formats have been adopted after some adaptation
environmental data in European Seas, including (as de nedo address the diversity of information from other European
by the UNEP) the North Atlantic Ocean (OSPAR) and Balticsources. With the development of autonomous instruments and
(HELCOM)*, Mediterranean (UNEP MAP), and Black (Black sensors, the observing network system will also benet from
Sea Commissiofi} seas that are currently at di erent degrees ofthe use of platforms of opportunity, such as ships, airplanes,
maturity. The aim is to provide reliable information to setge@ts and coastal structures, from which they can be operated rithe
and baselines for policy decisionsddamo et al., 2018 remotely or with minimum intervention of operators.

The EMODnet Chemistrif represents one of the seven Dataofbeach, oating micro and (soon) also sea oor littenca
thematic data portals, each being related to a dierent arede accessed through the dedicated discovery and acceisg $erv
of expertise. It was created in 2009 by a wide consortiunthe EMODnet Chemistry portat.
of European research institutes and environmental agencies Depending on the interests and agenda of the international
involved in the collection, standardization, aggregati@mnd community, the EMODnet could serve as atemplate for networks
sharing of data related to eutrophication (oxygen, chlordhhy developing in other regions and/or expand beyond the European
phosphate, nitrogen and silicate compounds), and contammaniSeas. In any case, priorities of marine litter indicators and
(hydrocarbons, metals, pesticides, radionuclides). Thpesbas associated environmental variables may di er among regants
been recently extended to marine debris with speci c foci orspace scales and the work successfully performed in Europse need
beach litter, sea oor litter (collected by sh trawl surv®yand to be redone elsewhere, with economical, political, ecofdgand
micro-litter (microplastics). cultural di erences accounted for.

The overall structure of the management of litter infornuati The global governance scheme for marine debris data
in Europe is heterogeneous. There are dierent levels o&cquisition, streaming, quality control, and distributiom users
development and harmonization of formats and protocolsis still to be designed and built. This infrastructure istical
for di erent compartments (beach and sea oor), particle sizefor IMDOS and it will develop in collaboration with UN
(macro and micro-litter) and among geographic scales (neglio Environment, assuming the coordinating role in internated
national, etc.). The EMODnet Chemistry plans to deal withharmonization, and all other stakeholders, described itisa
this heterogeneity by adopting consolidated data formatsefw  IMDOS Stakeholders.
available) and adapting them as needéghlgani et al., 2017,

2019. Specic approaches have been proposed, based on tigp
best available reference documents, to address the task ILDING IMDOS

European scale. . . S .
L . The implementation of IMDOS is di cult to plan. The marine
Thg_lr_nanagemengof bea_ch “gesrp'igaijgsg (L)J?VFI;AIS?MVX;h th@ebris community is still under construction, observaticas
possibility tq report data using X N L Olrsparse, many impacts of marine debris are poorly documented
UNEP-Marlin protocols. The EMODnet Chemistry beach IItteror unstudied, numerical models do not capture all relevant
format is designed as an Excel spreadsheet with four workshe !

that handl telv individual topics: beach metadata: l'E)rocesses, di erent groups follow dierent methodologies,
at handle separately individual topics. beach metadataesu o rnational regulations are vague, national plans areinglete
metadata, animals and litter data.

. and often missing, and overall funding to develop the obseyv
The rst pan-European beach litter database has beeg g g P oY

. . . l%/stem is not secured.
populated with all relevant datasets available in the Europea This is exactly why we believe that this paper, presenting
?:eas. .It _has Jb(_aeaneveloEeg n sygeRrgy Vovg::;ge 55{%‘)3 e concept of the “ideal” observing system and identifying
ommission Joint esearc enter ( .)’ . ! aps and problems as current and future opportunities, is
and the MSFD Technical Group on Marine thter.. Presentlyvery timely. The concept of IMDOS aligns e orts of very
.518 beaches gnd 4,772 surveys from 29 CO““F“ES have betﬁ'?erent entities (from international to individuals) in agherent
imported in this databaseAddamo et al., 2018 Figures 16-

12 show distributi f data of beach litt litter d way, maximizing the e cacy of use of available resources.
- Show distribution ot data of beach litter, sea oor ieran s inciudes geographical expansion of the experience of
micro-litter, respectively.

For the bottom trawls litter. the datab dth . leading countries and groups, exempli ed in previous sections,
‘ Ig:ESeD,zngn,g\égavt\)lstl g(rj de aatas;e use eex;;e?ﬁncand interaction with other observing systems. For example,
0 ut added reports from some of the just as neuston nets are used to sample microplastics and

plankton, some other instruments can collect both debris
and non-debris data simultaneously, so that adding debris

43https://mcc.jrc.ec.europa.eu/main/dev.py?N=4180=434&tithap=TG
%2520Marine%2520Litter

#http://www.helcom. / “Bhitp://www.sibm.it/SITO%20MEDITS/principaleprogramme.htm
4Shttp://www.blacksea-commission.org/ “Shttps://eur-lex.europa.eu/legal-content/EN/TXT/?uri=CELE2088L0056
4Bhttp:/Awww.emodnet-chemistry.eu/welcome SOhttps:/iwww.seadatanet.org/
47http:/lwww.ices.dk/marine-data/data-portals/Pages/DATRABX 5lhttp://lemodnet-chemistry.maris2.nl/v_cdi_v3/search.asp
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measurements to existing protocols will be bene cial to bothCW. PC, VM-V, SG, and NM drafted section Remote Sensing and
observing systems. LG-M, DM, ER, GA, YC, YG, and TM provided critical revision
With the growing international concern and momentum of the section. MV, FG, AG, MJ, NH, AB, AA, GH, MS, and MLM
toward resolution of the problem of arti cial pollutions, the drafted section Networking and PC, RSL, MRL, IM-S, MM, and
present states of local, regional and national marine debri&T provided critical revision. Section Interactions was ftkd
programs are very heterogeneous. Generally, developedrasint by PC, NM, and SG, and critically revised by BH, EV, and CW.
have resources and information systems to better address tiEvery part of the paper went through the full-team discussion.
problem but this leaves large geographical areas unattendeal) authors approve the version to be published and agree to be
preventing a global action. In the next decade we expectisea accountable for all aspects of the work in ensuring that doast
activity on all scales that will lead to development of neworal  related to the accuracy or integrity of any part of the work are
initiatives, uni cation and/or harmonization of approaches appropriately investigated and resolved.
standards, instruments and formats and consolidation of
individual components into an integrated observing systemFUNDING
Exchange of the data, their processing, archiving and sgrvin
to the users will require construction of ecient global NM, LC, GR, LH, and JC were partly funded by NASA
informational infrastructure. This is a tremendously didttask  Interdisciplinary Science through Grant 80NSSC17K0559
but examples of such European programs as EMODnet angFloatEco project). The SCOR WG 153 partners were
Copernicus Marine Environment Monitoring Service (MERBS  partly supported by the national committees of the
are inspiring. Scientic Committee on Oceanic Research (SCOR) and
On a global scale, GOOS exempli es the evolution of oceaGrant OCE-1546580 to SCOR from the U.S. National
science and technology in recent decades from exploratioBcience Foundation. EMODnet Chemistry was supported
and understanding the basic dynamics to monitoring andpy DG MARE under the Service Contract number
practical applications. The governance structure of GOOS aspASME/EMFF/2016/1.3.1.2-Lot4/S12.749773. SG was supported
“collaborative system of ocean observations, encompassing by Deutsche Forschungsgemeinschaft (DFG, German Research
situ networks, satellite systems, governments, UN agencies ap@undation)-Projektnummer 417276871. CP was funded
individual scientists,” combining sustainability with @ution,  through an FCT fellowship (SFRH/BD/111757/2015). AM was
can be adopted when constructing IMDOS. The problemsupported through the EAPA_165/2016: iFADO: Innovation
of marine debris is interdisciplinary by its nature andin the Framework of the Atlantic Deep Ocean, nanced by the
close collaboration between IMDOS and GOOS and othelNTERREG | Atlantic Area. EV was supported through funding
global observing systems as well as the diversity of actofibm the European Research Council (ERC) under the European
and institutions, monitoring the environment and societig,  Union's Horizon 2020 research and innovation programme
imperative for its e ective control and successful resolatio (Grant Agreement No. 715386). IC was supported by Russian
Foundation for Basic Research, grant number 18-55-76001.

S2http://marine.copernicus.eu/ VM-V was supported through funding from the European
Space Agency (ESA) (project No. 4000120879/17/NL/PS). NP
AUTHOR CONTRIBUTIONS was supported by the VILLUM FONDEN (grant number:

15397). RL was supported by NOAA/AOML and NOAAs Ocean
This review paper is produced by the members of ve workingObservation and Monitoring Division. AT was supported by
groups that proposed Community White Papers relevant to théhe Chili National Council for Scientic and Technological
dynamics and impacts of marine debris and merged on advice &evelopment (CNPq) through research grant 309697/2015-8. A
the OceanObs19 organizers. NM developed the structure of th&as supported by the Environmental Research and Technology
paper and coordinated work on individual sections. KL, RT, and>evelopment Fund (Sll-2) of the Japan Ministry of the
NM drafted section Introduction. NM and KL drafted section Environment. TG was partly supported through UK NERC grant
Impacts and CM, CL, AA, MRL, NP, MV, GH, ME, JC, and A-ERNE/S003975/1.
provided critical revision of this section. EV and NM drafted
section Structure of IMDOS and JV, CM, and MA provided ACKNOWLEDGMENTS
critical revision. Section Direct Measurements was drafigd
RSL, KP, DM, MEM, AC, RT, and TG and critically revised byThe authors would like to thank the editor, reviewers, and
KL, CL, LC, AM, RL, CP, Al, GH, ME, IC, SA, JC, GR, LH,Frontiers Production sta, whose excellent help allowed to
A-MC, TG, GG, BH, LL, HL, RM, EM, RO, BR, MT, AT, and signi cantly improve the paper.
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