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Abstract

Few surveys have measured plankton and pollution particles in the top metre of the open ocean, and
to our knowledge none has counted both together along an east-to-west crossing of the tropical and
subtropical North Atlantic. In this preliminary citizen-science survey, thirteen sailing yachts
crossing from the Canary Islands and Cape Verde to the Caribbean in January and February 2022
filtered half-litre samples of surface seawater. The filters were photographed under a microscope,
and automated image analysis sorted 18,142 particles larger than 20 micrometres in 1,466
photographs, which together represent 146.6 litres of seawater. The sorting was checked by eye on
600 particles and repeated by a second scorer. Dark, combustion-like particles appeared in 70% of
the photographs, plastic fibres in 27% and plastic fragments in 3%, alongside Saharan dust and
plant debris, and almost all particles were smaller than 250 micrometres. Five animals, two
copepods and three shrimps, were found in the samples, while separate plankton net tows over the
same crossing, with a 120-micrometre mesh and 22 to 44 cubic metres of water filtered per tow,
caught 0.2 to 0.5 animals per cubic metre. The amount of Saharan dust in the samples was 13 to 36
per cent below the amount predicted from satellite observations of dust deposition, which is
consistent with the method. All particle types were identified by their appearance alone and still
need chemical confirmation. The survey provides a first baseline for this ocean region and shows

how yacht crews could help to monitor pollution at the ocean surface.
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1. Introduction

Three depth terms recur through this paper and are defined here at first use: the microlayer (<1
mm), the near-surface layer (0 to 1 m, the layer this survey sampled), and the epipelagic (0-200 m);

we use them consistently throughout, including in figure captions and table headings.

This is a citizen science project built around what an ocean-going sailing vessel can achieve safely
with a small crew underway without winches, wire, laboratory space or power. The technique does
not replicate oceanographic sampling at depth and relies on a large number of samples to accurately
measure zooplankton in oligotrophic water, due to the small sample volume; this characteristic
makes the equipment particularly well-suited for citizen science projects. The technique offers
coverage because cruising vessels cross oceans that research vessels typically avoid, on tracks and at
times without funding. The GOES filter is designed to be as simple as possible in order to minimise
operator error and contamination and to deliver, as accurately as possible, an analysis of all particles

in surface seawater down to a nominal 20 pm.

The trade-wind tropical and subtropical North Atlantic sampled here is an oligotrophic, subtropical-
gyre-influenced region crossed by the North Equatorial and Canary currents, where surface
productivity is expected to be low. Saharan dust supplies iron (Jickells et al., 2005), while nitrogen
and phosphorus limit growth, and iron and phosphorus together limit nitrogen fixation in the
eastern part of the region (Mills et al., 2004; Moore et al., 2013). Our expectation on sailing was
accordingly modest but not zero for microzooplankton. Mesozooplankton are scarce in such water,
but sampling down to a nominal 20 pm should reveal the smaller fraction, copepod nauplii, early

copepodites and other 20-200 pm metazoan stages.
2



48

49

50

ol

o2

o3

o4

95

o6

o7

o8

99

60

61

62

63

64

65

66

67

68

69

70

The surface itself was chosen deliberately, because the two largest-volume polymers ever produced
are polyethylene and polypropylene (Geyer et al., 2017), both of which are less dense than seawater
and therefore float (Kooi et al., 2017), and together they dominate the polymers recovered at the sea
surface (Erni-Cassola et al., 2019). The buoyant plastic fraction concentrates in the top few
centimetres, falling away with depth as biofilm increases density and wind-induced mixing carries it
below the surface (Kukulka et al., 2012; Reisser et al., 2015). A conventional research survey that
samples below the surface, or through a coarse tow mesh, cannot see most of what is presented in

this report.

What is also poorly known is the standing stock of the smallest surface plankton and the burden of
anthropogenic particles in the 20-250 pm range because conventional oceanography samples are
mainly from 5-200 m depths and rarely resolve this size fraction at the ocean surface. That gap is
not only one of depth but also of biology: some surface-dwelling zooplankton carry a distinct blue
carotenoid pigmentation, evidently serving as UV protection and camouflage at the air-sea
boundary (Rahlff et al., 2018). The fauna and habitat of the sea-surface microlayer and the top few
centimetres remain far less studied than the deeper water column. Because so few surveys sample
this specific layer, its standing zooplankton stock is not well understood; this survey is offered as a

step toward filling that gap.

Every ocean has a surface microlayer (SML): a distinct skin covering about 71% of the Earth’s
surface, somewhere between 1 and 1,000 pm thick (Engel et al., 2017; Wurl et al., 2017), with the
sharpest physical and chemical gradients confined to the uppermost 50 pm (Zhang et al., 2003). The
film is made of proteins, carbohydrates and lipids from marine plankton, and it is laced with

particulate matter, sub-micron and microplastic, black carbon soot and chelated metals (Garrett,
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1967; Williams et al., 1986; Cunliffe et al., 2013). The SML is not an inert layer but a living biofilm of
bacteria and nanoplankton suspended in a mucopolysaccharide gel with lipids and surfactants. The
SML damps turbulence, throttles gas exchange and seeds aerosols and clouds (O'Dowd et al., 1997;
Cunliffe and Murrell, 2009; Cunliffe et al., 2013). Natural surfactants reduce the air-sea transfer
velocity of CO2 by 23% at concentrations common in the microlayer and by a further 62% inside
slicks (Mustaffa et al., 2020), and a reduction of up to 32% has been measured in the Atlantic
(Pereira et al., 2018). Cyanobacterial surface blooms have been observed to inhibit evaporation from

the skin layer (Wurl et al., 2018).

The oceans supply 86% of global evaporation (Trenberth et al., 2007), and the resulting atmospheric
water vapour is the largest single contributor to greenhouse warming. Water vapour represents
about 50% of the present-day greenhouse effect (Schmidt et al., 2010) and the strongest feedback on
CO2-driven warming. Its abundance climbs with temperature, through the Clausius-Clapeyron
relation, so what happens at the air-sea boundary matters (Held and Soden, 2000). Our proposition
is simple: the SML is a biologically influenced boundary that phytoplankton maintain and that

pollution could be degrading.

The question this survey sets out to answer is what the surface layer holds: how many plankton and
how many anthropogenic particles are present in the top metre, and at what sizes. Behind that
measurement sits a larger question, whether the biological regulation of what we consider the most
climatically significant surface on Earth, an interface covering about 71% of the planet and central
to a range of global biogeochemical and climate-related processes (Wurl et al., 2017), is being

disrupted by anthropogenic particle pollution in ways that current models do not represent. In our
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view, this is one of the more important unasked questions for Earth system modelling. The answer

depends on data from the ocean surface, which is currently not being collected.

2. Methods

2.1 Sampling filter

The sampling filter, shown in Fig. 1, is a self-contained cartridge, a @50 mm x 380 mm PVC tube with
a slip-over end cap. It houses two acrylic filter plates (each with one central and four @5 mm holes
on a P20 mm pitch circle) within a standard PVC solvent-weld pipe union, suspended on a stainless
steel wire during this survey, and a Kevlar cord is specified for future campaigns for durability. The
GOES filter was designed by Howard Dryden and manufactured by Calplas (Sect. 10). The GOES field
guide for volunteers, available at https://goesfoundation.com /water-sampling-field-guide-for-
volunteers/, provides complete build details. The design draws a fixed 0.5-litre sample of seawater
on each fill, independent of the vessel’s speed through the water, and because it hangs from its cord,
it filters vertically. It therefore provides a reproducible, semi-quantitative measure of the particle
content of a known 0.5-litre volume of water, nominally retaining particles of 20 pm and larger. The
filter paper is a Camlab product, 1173270, Grade 4, equivalent to Whatman Grade 4 filter paper. Grade
4 has a nominal particle retention of 20 to 25 pm, and as the cake builds during gravity filtration,
smaller particles are also retained. Even so, most cells smaller than 20 pm pass the filter, and these
pico- and nanophytoplankton supply about 82 per cent of primary production in the North Atlantic
gyre (Tilstone et al., 2017), so the phytoplankton class of this survey describes only

microphytoplankton and larger colonies.
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Figure 1. The GOES plankton/water-cycle filter: general assembly, exploded view of the standard PVC pipe-union
housing, and the two acrylic filter plates (one central + four @5 mm filter holes on a @20 mm pitch circle, keyed by
two @5 mm locating pins on the outer rim, clear of the 350 mm filter paper). Note the distinction between the J50
mm tube mouth, through which the 0.5-litre sample enters, and the @5 mm filtration apertures downstream of
collection, which size-select nothing. The cartridge draws a fixed 0.5-litre sample independent of the vessel’s speed
through the water and, suspended on its line (stainless steel wire in this survey), filters vertically allowing for boat
motion and capturing most particles above a nominal 20 um.

Surface samples were collected by participating crews at ~12-hour intervals (12:00 and 24:00 hrs,
local time) from the stern or leeward side of the vessel; the tube is flushed three times with ambient
water, dropped to fill by immersion, and capped as soon as it leaves the water, remaining capped
until the moment of examination. Sampling at local noon and midnight on each vessel keeps the
solar time of collection consistent across the transect, independent of longitude. Once capped, the
cartridge is left to drain for four hours before the plates are opened for imaging. Each plate is then
exposed to the air for five minutes or less, the time it takes to open the cartridge, photograph the five

apertures and close it again. Volunteers were instructed to avoid fleece and other fibre-shedding
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synthetic clothing while sampling as a control on airborne fibre contamination. Samples were
filtered to ~20 pm and photographed on digital microscopes at a 5 mm field of view, with position,
date and time logged. The microscopes carry a sensor of at least 5 megapixels and a polarising filter.
In the accepted photographs, the fitted 5 mm disc spans a median of 1,456 pixels (range 842 to 1,792),
giving a median pixel pitch of 3.4 pm (range 2.8 to 5.9 pm), so a 20 pm object spans about six pixels.
A small copepod of 300 pm spans about 90 pixels at the same pitch, which is enough to show its
outline, but transparent animals flattened on the wet filter paper are harder to see, and some may
have been missed. The colour and shape rules are least reliable at that limit, and the lower bound of
the power-law fits in Sect. 3.9 sits at the detection limit. Positions were taken from the image GPS,
where the file carries one, or otherwise from the field spreadsheet. Per-image timestamps are
available only for the Copepod crossing; the sampling dates of all vessels fall between 8 January and
6 February 2022 (Fig. 2). The Emma summer folders carry camera date stamps from 19 May to 31

July 2022.

Images were analysed with the deposited pipeline described in Sect. 3.2: Frame curation with a per-
file exclusion log, local background subtraction, connected-component detection and sizing of every
object >20 pm (scaled against the 5 mm filter disc fitted in each photograph), classification by stated
elongation, saturation, hue and darkness rules with unresolved objects left unidentified, and
individual visual inspection of every object 250 pm. The scripts and their complete per-image
output are archived with the data. Two field habits explain most of the rejected images across the
whole survey. Many volunteers left the polarising filter off the microscope during the photo shoot.
Without that filter, the paper reflects the light and washes out the objects on the disc. Reflection
alone set aside 471 photographs, the largest single block in the exclusion log. Other volunteers did
not bring the microscope into sharp focus before the photograph. A blurred frame smears each grain

into the paper, so the objects cannot be measured. Better training on these two habits would raise
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the yield of usable photographs in the next campaign. Net-tow validation: a 120 pm plankton net
(0.30 m mouth) was towed at the surface at 1 to 2 knots for 10 min per haul: ten daytime and four
night hauls, mid-Atlantic; filtered volume was computed as net mouth area x tow distance. Per-
station counts, all particle sizes and the crew logs are deposited in the Zenodo record listed in Sect. 7,

in the workbook GOES_ALL DATA xlIsx.

2.2 Quality control

A procedural blank was run on the yacht Copepod during the crossing and showed no obvious
contamination; the other volunteer crews did not run blanks, and a blank-sample step has since
been added to the field guide for future campaigns. A volunteer with access to particle-free reverse
osmosis water, ultrafiltered water, or water passed through a 0.6 pm ceramic filter can run that
water through the same steps as a real sample to serve as a procedural blank. The recommended
rate is one blank for every 20 working samples. A blind classification check was also run on the
trade-wind crossing archive using four marking sheets. These were a pilot sheet of 180 objects, 30
from each of six machine classes, and two clean rounds of 300 objects each, with 50 objects from
each of the five major machine classes and 25 each from plastic particles and unidentified in each
round, which together reached 100 objects for each of the five major machine classes and 50 each for
plastic particles and unidentified. The objects were drawn at random and shown to the lead author
with the machine class hidden and the order shuffled. A marker arrow pointed to each object; faint
rings and halos were ignored as reflection and residual water artefacts, and the eye verdicts were
scored against the machine to give the per-class accuracies and the corrected concentrations
reported in the Results. All 780 marked objects from the four sheets were afterwards rescored blind
by a second scorer; twelve objects lacking a verdict from one scorer were excluded, and the

agreement statistics for the remaining 768 pairs are reported in Sect. 3.7 and Table 3.
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2.3 Statistical analysis

Sect. 3.2 describes the two statistical treatments used throughout this paper, the Wilson score

intervals and the Poisson model for the zooplankton count, and their results are summarised in Sect.

3.9.

3. Results

3.1 Study region, vessels and timing

The survey covers the zonal trade-wind corridor from the Canary Islands and Cape Verde to the
Caribbean and Suriname, framed to the east by the West African coast and to the west by the Lesser
Antilles and the South American shelf, and shaped by the North Atlantic subtropical gyre, the
Canary Current, and the North Equatorial Current (Fig. 2). Thirteen sailing vessels contributed
counted photographs; each vessel's photograph count, span and dates are listed in the deposited
data (Sect. 7). The sailing vessel Copepod was skippered by the authors, to which the sampling dates
of the other vessels are referenced (Fig. 2). One vessel (Emma) additionally carried out a higher-
latitude North Atlantic return leg from May to July 2022 (Fig. 2); that leg is the only part of the
archive outside the trade-wind belt and outside the January-February crossing season, returning via

the Azores back to the United Kingdom.
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Figure 2. Study region, vessels and circulation. The vessels, along with their recorded stations, are marked for
reference as they crossed the zonal trade winds from the Canary Islands and Cape Verde to Grenada and Suriname,
with Madeira, Bermuda and the Lesser Antilles shown for reference. The trade-wind crossing was sampled between
8 January and 6 February 2022 on all vessels; the vessel Emma additionally sampled a higher-latitude North Atlantic
return leg (to ~50° N) between 19 May and 31 July 2022. Open purple triangles mark the twenty-two surface stations
of the Tara Pacific expedition’s 2016 North Atlantic crossing that fall within the map area, plotted from the
published station positions of the high-speed-net data set (Mériguet et al.,, 2024, 2025), whose 25-35° N band
overlaps the Emma return leg compared in Sect. 3.3. The dashed line at 20° W marks the meridional corridor
sampled by the Atlantic Meridional Transect programme (Aiken et al,, 2000) and by Woodd-Walker et al. (2002).
Stars mark the stations where animals were found, drawn in two colours for the blue copepods and one colour for
the shrimps, with yellow for a daytime sample, and black (shrimp) or blue (copepod) for a night one. Blue arrows
mark the surface currents and the dashed red line the deep western boundary current of the overturning
circulation, drawn schematically for orientation. The two counted copepods are Misty Blue on 22 January 2022 at
15.48° N, 32.60° W by day, and Emma on 6 February 2022 at 11.91° N, 40.73° W at night. The three large shrimps are
Eleuthera on 26 January 2022 at 13.68° N, 42.38° W by day, with two shrimps under one star, and Misty Blue on 5
February 2022 at 12.08° N, 60.88° W after dark, and all five are reported in Sect. 3.3. Each star marks one station, so
the five animals appear as four stars. Coastlines © Natural Earth.

3.2 Image-analysis pipeline

10
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The GOES sampler is a self-contained 0.5-litre cartridge: a @50 mm x 380 mm tube whose 50 mm
mouth admits the sample, and two acrylic plates at its base are drilled with five aligned 5 mm holes,
sandwiching a 20 pm nominal filter paper. The 500 mL of sample water collected in the tube gravity-
filters through these five holes, concentrating the solids onto five 5 mm diameter sections on the
filter paper. The microscope’s field of view is 5 mm, so five photographs cover the whole water

sample, and few particles or organisms escape detection.

Collection and handling follow the protocol given in full in Sect. 2 (Fig. 1): the tube is flushed three
times with ambient water, filled by immersion, capped immediately on recovery and drained for
four hours, with samples taken on a fixed schedule at local noon and midnight, filtered to ~20 pm
and photographed under a microscope. The complete image archive, including the photographs
recovered from the vessels’ spreadsheet files, comprises 2,290 image files, of which 2,046 are usable
sample photographs of the trade-wind crossing after removal of duplicates, thumbnails, screen
captures and photographs of equipment. A documented curation stage then judges every photograph
individually, and the full list, one row per photograph with its decision and reason, is deposited
together with the underlying data. That list accepts 1,466 of the 2,046 and sets aside 580. The
exclusions are 471 for reflection, where the polarising filter was not used; 68 where the counted area
runs off the frame; 30 in a folder set aside on instruction; 6 in a hand-picked folder that is not a
station sample; 4 duplicate views of the same filter; and one photograph excluded by name. The 271
photographs of the summer return leg are curated separately and are not drawn from that pool.
Seven hundred and eighty objects were inspected blind by the lead author across the four marking
sheets, 600 of them in the two clean rounds that supply the confusion matrix, and all 780 were

rescored by a second scorer.

11
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Each accepted photograph shows one 5 mm filter aperture and represents 0.1 litre of filtered
seawater (0.5 litre + 5 holes), counted as 0.081 litre after masking to the inner 90 per cent of the
disc's diameter, which removes edge artefacts and leaves 0.9 = 81% of the disc's area (0.1 x 0.81 =
0.081litre). The 1,466 curated photographs together filter 146.6 litres, of which 118.7 litres fall inside
the counted area. The photographs were then analysed by a deterministic pipeline that is deposited
in full. Each image is background-subtracted, and every object larger than 20 pm is detected and
sized against the 5 mm filter disc, which is found separately in each individual photograph. Each
object is then classified by a stated colour, brightness and elongation rule as phytoplankton,
microzooplankton, plastic particle, plastic fibre, dark opaque particle, mineral grain, plant debris or
unidentified. Size is recorded as the diameter of a circle of the same area as the object, and every size
distribution and percentile in this paper uses that measure for every class, fibres included. The fibre
lengths given in Table 1 are long-axis measurements, the minor-axis width multiplied by the
elongation, whereas Fig. 4 plots fibres by equivalent diameter like every other class, so the two
should not be read against each other. In total the pipeline sized and classified 18,142 objects across
the 1,466 curated photographs. Every number in this paper is traceable to a named image file, and
the scripts, per-image output, and curation list are archived alongside the data (Sect. 7) so that

anyone can rerun the analysis end to end.

Two separate statistical treatments are applied to these particle counts throughout the analysis.
Station-level percentages in Table 1 are reported with 95% confidence intervals, calculated by the
Wilson score method, which stays reliable when many stations show a zero count for a class. For the
zooplankton result, the expected number of animals in a filtered volume is modelled as a Poisson
process, and the probability of observing any given count is calculated at different true densities

(Sect. 3.3).

3.3 Zooplankton numbers in the filter samples
12
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Every object of 250 pm and above in the whole archive was checked by eye, which confirmed two
copepods, both blue surface-living animals of the kind adapted to life at the air-sea boundary, and

three larger decapods.

Three larger decapods, recovered from standard 0.5-litre samples, are allocated to the samples of
their stations and marked with stars in Fig. 2. A planktonic shrimp of about 7 mm was photographed
after dark on 5 February 2022 at a Misty Blue station. Two shrimps, one about 14 mm and the other
above 20 mm, were photographed against a ruler by the Eleuthera crew at their daytime station on
26 January 2022 (13.68° N, 42.38° W). The Misty Blue shrimp sits in frames excluded as duplicate
views, and the Eleuthera shrimp lies outside the 5 mm circle, as animals of this size can jump or
wash off the filter during handling. Displacement of this kind moves an animal off the 5 mm
counted disc but not out of the filter, so all three decapods were still drawn from the 0.5-litre sample.
These records indicate that the 0.5-litre GOES sampler with a 50 mm opening admits and holds large

zooplankton, although an animal of that size does not always stay on the counted disc.

A surface net-tow survey, by day and by night, measured a stock of 0.2 to 0.5 individuals m~ (Sect.
3.8). At that density, the expected count in the 118.7 litres of GOES filter should be well under one,
with a 94% to 98% chance of counting zero by chance alone. The five animals recovered sit well
above that expectation, and on the 146.6 litres filtered they give a density of 34 individuals m—3, with
an exact 95% Poisson interval of 11 to 80, which excludes the net-tow value. The filtered volume is
the denominator throughout this paper, because the two copepods lie on the filter discs of counted
photographs, one of them (Fig. 5a) at the rim outside the 90 per cent counting mask, and the three
decapods were displaced from the 5 mm counted disc during handling but remained on the filter; all
five therefore belong to the whole 0.5-litre samples rather than to the counted apertures. The
roughly hundredfold gap between the two methods cannot be resolved with the present data,

because both estimates carry wide uncertainty, and no tow and grab sample were taken at the same
13
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time and place. Everything that enters the tube is retained on the filter and photographed, whereas a

towed net loses animals due to escape, extrusion through the mesh, and washing.

On paper, the 0.5-litre grab sample would appear less suitable than a net tow for a census of sparse
mesozooplankton in oligotrophic water because of the small volume of water captured. The results
suggest a different position, since the GOES sampler yielded five zooplankton. Given that the tube is
thrown into the water, there is probably less chance for large zooplankton to avoid collection; direct
comparison of a net tow sample and GOES plankton sampler at the same time and location would
help to answer this question. The GOES sampler is also ideally suited to capture the 20 to 250 pm

fraction that nets cannot retain (Sect. 3.8, Table 2).

No surface (0-1m) zooplankton data at 20 pm resolution exist for the tropical and subtropical
North Atlantic, and the earlier surface work in the basin at coarser mesh sizes is reviewed in Sect.
4.1. The closest depth-resolved precedent, despite its different setting, is a 0-15 m sampling layer in
the eastern Gulf of Mexico, which showed marked daytime depletion of many mesozooplankton
species near the surface (Hopkins, 1982); its shallowest layer still integrates the top 15 m rather than
the top metre, so only the qualitative pattern is carried across to this survey. The nearest published
work is a set of depth-integrated biomass size spectra for the tropical and subtropical Atlantic,
whose zooplankton come from net tows and optical profiles reaching hundreds of metres rather

than the top metre (Fock et al., 2026).

Because no prior baseline exists for surface zooplankton density in the tropical and subtropical
North Atlantic, we cannot tie the abundance of mesozooplankton or scarcity of microzooplankton in
this survey to a specific cause. The counts of larger zooplankton exceed the net-tow values, so the

word scarcity applies here only to the microzooplankton of 20 to 200 pm (Sect. 4.5). Plausible

14
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mechanisms for a genuine near-surface scarcity of that fraction include visual predation and
damagingly high ultraviolet exposure in this high-clarity water (Johnsen and Widder, 2001; Tedetti
and Sempeéré, 2006; Al-Aidaroos et al., 2015), the same pressures to which the blue pigmentation of
neustonic pontellid copepods is a recognised adaptation (Rahlff et al., 2018). Few surveys have
sampled the top metre anywhere in the ocean, and we are aware of none at this resolution dedicated
to the tropical and subtropical North Atlantic. The only quantitative surface (0O-1 m) comparison
found is the Tara Pacific mesozooplankton data (Mériguet et al., 2024, 2025), from thirteen high-
speed-net stations between 25° N and 35° N and between 70° W and 32° W, overlapping the May to
July 2022 return leg of Emma, shown in Fig. 2; the comparison, therefore, concerns that subtropical

gyre water.

Emma's zero-animal count in 22 litres is statistically indistinguishable from the median of 1.1
copepods m~? that Tara recorded across those thirteen stations. Emma's 18 radiolarians in 22 litres,
roughly 800 m~2 (within the global range for radiolarians; Boltovskoy et al., 2010; Tréguer and De La
Rocha, 2013; Sect. 4.5), occupy the sub-330 pm fraction that Tara's 330 pm mesh cannot retain, with
Tara recording a median of only 0.02 Rhizaria m~2. The two results describe different fractions of

the same community rather than disagreeing.

Depth-integrated values are larger still: across the tropical and subtropical stations of the Malaspina
circumnavigation, daytime abundance in the 0-200 m epipelagic layer was usually above 200
individuals m~ on a 300 pm mesh (Fernandez de Puelles et al., 2019). That survey found no
significant difference among ocean basins, with depth the dominant factor and the highest values

near upwelling areas (Fernandez de Puelles et al., 2019).

We therefore treat the surface count of this survey as broadly consistent with the oligotrophic, non-

upwelling water (Fig. 6). The reading fits the wider regional picture: a six-decade assessment of the
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Northeast Atlantic, overlapping the higher-latitude return leg, reported parallel declines in
phytoplankton biomass and zooplankton abundance, with none of the assessed pelagic habitats
achieving “Good Environmental Status,” a category that their integration method cannot at present

assign to any habitat (McQuatters-Gollop et al., 2026).

3.4 Dark opaque particles and microplastic

Anthropogenic particles were distributed across almost the whole length of the transects. Dark
opaque particles, hereafter the dark-particle class, were present in 70.2% of the photographs (6,671
objects), microplastic particles in 3.1% and microfibres in 26.7%. That class is an optical category
whose chemical identity is not confirmed, although black carbon is the most likely composition, and

the class is defined in Sect. 3.7.

Plastic and black carbon are now documented throughout the open ocean, including the Atlantic
water column, the remote marine atmosphere and polar snow. These materials even reach the fauna
of deep-sea hydrothermal vents located more than 2,000 m below the surface (Bond et al., 2013;
Cozar et al., 2014; Allen et al., 2019; Bergmann et al., 2019; Pabortsava and Lampitt, 2020; Trainic et

al.,, 2020; Aves et al., 2022; Lee et al., 2026), indicating that the pervasiveness observed is expected.

Expressed as concentrations (Table 1; each photographed @5 mm aperture represents 0.1 litre of the
0.5-litre draw), the class loads are strongly right-skewed, and most photographs hold zero or one
object of a given class, so a per-photograph median would be zero for most classes; mean values
across the whole archive are therefore reported. A blind eye check of 600 of these objects across two
rounds (Sect. 3.7; Methods) measured the error of each machine class and fed that error back
through the whole count. After that correction, the trade-wind crossing means become 64.2 L~* for

dark opaque particles, 28.0 L~! for plant debris, 24.1 L~* for mineral grains, 9.0 L~* for
16
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phytoplankton, 5.0 L~* for microplastic fibres and 1.4 L~ for microplastic particles, while 21.1 L~!
proved to be stains, unknown or rejects. Because photographs along one track sample similar water,
the vessel is the independent sampling unit, and thirteen vessels give only a rough estimate of the
between-vessel scatter (per-vessel means are listed in Table S1 of the Supplement), so no population-
level confidence interval is attached to these means, and the decimal place is carried for traceability

rather than as a claim of that precision.

An east-to-west gradient was tested for all thirteen vessels, which together contribute the 1,466
counted photographs; the class means show no strong longitudinal gradient (Fig. 3). The otherwise
even dispersion of plastic across the open ocean, far from any land source, is consistent with
atmospheric deposition in rainfall as the most likely pathway (Allen et al., 2019; Brahney et al.,
2021). The dark-particle-class result is a provisional finding in its own right: optically classified dark
combustion-like particles dominated the anthropogenic particle load, yet few marine plastics
surveys report it, and many sampling designs discard this material. Black carbon is among the
strongest environmental sorbents of hydrophobic organic contaminants, binding them one to two
orders of magnitude more strongly than amorphous organic matter (Cornelissen et al., 2005). If the
plastic vector for such compounds is modest relative to other pathways (Koelmans et al., 2016), black
carbon is by far the stronger sorbent in the same water, yet it is going almost entirely unmeasured. A

monitoring gap of that size in the surface ocean is a result.

Physical setting shapes this pattern: most of the transect crosses the oligotrophic interior of the
subtropical gyre, but wind-driven coastal upwelling along the Northwest African margin near the
Canary Current and wake-driven mixing downstream of the Canary and Cape Verde islands can
locally enrich near-surface productivity and redistribute buoyant particles. The trade wind drift and

the North Equatorial Current then carry surface material westward toward the Caribbean.
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{a) Mean particle-class concentration along the trade-wind crossing, east to west
5°longitude bins; points are bin means, lines are straight-line regression fits to log;o concentration, weighted by photographs per bin)
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Figure 3. Mean particle-class concentration in 5° longitude bins, from the analysis reported here. (a) The trade-
wind crossing, east to west, with all thirteen vessels contributing: positions are per-image GPS where the file carries
one, and otherwise the crew log stations are matched to the photographs in track order, which is an assumption
that is stated as one. Points are bin means, and lines are straight-line regression fits to the logarithm of
concentration against longitude, weighted by the number of photographs in each bin. No class shows a fitted
longitudinal slope that is statistically significant at the 5 per cent level (the steepest, for microplastic fibres and dark
opaque particles, have p = 0.08 and p = 0.07 in the weighted logarithmic fits of Sect. 3.9); three weak per-photograph
rank correlations reach nominal significance and are discussed in Sect. 3.9. This supports the statement in the text
that there is no strong east-to-west gradient. Zooplankton, with only five confirmed animals in the whole archive, is
far too scarce to plot on the logarithmic axis, and microplastic fibres exceed microplastic particles in every
longitude bin. All classes are optical and pending spectroscopic confirmation (Sect. 3.7). (b) The Emma return leg
from May to July 2022, west to east (one vessel; positions from crew-log stations matched in track order), with points
and fitted lines constructed as in panel (a); the classes are the machine classes before the eye-check correction.
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Dark opaque particles, mineral grains and plant debris are compared against longitude in Fig. 3. No
class shows a longitudinal slope that reaches significance at the 5 per cent level, and every
confidence interval spans zero (p = 0.07 for dark opaque particles, p = 0.69 for mineral grains and p
= 0.62 for plant debris). The fitted slopes all fall towards the west; the dark-particle slope is the
steepest of the three, at about 17 per cent for every 10° of westward travel against about 5 per cent
for the other two, but a slope that fails the test is not a gradient, so the survey records no east-to-

west structure in any class (Sect. 3.9).

3.5 The surface field is overwhelmingly sub-100 pm

The particle field was very small: 99.99% of all classified objects measured below 250 pm and 99.6%
measured below 100 pm, bunched against the nominal 20 pm filtration and imaging limit (Fig. 4).
The three decapods of Sect. 3.3, at 7 mm to above 20 mm, were recovered outside the counted
apertures, while the two copepods on the counted discs measured about 1,600 pm. Particle
abundance is concentrated at the smallest resolvable size; the true particle burden, including the
sub-micron fraction that the SML preferentially binds, is certainly higher than these counts, which

should be read as a floor.
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(a) Particle size distribution by class (log-log), trade-wind crossing east to west
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(b) Particle size distribution by class (log-log), Emma return leg west to east (May-july 2022)
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Figure 4. Smoothed particle size distribution by class (log-log), from the analysis reported here. (a) The trade-wind
crossing (18,142 objects; class totals given as n in the legend; fibres are plotted by equivalent diameter like every
other class, with lengths given in Table 1). Dashed lines mark 100 and 250 um; points are the concentration in each
size bin, in particles L~ of the 118.7 counted litres, and solid lines are smoothing-spline curve fits across the full size
range. The power-law exponents quoted below are fitted over 20-100 um, where counts are robust. The granular
classes fall steeply with size, with fitted exponents of -3.6 (95% CI -4.1 to -3.2) for dark opaque particles, -3.6 (-4.5
to -2.8) for plant debris and -2.8 (-3.3 to -2.3) for mineral grains, all with p < 0.0001. Plastic fibres are nearly flat
across the fitted range, at -0.5 (-0.9 to 0.0, p = 0.048), and form the distinct larger mode, which reaches an
equivalent diameter of 254 um in the single largest case, a fibre 2.3 mm long; phytoplankton rises with size at +0.8
(+0.1to +16, p = 0.038), as expected for cells and colonies rather than fragments. Plastic particles show a pattern
closer to fibres than to the other granular classes, at -1.1 (-21to -0.2, p = 0.026), though this estimate rests on only
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65 objects. The two counted copepods, each about 1,600 um, are not included in the graph (Sect. 3.3). (b) The Emma
return leg from May to July 2022 (1,229 objects; class totals given as n in the legend; fibres are plotted by equivalent
diameter), with points giving the concentration in each size bin, in particles L~ of the 22.0 counted litres, and lines
giving smoothing-spline curve fits.

3.6 Example fields and their contents

To illustrate the material recorded at individual stations, Figure 4 shows three representative filter
fields, each from a different station, that is, from a separate 0.5-litre filter sample, not three of the
five holes of one filter. At each station the total sample volume is 500 mL, passed through the five @5
mm filter holes, so each imaged field represents the particle content of approximately 100 mL of
filtered seawater. They span the range encountered: one of the two blue copepods, collected by the
vessel Emma, one of only five animals confirmed in the whole survey; a single long blue plastic fibre,
blue being the colour identified as plastic with the most confidence; and a field of brown mineral
grains together with black combustion carbon. Identifications from the images: “partially
combusted carbon” denotes dark, colourless particles, an optical description that may also include
dark plastics or minerals. Most of the minerals from the Saharan dust are either invisible or brown
to yellow in colour and are unlikely to be confused with the dark class. Microplastic-versus-

phytoplankton assignment for some objects is provisional pending FTIR /Raman confirmation.

(a) (b) (c)
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Figure 5. Representative filter fields (white or pale grey background; faint grey circle marks the 5 mm field
boundary). (a) one of the two blue copepods; (b) a single long blue plastic fibre, several millimetres long, and a black
fibre coil; (c) brown mineral grains together with black combustion carbon. Each panel is from a different station (a
separate 0.5-litre filter sample), not a different hole of the same filter; each field shows the particle content of
approximately 100 mL of filtered seawater. Material identifications shown here are optical and provisional, pending
spectroscopic confirmation (Sect. 3.7).

3.7 Validation and limitations of the classification

The analysis reported here uses a deposited, deterministic pipeline that anyone can run; every
number in this paper can be reproduced end to end from the archived scripts, their per-image
output and the curation list (Sect. 7). The GOES filter geometry fixes the sampled volume at each
station, a single common microscope design was used across all vessels, and every number comes
from the imagery rather than from any volunteer judgement. Volunteers without training cannot
reliably name small, degraded particles by eye at this image resolution, so the lead author inspected
every object of 250 pm and above one by one; an independent, if exploratory, measurement of the
surface zooplankton stock comes from the surface net tow (Sect. 3.8, Table 2), in which the animals

are photographed and individually identifiable.

The particle classification is an optical heuristic that is classifier-sensitive: an independent detection
pass reproduces the total particle load to within about 10%, but the split between plastic, dark
particles and unidentified material shifts with the classification rules. Particle identities could be
determined by spectroscopic confirmation (FTIR or Raman); however, for a citizen science project
with hundreds and possibly thousands of volunteers, this is not possible for every particle. Visual
sorting without spectroscopy is known to misidentify a large share of suspected microplastic
particles (Loder and Gerdts, 2015), which is why the plastic classes are treated as optical classes
throughout this paper. Identification accuracy and representativeness are different qualities, and a

few highly accurate identifications can describe the ocean surface less well than many
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identifications of known and moderate accuracy. A single Raman-confirmed identification is highly
accurate for that particle, but that result says nothing about particles at other locations or times.
Optically classified particles with known misclassification rates, replicated across thousands of
locations and times, describe the distribution, abundance and trend of particle classes across the
ocean surface in a way that individual spectroscopic analyses cannot provide. However, it may be a
useful exercise and a way to train the image analysis system if the precautions and frequent testing
are implemented. A subset of particles will be submitted for FTIR or Raman confirmation in the next

campaign to anchor the optical classes against measured identities.

The dark-particle class is an optical description of dark, colourless particles and could include
sediment, shadow or dark plastic. Among these possibilities, black carbon is considered the most
likely composition, followed by black plastic and tyre particles as the next most likely, while mineral
grains are deemed the least likely due to the dominance of iron oxide coatings, such as haematite
and goethite, in Saharan dust reaching the survey area, which appear brown to yellow rather than
black (Sect. 3.6). Sargassum fragments, abundant across much of the transect (Sect. 4.6), are a
plausible contributor to the plant debris, phytoplankton and unidentified organic classes; a hand
check of the largest round green objects found most to be plant material rather than single living

cells.

Saharan dust was directly observed, the sails of SV Copepod darkening with brown dust off North
Africa. Under the microscope the grains are nearly clear, made visible by ferric oxide, haematite or
goethite coatings, and were often difficult to separate from plant debris, unlike the dark opaque

particles and blue plastic fibres. Their 30 pm median sits within the 4 to 32 pm modal range of
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Saharan dust reaching this ocean (van der Does et al., 2016). The grains are tabular rather than
equant, with a median long-to-short axis ratio of 1.8 measured here against published medians of
1.70 for length-to-width and 0.40 for height-to-width (Huang et al., 2023; Kandler et al., 2011). A
grain of those proportions holds 0.31 of the volume of a sphere of the same projected area, which is
the three tenths used for the mass conversion in Sect. 4.2.1, taken at a mineral density of 2,650 kg

m~?, which is the density of quartz.

The plastic classes carry a colour bias, because blue is the only colour identified as plastic with
confidence. A blue pigment is usually synthetic and resists ultraviolet light, while a faded brown or
colourless fibre may be a plastic that has lost its dye in sunlit surface water or a natural cotton or
plant fibre. The plastic count is therefore most secure for blue items and should be read as a lower

bound.

The classification was tested against the eye of the lead author on four blind marking sheets, with
the machine class hidden and the order shuffled. The sheets were a pilot of 180 objects, 30 from each
of six classes, followed by two clean rounds of 300 objects each, which together supplied 100 objects
from each of the five major classes and 50 each from the plastic particle and unidentified classes.
The pilot sheet used a ring marker that could hide the edge of an object and was not pooled, so the
confusion matrix rests on the 600 objects from the two clean rounds. Feeding the resulting error
rates back through the counts gives the corrected concentrations reported in Sect. 3.4. Each of the
five major classes rests on 100 checked objects, while the plastic particle and unidentified classes
rest on 50, so class accuracy carries an uncertainty of roughly 10 percentage points for the major

classes and roughly 14 for the other two.
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A second scorer (D. Duncan, co-author) then separately and blindly reclassified all 780 objects on
the four sheets; twelve objects that lacked a verdict from one scorer were excluded, leaving 768
pairs. The agreement between the scorers was 65.4% (Cohen’s kappa = 0.577, n = 768), stable across
all four object sets (kappa 0.545 to 0.599). Agreement rose to 78.5% (kappa = 0.648) when the seven
classes were collapsed into anthropogenic, natural and other groups. The second scorer assigned
35.9% of objects to the anthropogenic group against the first scorer’s 40.8%. According to the scale
of Landis and Koch (1977), a seven-class kappa of 0.577 indicates moderate agreement, while a
three-group kappa of 0.648 indicates substantial agreement; therefore, the graded confidence below
places class-level results in the provisional tier. The thresholds of that scale are conventional rather
than derived, and they have been criticised as arbitrary (Feinstein and Cicchetti, 1990), so they are
used here only as a label. The full cross-tabulation of the two scorers is given in Table 3.
Disagreements were concentrated among the visually similar pale particles, and the second scorer
assigned fewer objects to the phytoplankton class (18 compared to 53), indicating that the scarcity of
living cells is not an artefact of a single scorer’s judgement. However, the same disagreement applies
to the reported concentration, as the more conservative scorer would have assigned about one third
as many objects to that class, indicating that the phytoplankton figure should be interpreted as an

upper bound.

Table 3. Cross-tabulation of the eye classifications of the two scorers for the 768 marked objects with a verdict from
both (rows, scorer 1, H. Dryden; columns, scorer 2, D. Duncan). The column headed Other collects stains, rejects and
objects that fit no class. Agreement on the diagonal is 502 of 768 (65.4%, Cohen’s kappa 0.577); collapsed to
anthropogenic (dark particles, plastic fibre, plastic particles), natural (mineral, plant debris, phytoplankton) and
other, agreement is 603 of 768 (78.5%, kappa 0.648). The pilot sheet of 180 objects is included here but not in the
confusion matrix of the blind trial.

Scorer1\ Dark Plant Plastic Plastic Row
Scorer 2 particles | Mineral debris fibre particle Phytoplankton | Other total
Dark particles | 135 10 n 1 4 0 34 195

Mineral 7 90 24 0 1 1 12 135
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Scorer1\ Dark Plant Plastic Plastic Row
Scorer 2 particles | Mineral debris fibre particle Phytoplankton | Other total
Plant debris 6 28 121 2 4 0 27 188
Plastic fibre 2 0 5 42 5 0 2 56
Plastic particle | 12 0 0 1 45 0 4 62
Phytoplankton | 3 7 16 1 0 17 9 53
Other 5 2 20 0 0 0 52 79
Column total 170 137 197 47 59 18 140 768

Airborne contamination is constrained by the cartridge design, which keeps the filter capped from
collection until the five minutes or less needed to photograph it (GOES Foundation, 2026), and
volunteers avoided fibre-shedding clothing while sampling; a procedural blank run by the lead
author on the yacht Copepod showed no obvious contamination (Sect. 2.2). Because that blank
showed no obvious contamination, a decision was made not to ask the other volunteer crews to run
blanks. Minimising the work and potential sources of errors by the volunteers is important; the

same principle applies to waterborne contamination.

Near-field sources, none of which was tested directly, are weighed briefly. Recovered fibres, at a
median length of 121 pm, with only eight of the 782 fibres above 1 mm, sit far below the millimetre
scale of rope shedding, and cordage would not reach water drawn from the stern, regardless. Most
cruising antifouling paints today are self-polishing, eroding through molecular-scale hydrolysis
rather than shedding particles, and paint particles reported elsewhere as pollutants trace mainly to
maintenance rather than routine erosion at sea (Yebra et al., 2004; Turner, 2010). Rain remains a

possible pathway, but a submerged rail does not apply, since sampling did not occur in conditions
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rough enough for one. A sailing vessel, orders of magnitude smaller than a research ship, and under
sail, draws little pollution into the sampled water regardless. Waterborne contamination from the
vessel itself was nevertheless not measured and remains a limitation in its own right, so with respect
to vessel sources the particle concentrations are an upper bound on the environmental load, while
with respect to particle size they remain a floor (Sect. 3.5). Dacron or Kevlar sailcloth sheds poorly
under normal loads, and hull or fitting shedding at a detectable level would mean the vessel was
already failing structurally. The next campaign will sample from the leeward side only, carry paired
upwind and downwind samples as an explicit vessel-source test, fit a flow meter to the tow net,
collect sealed and exposure blanks at the point of analysis and increase sampling to four times daily

instead of two to strengthen the rarer classes.

Taken together, the validation exercises support a graded confidence in the results. High confidence
attaches to particle detection, approximate size, total abundance and the presence of the broad
optical categories. Moderate confidence attaches to the blue plastic fibres and to the large objects
confirmed by eye. Low and provisional confidence attaches to the phytoplankton, to the chemical
identity of the dark-particle class, and to the separation of mineral grains from plant debris and the
non-blue microplastics, each of which awaits spectroscopic confirmation. The two-scorer
comparison supports this grading, with agreement substantially higher on the broad anthropogenic-

against-natural grouping.

3.8 Exploratory surface net tow, day and night

To test whether the zooplankton numbers in the surface grab samples were an artefact of the small
sampled volume, the lead author towed a plankton net at the surface in the mid-Atlantic. This was a

one-off confirmation of the imaging protocol, not part of the replicable multi-vessel method: a
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plankton trawl is not equipment other citizen-science crews are expected to carry, and the GOES
cartridge is the instrument intended for wider volunteer deployment (Sect. 5). A 120 pm mesh net of
0.30 m mouth diameter was towed at 1 to 2 knots for 10 minutes per haul, straining roughly 22,000
to 44,000 litres (mouth area 0.071 m? x 309 to 617 m towed). The tabulated densities divide by the 2-
knot upper-bound volume, so slower tows would raise the true densities by up to a factor of two. The
animals caught in each haul were photographed and counted individually from the photographs,
without stain or fixative, and the catches were not preserved. Because many zooplankton migrate
downward by day and rise at night, ten hauls were made in daylight (12:00-15:00, local time) and
four after dark. Two caveats remain: the 120 pm mesh retains larger taxa while passing the smallest
copepods and nauplii, and filtered volume is computed from two geometries rather than a flow

meter.

The net returned a surface zooplankton stock of 0.2-0.5 m~2, day and night, with night density
about two and a half times the daytime value, consistent with diel vertical migration, although
passive nighttime mixing remains a possible alternative explanation. This sits below the Tara Pacific
median of 1.1 copepods m~2 for comparable gyre water (Sect. 3.3), even though the 120 pm mesh
used here is finer than the 330 pm mesh of that survey; incomplete filtration, net avoidance by
larger animals or clogging of the fine mesh could each reduce the catch, and none of them was
measured. With only fourteen hauls it is an indicative measurement rather than a statistically
powered survey; zooplankton distributions are patchy, and a larger, replicated haul programme

would be needed before the point estimate is treated as precise.
3.9 Statistical analysis

Every statistical result in this paper comes from the deposited per-photograph counts, and the code

that produces them is archived with the data (Sects. 6 and 7). The presence percentages in Table 1
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carry Wilson score intervals, which stay reliable when many photographs hold a zero count for a
class. The zooplankton result is tested with the Poisson model of Sect. 3.2, which shows that even a
zero count in 118.7 litres would have agreed with the surface stock that the net tow measured; the

five animals recovered exceed that expectation (Sect. 3.3).

Longitudinal structure is tested for all thirteen vessels, which together supply the 1,466 counted
photographs. For each class, the mean concentration in each five-degree longitude bin is fitted
against longitude by weighted least squares on the logarithm of concentration, with a Spearman
rank correlation on the individual photographs as a check. No class shows a significant fitted slope,
with every confidence interval spanning zero, although dark opaque particles (p = 0.07) and
microplastic fibres (p = 0.08) come closest, both falling towards the west. Three rank correlations
reach significance for dark opaque particles (rho = -0.22), microplastic fibres (rho = -0.15) and the
unidentified class (rho = -0.07). All three are weak, and because photographs along one track
sample similar water, the effective sample size is far below 1,466; so these coefficients may reflect
the sampling structure rather than a real gradient. The survey therefore provides no statistical
evidence for an east-to-west gradient in any class at the level of the fitted bins and only weak rank
correlations at the level of individual photographs (Fig. 3). With the vessel as the principal
independent sampling unit, thirteen vessels allow the test to rule out only gradients large enough to
emerge above the between-vessel scatter, so the absence of a detected gradient does not exclude
weaker spatial structure. No population-level confidence intervals are reported for the
concentrations, because thirteen vessels give only a rough estimate of the between-vessel variance
(the vessel means of the machine classes, listed in Table S1 of the Supplement, have standard
deviations of 63 L~ for dark opaque particles, 31 L~! for plant debris, 30 L~* for mineral grains and
4.5 L~! for microplastic fibres, against the archive means of Table 1); the Wilson intervals of Table 1

describe counting precision within the archive only.
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The size distribution of each class is fitted as a power law over the 20 to 100 micrometre range,
where the bin counts are reliable. The granular classes fall steeply with size, with fitted exponents
near -3.6 for dark opaque particles, -3.6 for plant debris and -2.8 for mineral grains, each
significant at p < 0.0001 (Fig. 4); plastic fibres are almost flat, and phytoplankton rises gently with
size, as whole cells and colonies do rather than fragments. These class shapes were never built into
the classifier, so their agreement with the expected physics is independent support for the

classification.
3.10 The summer return leg, west to east

One vessel, Emma, returned from west to east at a higher latitude between 19 May and 31 July 2022,
and her 271 accepted photographs yielded 27.1 litres of filtered seawater, 22.0 litres of which were
counted after masking, sampled on the same protocol (154 photographs in daylight and 117 after
dark). The machine classes give 21.5 L~! dark opaque particles, 15.6 L~' plant debris, 8.9 L~*
unidentified, 5.0 L~! mineral, 2.8 L~" plastic fibre, 1.0 L~ phytoplankton and 0.3 L~! plastic particle,
for a total of 55.2 L. That becomes 56.0 L~ once the radiolarian class described next is added,
compared to 152.8 L~! on the trade-wind crossing. Eighteen radiolarians, identified individually by
eye, form a microzooplankton class of 0.8 L~!, and animal zooplankton stayed at zero in this leg’s

counted photographs.

Applying the trade-wind crossing confusion matrix of Sect. 3.7 to this leg gives indicative corrected
values of 24.6 L=! dark opaque particles, 10.7 L=* plant debris, 5.4 L~* mineral, 3.6 L~*
phytoplankton, 1.9 L~? plastic fibre and 0.7 L~" plastic particle. Of the remainder, 8.1 L~* proves to
be stains or rejects, and the unidentified row resolves mostly to dark opaque particles. The
correction is indicative rather than measured, because the blind trial drew trade-wind-crossing

objects from many vessels, while this leg comes from one vessel and one camera. The longitudinal
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structure of the leg is shown in Fig. 3b, beside the trade-wind crossing in Fig. 3a for direct

comparison of the two crossings, and the size distribution of every class is shown in Fig. 4b next to

the size distribution for the trade-wind crossing in Fig. 4a.

3.11 Survey at a glance: both crossings

Table 1. Survey at a glance: machine classes before the eye-check correction, with the trade-wind crossing (1,466
photographs, 146.6 litres filtered, 0.081 litre counted per photograph after masking to the filter disc) beside the
summer return leg sailed by Emma west to east (271 photographs, 22.0 litres counted). Because the distributions are
strongly right-skewed, each class is given as its overall mean concentration, together with the share of photographs
in which it appears; a per-photograph median carries no information at 0.081 litre per photograph. Counts include
only particles 220 um from the complete 18,142-object inventory, in which the two copepods sit in a separate
mesozooplankton class outside the seven particle classes; the classification is optical, pending spectroscopic
confirmation, with the per-class confidence grades in Sect. 3.7. The microzooplankton row lists the eighteen
radiolarians identified individually by eye during the summer leg. The Wilson intervals measure within-archive
counting precision, not population uncertainty, because the vessel, not the photograph, is the independent sampling
unit (Sect. 3.9). Bracketed values are the blind-check eye-corrected concentrations (Sect. 3.4, 3.10); the unidentified
row corrects to zero because it resolves mainly to dark opaque particles, with the remainder (21.1 L~ trade-wind
crossing, 8.1 L~! summer return, not shown as a row) proving to be stains or rejects rather than a real particle class.

Trade-wind crossing, east Summer return,
to west Emma, west to east
Conc. Conc.
Ly, Photos (L1,
Class Photos present | mean) present mean) Notes
Zooplankton 0.2% (five 0.03 0% 0 Two blue copepods were
confirmed) (0.0-1.4) confirmed on the filter discs of
(0.1-0.6) counted photographs, one at
- the rim outside the counting
mask, and three larger
decapods from the same
samples are allocated to their
stations; the concentration is
on the 146.6 litres filtered (Sect.
3.3); none on the summer leg.
Microzooplankton | 0% 0 5.5% 0.8 18 radiolarians identified by
eye on the summer leg; a
. . . _ targeted eye check of every
(radiolarians) (0.0-0.3) (3.4-8.9) object between 60 and 250 jim
on the crossing found none.
Phytoplankton 24.1% 5.9 (9.0) 7.0% 1.0 (3.6) pigmented aggregates,
diatoms; 695 and 22 objects.
(22.0-26.3) (4.5-10.7)
Dark opaque 70.2% 56.2 (64.2) | 68.3% 21.5 (24.6) | 6,671and 473 objects
particles (67.8-72.5) (62.5-73.5)
Microplastic 31% 0.5 (1.4) 2.6% 0.3 (0.7) coloured fragments, 65 and 7
objects
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Trade-wind crossing, east Summer return,
to west Emma, west to east
Conc. Conc.
(L1, Photos (L1,
Class Photos present | mean) present mean) Notes
particles (2.4-4.2) (1.3-5.2)
Microfibres 26.7% 6.6 (5.0) 16.6% 2.8 (19) 782 and 62 fibres; trade-wind
crossing median length 121 pm
_ _ (quartiles 86 and 195 pm,
(24.5-29.1) (12.6-21.5) longest 2.3 mm), elongation
11:1.
Mineral 57.2% 32.7(24.1) | 28.0% 5.0 (5.4) 3,881 and 109 objects: grains
judged by hue against plant
(54.7-59.7) (23.0-33.7) debris
Plant debris 54.9% 35.6 (28.0) | 54.6% 15.6 (10.7) | 4.233 and 342 objects; grains
judged by hue against minerals
(52.4-57.4) (48.7-60.4)
Unidentified 51.0% 15.3 (0) 42.1% 8.9 (0) 1,815 and 196 objects: neutral
grains near the 20 pm floor
(48.4-53.5) (36.3-48.0)

Table 2. Surface net-tow observations of zooplankton density, day and night (120 um mesh, 0.30 m mouth, 1-2
knots, 10 min per haul). Filtered volume is computed from tow geometry, assuming complete filtration; any
clogging, extrusion through the mesh or net avoidance would make the true densities higher than tabulated, so
these values are lower bounds. Night density is ~2.5x daytime, consistent with diel migration, yet remains below 0.5
m—2

Set Hauls Zooplankton (m~3?)
Daytime (12:00-15:00) 10 ~0.2
Night (after dark) 4 ~0.5 (=2.5x daytime)

4, Discussion

4.1 Comparison with previous surveys of the region
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Systematic plankton and particle surveys of the open tropical and subtropical North Atlantic are
sparse, and those that exist have run meridionally, north to south along a line of longitude. They
include the Atlantic Meridional Transect between the United Kingdom and the South Atlantic
(Aiken et al., 2000), the 20° W surface zooplankton transect of Woodd-Walker et al. (2002), and the
meridional synthesis of Vereshchaka et al. (2017). For plastics, Pabortsava and Lampitt (2020)
sampled beneath the surface along the AMT line, and Cozar et al. (2014) drew on a global
circumnavigation. Like the GOES crossing, these lines sampled unproductive open gyre water well
off the continental shelf, so the contrast drawn here is between comparable waters. Prior surface
work in this basin includes the neuston-net archive of Law et al. (2010) in the western gyre, the
neuston survey of Holdway and Maddock (1983) and the 2016 Tara Pacific crossing at 25° to 35° N

(Mériguet et al., 2025).

To our knowledge, the GOES survey is the first zonal transect of the trade-wind belt to count

plankton and particles together at 20 pm resolution.

4.2 Comparison with other methods

If the citizen-science imaging method is to stand as a result in its own right, it must be set against
conventional tools: plankton nets, pumps, the Continuous Plankton Recorder (CPR) and laboratory
microscopy or flow cytometry, which sample with standardised gear and calibrated volumes but at
higher cost and usually integrated over depth. A recent multi-gear synthesis of biomass size spectra
for the tropical and subtropical Atlantic illustrates that character: its zooplankton records come
from net tows and optical profiles reaching hundreds of metres, which need literature-derived

conversion factors because no two gears sampled alike. Its authors note that surface sampling
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captures a markedly smaller share of the migrating zooplankton biomass than night-time depth-

integrated tows (Fock et al., 2026).

The standard CPR unit samples through a 1.27 x 1.27 cm aperture on 270 pm silk at roughly 10 m
depth and filters 3.2 to 3.8 m?, a volume that itself varies with ship speed and clogging (Jonas et al.,
2004; Hunt and Hosie, 2006). Against that, our confirmation net’s 300 mm mouth on 120 pm mesh at
the surface is wider in aperture, finer in mesh and shallower in depth, straining roughly 22 to 44 m®
per haul, some 6 to 14 times more water. The two instruments are complementary rather than one

being simply coarser.

The GOES method inverts that balance: it resolves the 20-200 pm fraction exactly at the air-sea
interface, accurately delivers dense spatial coverage across under-sampled basins, and scales to a
distributed volunteer fleet. There are tens of thousands of blue water yachts that traverse all oceans,
from the tropics to the high Arctic, from estuaries and coastal waters to the deep ocean. If a small
percentage of these vessels deployed a standardised sampler to measure surface particles, which
were then analysed by an optimised automated image analysis procedure, our knowledge of the

oceans’ surface water would be greatly expanded.

The key point is a sharp, in-focus image from a microscope of at least 5 megapixels fitted with a
polarising filter. The system's accuracy will continue to improve as the database expands and
particles are identified. Most pollution starts on land, with land run-off and riverine input, or
atmospheric deposition and rainwater dispersal. The GOES filter does not need to be restricted to
ocean-going vessels; samples may also be collected from rivers, lakes, piers, by hand from the coast,
small coastal vessels and even rainwater, which may be checked. All of the information can be fed

into the database to help develop a complete profile of all particles and plankton, from land and sky
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to ocean, to give a detailed map of particles and plankton on the ocean surface and pollution sources

across all vectors.
4.2.1 An independent check on the mineral count

The mineral class permits a sharper check against independent measurement. The survey counted
32.7 grains L~', the machine count before the eye-check correction, at a median diameter of 30 pm,
and while that count is measured, the conversion to mass depends on grain shape, because an
optical diameter carries no thickness. Treated as plates at three tenths of the volume of a sphere of
the same optical diameter (Sect. 3.7), and summed grain by grain across every measured diameter,
the 3,881 grains give 0.73 pg L~!; scaling that figure by the eye-corrected count of 24.1 grains L~*
(Sect. 3.4) gives about 0.54 pg L=, and the machine count is carried below because the grain-by-
grain sizes belong to that set, with the corrected value given as the lower estimate. The mass sits in
the coarse tail of the size distribution, because the largest fifth of the grains carry three fifths of the
total, so the median describes the distribution rather than serving as the input to the conversion.
The dust flux supplies a prediction that is independent of the microscope. About 139 million tonnes
settle each year over the 21.2 million square kilometres of the deposition corridor (Yu et al., 2015;
Kaufman et al., 2005), and balancing that flux against settling velocity predicts 0.84 ng L= for the
slower-sinking plates. The measured load of 0.73 pg L~ sits thirteen per cent below that prediction,
and the corrected load of 0.54 pg L~! sits 36 per cent below. The prediction assumes a steady state
between deposition and settling in the absence of turbulent mixing, in which plates settle more
slowly than compact grains of the same optical diameter, which would leave the top metre within
about an hour in still water. An optical count made on a volunteer yacht landing within 13 to 36 per
cent of a satellite dust budget supports the GOES filter in this size class, although grain shape enters
both sides of the comparison, so the agreement is a consistency check rather than an independent

confirmation of the mass. The measured load ranges from 15,000 to 52,000 tonnes over that area,
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with the lower figure representing plates and the upper figure representing the same grains treated
as compact spheres; this amount corresponds to one to three hours of the annual supply, indicating
that the layer turns over quickly. The microlayer nevertheless retains particles at the interface for

minutes to hours (Ebling and Landing, 2017; Tovar-Sanchez et al., 2020).

4.3 Sources of marine pollution and their implications

Scale provides a sense of the stakes involved, although the figures below are illustrative scaling
exercises rather than actual measurements. Cumulative releases of manufactured persistent organic
pollutants into the environment reached about 20 million tonnes by 2020 (Li et al., 2023); how much

of that burden has entered the oceans is unknown.

4.3.1 Dark opaque particles and lipophilic chemical pollution

The SML attracts lipophilic “forever” chemicals (per- and polyfluoroalkyl substances, PFAS, and
related persistent organic pollutants, POPs), microplastics, and hydrophobic black-carbon soot from
the incomplete combustion of fossil fuels and biomass. Toxic chemical concentrations in the SML
can be many times higher than in the water below (Wurl and Obbard, 2004). A meta-analysis finds
organic matter systematically enriched there, with median enrichment factors of about three for
particulate organic carbon and above two for nitrogen-rich compounds (Silva et al., 2026), so the

layer accumulates pollution at the precise interface where plankton live.

Hydrophobic black carbon and plastic preferentially adsorb these chemicals and can carry them
into the base of the food web (Bond et al., 2013; Ziccardi et al., 2016). Plastic resin pellets from coastal
waters carry persistent organic pollutants (POPs) such as PCBs and DDE at up to about a million
times the concentrations found in the surrounding seawater (Mato et al., 2001); partially combusted
carbon sorbs the same compounds even more strongly (Cornelissen et al., 2005), a point that is

largely overlooked. Both classes occur across the open Atlantic far from land (Cézar et al., 2014;
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Pabortsava and Lampitt, 2020). The same burden of combustion and chemical pollution is a leading
environmental cause of human disease and premature death, so cutting it serves planetary and
human health together (Landrigan et al., 2020; Fuller et al., 2022). Macroplastic ingestion is now a
quantified cause of mortality in seabirds, marine mammals and sea turtles at surprisingly small

doses (Murphy et al., 2025).

The dark class is an optical description and not a statement of origin. Soot itself cannot account for
it, because an aged soot aggregate measured at a remote North Atlantic site is 0.21 to 0.28 pm across
(China et al., 2015), a hundred times below the 20 pm floor of this method. The angular majority is
consistent with char, the solid residue of burning, reported at 1 to 100 pm with axis ratios of 1.5 to 2.4
(Han et al., 2010; Gilgen et al., 2018). The small round fraction is consistent with the spheroidal
carbonaceous particles that coal and heavy fuel oil produce above 1,000 °C (Swindles et al., 2015).
Tyre and road wear, coal dust, bitumen, brake wear and dark volcanic glass all present as black
angular objects of the same size, and transmitted-light microscopy cannot separate them (Gao et al.,

2022; Kovochich et al., 2021).

Tyre and road wear is the most cited candidate for several reasons. Global generation is 2.9 to 5.9
million tonnes a year (Evangeliou et al., 2020; Kole et al., 2017), and the number-median diameter of
34 pm (Kovochich et al., 2021) lies inside the 20 to 92 pm range recorded here. The material has also
been measured in northern Atlantic marine air (GoBmann et al., 2023a) and concentrates in the sea-
surface microlayer that this survey samples (GoBmann et al., 2023b). Two objections remain open,
and both concern transport rather than appearance. Modelled long-range transport covers particles
of only 0.5 to 10 pm (Evangeliou et al., 2020), so no published model delivers a 30 pm tyre particle to
this longitude. The particles are also denser than seawater, at 1.4 to 1.9 g cm~2, settling at 0.2 to 0.7

mm s~ (Dittmar et al., 2025), so they would persist in the top metre only where the supply from
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above is continuous. The class total in Table 1 is therefore unchanged, and spectroscopy is needed

before any source is assigned.

4.3.2 Plastic

For plastic fibres, the measured shedding rate is 124 to 308 milligrams of fibre per kilogram of fabric
per wash (De Falco et al., 2019); with an assumed 20 to 52 washes in a garment’s first year, washing
the full annual polyester output (78 million tonnes; Textile Exchange, 2025) would shed between
about 195,000 tonnes, at the lowest rate and fewest washes, and 1.2 million tonnes of fibre in one
year. This is an illustrative figure rather than a measurement, because part of that output is never
laundered, garments are washed beyond their first year, and the number of washes is an
assumption. Applying this survey’s own concentration to the top 1 metre of the world’s oceans gives
an extrapolation of about 25,000 tonnes of plastic fibres (about 2 to 13% of that shedding estimate),
assuming the sampled corridor is globally representative. There is a high degree of uncertainty with
this figure, since buoyant plastic concentrates in the top few centimetres and its concentration falls

away with depth (Kukulka et al., 2012; Reisser et al., 2015; Kooi et al., 2017).

The equivalent exercise for the dark-particle class gives a range of 374,000 to 748,000 tonnes, about
5 t0 10% of the roughly 7.5 million tonnes of black carbon estimated to enter the atmosphere
worldwide each year from fossil fuel and biomass burning (Bond et al., 2013). That budget includes
the sub-micron aerosol, which this method cannot detect, as well as the coarse char that it can
detect; therefore, the ratio establishes a scale but does not provide a direct comparison. The
extrapolation applies a subtropical gyre concentration to the whole ocean surface and should not be

read as an estimate for coastal, polar, equatorial or upwelling waters.
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Three comparisons against independent estimates fall within a factor of about two of each other.
The plastic fibre extrapolation is about 2 to 13 per cent of one year of laundry shedding, the dark-
particle extrapolation is about 5 to 10 per cent of one year of black carbon emission, and the mineral
load sits 13 to 36 per cent below the satellite dust prediction of Sect. 4.2.1. Only the mineral
comparison tests the method, because measurement and prediction are both concentrations in the
same water over the same corridor, whereas the other two set a standing stock against an annual
supply and depend on the unknown fraction of that supply which reaches the surface. Together they
place the survey within the broad range that independent global budgets predict, which is the first

question any extrapolation from 146.6 litres must answer.

4.3.3 Aerosol transportation

The sea surface does not merely store pollution but also returns part of the burden to the
atmosphere. Rising bubbles scavenge the microlayer and burst at the surface, ejecting film-bound
material as sea-spray aerosol (O'Dowd et al., 1997; O’'Dowd et al., 2004), and because the SML
concentrates microplastic, nanoplastic, and their adsorbed chemicals at concentrations far above the
underlying water, that spray is correspondingly enriched. Microplastic is measured in the remote
marine atmosphere (Trainic et al., 2020) and is quantified as an ocean-sourced limb of a global
atmospheric plastic cycle (Brahney et al., 2021). It can seed cloud and ice aloft (Aeschlimann et al,,
2022), and it returns in rain and snow from remote mountain catchments to polar snow (Allen et al.,
2019; Bergmann et al., 2019; Aves et al., 2022). The old adage that the solution to pollution is dilution
fails for this film-bound class: the material partitions into the surface skin and is redistributed
rather than diluted away, and because many of these chemicals break down only slowly, their

environmental burden persists for decades after release. Carbon particles adsorb as well as absorb
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these chemicals and may stabilise them at high concentrations for aerosol transport, a subject that

requires investigation and for which the GOES filter is ideally suited.

4.4 The surface microlayer, clouds and evaporation: a hypothesis for further work

The sea-surface microlayer already suppresses air-sea CO2 exchange by a substantial, measured
fraction (Pereira et al., 2018), can inhibit evaporation under surface blooms (Wurl et al., 2018), and
supplies the biogenic aerosol that seeds marine cloud condensation nuclei (O’'Dowd et al., 2004). We
consider it the most climatically significant surface on Earth. Whether its condition also measurably
alters the rate of ocean evaporation, and so the water-vapour feedback on climate disruption, is an
open, testable question that this survey’s particle and plankton data cannot answer; we state it here
as a mechanism for future investigation rather than a finding of this study. A quantitative test would
need paired eddy-covariance measurements of latent heat flux inside and outside natural slicks, set

against measured surfactant cover, and we intend to pursue that test in a separate paper.
4.5 Missing microzooplankton

Toxic loading is known to affect grazing zooplankton elsewhere (Desforges et al., 2015; Ma et al.,
2020); we note this as a candidate mechanism rather than an established explanation, since the
survey documents a co-occurrence of absent microzooplankton and abundant anthropogenic

particles and cannot by itself establish cause.

Five zooplankton were recovered: two copepods of about 1,600 pm on the filter discs of counted
photographs, one of them at the rim outside the counting mask, and three decapods of about 7 mm
to above 20 mm allocated to the samples of their stations (Sect. 3.3), together scaling to 34

individuals m~ on the full filtered volume of 146.6 litres. More striking is the absence of
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microzooplankton, the 20 to 200 pm class that includes copepod nauplii and small radiolarians. A
microzooplankton bin was added to the classification, and every object between 60 and 250 pm in
the curated archive, 776 objects in all, was then inspected by eye at full resolution; 585 of these are
compact particles, and none of them is an animal, while the remaining 191 are elongated filaments.
Below 60 pm an object spans fewer than about eighteen pixels, which is too coarse for the
appendages, spines or reticulate wall that identify these animals, so the count of zero applies to the
identifiable fraction of the class rather than to the whole class. The eighteen radiolarians of the
Emma leg measured about 20 to 60 pm (Fig. 4b), below the 60 pm lower limit of the eye check on the
crossing, so the zero count on the crossing applies to objects of 60 pm and above, and an eye check of

the crossing archive down to 20 pm remains to be done.

Emma’s higher-latitude run found 18 radiolarians in 22 litres, about 800 m~2, within the 1 to 5,000
individuals m— range reported for radiolarians in the upper 1,000 m of the world’s oceans
(Boltovskoy et al., 2010; Tréguer and De La Rocha, 2013), which shows that the method detects this
size class in principle. That leg’s machine-class particle background, at 56.0 L~ (Sect. 3.10), was
roughly 2.7 times sparser than the 152.8 L~ of the trade-wind crossing (Sect. 3.4), so detection
efficiency for small organisms against the denser trade-wind crossing particle field is likely lower
still, and genuine absence and detection failure cannot be fully separated. The filter paper stays wet
throughout the four-hour drainage, so soft-bodied ciliates and flagellates may not survive alive, and
whether they remain intact for imaging without a fixative was not tested. We expected many more

of these small animals along the trade-wind crossing, but none were confirmed.

Ferric dust from the Sahara may also act on the surface layer through coagulation and flocculation

reactions. Saharan dust deposition has been shown to increase the formation of aggregates from
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particles and organic matter in surface water (van der Jagt et al., 2018). Most of the iron in dust
arrives as insoluble oxide, and only about 1 to 2% dissolves (Jickells et al., 2005), so the coagulant
analogy below applies to that small dissolved fraction. Dissolved ferric iron is a coagulant in
seawater systems (Edzwald and Haarhoff, 2011), so it could lower the zeta potential of suspended
particles and raise the micro-viscosity of the surface layer, which would bear more heavily on
organisms that swim at low Reynolds number than on larger animals (Purcell, 1977; Larsen and
Riisgard, 2009). Neither zeta potential nor viscosity was measured here; no published study
demonstrates this mechanism in open oligotrophic water, and the absence of microzooplankton is at
least as consistent with detection failure against a dense particle background, so the idea is recorded

as untested speculation and not as an explanation.

Zooplankton also regenerate nutrients in the surface layer through grazing, sloppy feeding and
excretion (Barbeau et al., 1996), so their loss removes part of that recycling. In much of the ocean,
this process would tip a patch toward the iron-limited high-nutrient, low-chlorophyll (HNLC)
condition (Tyrrell et al., 2005), but iron is not scarce under the steady Saharan dust supply here
(Jickells et al., 2005), and nitrogen and phosphorus limit growth in this water (Mills et al., 2004;
Moore et al., 2013). The locally consistent outcome of grazer loss would therefore be a drawdown of
surface nitrate and phosphate as ungrazed production exports organic matter to depth, although the

satellite record shows no bloom in this water (Fig. 6).

Independent satellite ocean colour confirms the oligotrophic setting of the crossing. The median
surface chlorophyll-a over the trade-wind transect box in January and February 2022, the months of
the crossing, is 0.1 mg m~2, and 86% of the box lies below a commonly used operational

oligotrophic threshold of 0.15 mg m~3. Elevated chlorophyll is confined to the Mauritanian and
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895 equatorial upwellings and the continental margins, and the January to February median for 2012 to
896 2021 gives 0.12 mg m~2, so the pattern is climatologically stable (Fig. 6). An entirely independent

897 instrument therefore agrees with the microscopy that this is biologically impoverished water.
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899 Figure 6. Satellite chlorophyll-a concentration (MODIS-Aqua monthly product, mean of January and February 2022,
900 the months of the crossing; logarithmic colour scale; cloud gaps, 5.6% of ocean pixels, filled from the January to

901 February mean of 2012 to 2021) across the study region, with the GOES sampling stations (red) and the trade-wind
902 transect box (dashed). The crossing runs through the oligotrophic core of the subtropical gyre (transect-box median
903  0.11 mg m~2 with 86% of box pixels below a commonly used operational threshold near 0.15 mg m~?), while elevated
904  chlorophyll is restricted to the Mauritanian and equatorial upwellings and the continental margins. The January to
905  February climatology for 2012 to 2021 gives a box median of 0.12 mg m~? so the pattern is climatologically stable.
906 Chlorophyll-a data © NASA Ocean Biology Processing Group (MODIS-Aqua), served by NOAA CoastWatch ERDDAP.
907 Coastlines © Natural Earth.

908
909 4.6 Sargassum

910 Before 2011, satellite estimates put the standing stock of pelagic Sargassum at roughly 1 to 2 million

911 tonnes of wet weight across the Sargasso Sea and the Gulf of Mexico (Gower and King, 2011). With
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nutrient supply from Amazon River discharge and West African upwelling, the biomass of the Great
Atlantic Sargassum Belt then peaked above 20 million tonnes in June 2018 (Wang et al., 2019;
Lapointe et al., 2021), and the belt surpassed 30 million tonnes in 2025 (Zhou et al., 2026). A recent
analysis of the drivers attributes that growth mainly to the deepening of the winter mixed layer and
to the recycling of nutrients within the belt itself, with sea surface temperature exerting almost no
influence (Zhou et al., 2026). Project yachts were frequently caught in giant mats of this pelagic
macrophyte, which competes with phytoplankton for phosphate, nitrate and other nutrients
(Lapointe et al., 2021). As phosphate falls, Sargassum increasingly takes up arsenate through the
same phosphate transporter, so the tissue reaching the Caribbean is heavily loaded with arsenic
(Devault et al., 2021; Rodriguez-Martinez et al., 2020; McGillicuddy et al., 2023). Because the switch
happens only once phosphate is scarce, that burden is consistent with reported phosphate
limitation, although we measured neither dissolved phosphate nor arsenate and draw no direct

conclusion from our data.

A bloom of this mass, drawing on the same surface nutrient pool, could reduce the integrity of the
SML and the availability of phytoplankton and zooplankton that graze on them, so nutrient
stripping by the belt is a further independent candidate explanation for the low plankton count, one
that a targeted phosphate and arsenate survey could test directly. The timing matters for the
comparison with earlier surveys: the belt was essentially absent before 2011 (Wang et al., 2019),
while the meridional transects of the region (Aiken et al., 2000; Woodd-Walker et al., 2002) predate
the belt. Part of any contrast with those surveys may therefore reflect genuine change in the tropical
and subtropical North Atlantic over the intervening two decades rather than sampling differences

alone.

Satellite ocean colour over the belt region shows no trend in annual mean chlorophyll-a between

1998 and 2025 (slope not different from zero, p = 0.98; Fig. 7a), so the belt has not measurably
44
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reduced phytoplankton biomass. Light attenuation in the same water rose by about 5 to 6% between
2003 and 2021, on the merged record and on MODIS-Aqua alone (Fig. 7b), which indicates an
increased load of non-algal particles, because chlorophyll did not change over the same period. The
material responsible cannot be identified from the satellite record alone: Saharan dust, coccoliths
and anthropogenic particles all fall within that optical description, and although this survey resolves

nothing below 20 pm, the particle composition it reports provides context for the question.

A (a) Chlorophyll, merged record 1998 to 2025 (b) Light attenuation, 2003 to 2021
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Figure 7. Satellite ocean colour over the north tropical Atlantic, 5 to 20° N, 20 to 50° W. (a) Annual mean
chlorophyll-a from the ESA Ocean Colour CCI v6.0 merged record, 1998 to 2025, with least squares fit. (b) Annual
mean diffuse attenuation coefficient Kd490 from the merged record and from MODIS-Aqua alone, 2003 to 2021, with
least squares fits. Slopes and p-values corrected for first-order autocorrelation are given in the panels. Data: ESA OC
CCI v6.0 served by the Plymouth Marine Laboratory THREDDS server; MODIS-Aqua Kd490 R2018.0 served by NOAA
OceanWatch ERDDAP.

4.7 Microplastics, primary producers and ocean oxygen

The near-surface layer we sampled carries a high particle load and is inhabited by
picocyanobacteria, although the region’s productivity maximum lies at the deep chlorophyll
maximum below our sampling depth. No direct link between the surface counts and
Prochlorococcus health is claimed here, because any effect on organisms below the sampled layer
would be attenuated at each step of mixing and leachate transport. The potential consequences for

marine primary production are nonetheless substantial. Laboratory exposure shows that leachates
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from common plastics impair the growth and oxygen production of Prochlorococcus (Tetu et al.,
2019). That organism is the single most abundant marine photosynthetic bacterium, of the order of
10?7 cells across the world ocean, and it went undetected until Chisholm et al. (1988) because its 0.6
pm cells escaped detection by conventional microscopy. Together with Synechococcus, it is
responsible for roughly a quarter of marine primary production and a comparable share of the
ocean’s oxygen supply and biological carbon fixation (Flombaum et al., 2013). A recent meta-analysis
estimates that microplastic pollution measurably depresses photosynthesis across aquatic and
terrestrial primary producers, implying substantial losses of marine primary production and oxygen
output (Zhu et al., 2025), and model experiments indicate that zooplankton grazing on microplastics
re-routes export production in a way that accelerates the ongoing global loss of ocean oxygen (Kvale
et al.,, 2021). Plastic and dark opaque particles, which occur at a much higher concentration than
plastic, are emerging additional stressors that compound well-quantified drivers of ocean

deoxygenation, warming, acidification and eutrophication.

5. Conclusions

Spatial coverage. The GOES survey constitutes a preliminary baseline for the first systematic
record of plastic and partially combusted carbon particles in the near-surface waters of the tropical
and subtropical North Atlantic’s Main Development Region, the corridor in which most major
Atlantic hurricanes form (Goldenberg and Shapiro, 1996). The results demonstrate the utility of the
GOES filter as an instrument for serious citizen science investigations and the collection of data for
further detailed interrogation that would otherwise not be available. The programme can be greatly
expanded to thousands of blue-water yachts that cross all oceans, from the tropics to high latitudes,

including coastal zones and estuaries. Collectors do not need to be restricted to just boats; rainwater
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samples are important as well as lakes, rivers, piers and rocky outcrops. Most pollution starts on
land or falls as rain, so collecting as much information as possible improves detection, accuracy and

resolution of the data.

Sampling depth. Although the ocean covers approximately 71% of the planetary surface, very few
oceanographic surveys sample the uppermost metre of the water column. This thin interfacial layer,
surmounted by the SML, is well established in the literature as a regulator of air-sea gas exchange
and as the principal source of biogenic aerosols that serve as marine cloud condensation nuclei
(Cunliffe et al., 2013). The ocean has absorbed in excess of 93% of the surplus heat accumulated
through rising atmospheric greenhouse gas concentrations since the 1970s (IPCC, 2013), yet this
critical interface, responsible for 86% of global evaporation into the atmosphere (Trenberth et al.,

2007), remains substantially under-investigated.

Particle size range. The GOES filter resolves particles down to a nominal diameter of 20 pm,
whereas plankton net surveys typically use meshes of 200 to 330 pm (Fernandez de Puelles et al.,
2019; Mériguet et al., 2025), notwithstanding the recognised ecological importance of the smallest
size fractions. The most abundant marine photosynthetic bacterium, Prochlorococcus, remained
undetected until its identification by Chisholm and colleagues in 1988 (Chisholm et al., 1988),
illustrating the consequences of such observational gaps. The GOES filter is therefore well positioned
to provide an initial, broad characterisation of this small size fraction, for which almost no open-

ocean data currently exist.

Plastic contamination. Both plastic fibres and microplastic granular particles, as optically
classified, were recorded throughout the survey area, with fibres substantially outnumbering

granular particles. Rivers are estimated to carry 0.8 to 2.7 million tonnes of plastic into the ocean
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each year (Meijer et al., 2021), and total leakage to the ocean was about 1.7 million tonnes in 2019
(OECD, 2022). The laundering of synthetic textiles represents a major and under-appreciated
pathway of fibre release, and Sect. 4.3 presents an illustrative extrapolation of the resulting fibre
burden; wastewater treatment does not achieve complete fibre removal, and fibres retained within
treatment systems may re-enter the environment through the land application or disposal of sewage

sludge.

Dark opaque particles. Particles of the dark class were recorded throughout the survey area, and
they dominate the total anthropogenic particle load. No prior baseline exists for this region and size
fraction, so these concentrations cannot yet be judged high or low against any reference condition.
Carbonaceous particles are known to adsorb and concentrate lipophilic persistent organic pollutants
from the surrounding water column and may transport these contaminants through the
atmosphere, returning them to terrestrial and aquatic environments via wet deposition; Sect. 4.3
presents an illustrative global extrapolation of this burden, representing an aspect of marine science

that warrants considerably greater investigative attention.

Lessons for the next crossing. This first crossing is offered as a preliminary study and a set of
lessons rather than as a finished protocol, and the next crossing will make the following change. A
subset of filters will be dried and sealed in airtight containers, after that preservation method has
itself been tested, so that particles classed as dark or plastic can be checked by FTIR or Raman

spectroscopy on land.

Cutting carbon dioxide emissions addresses ocean acidification, but on its own this would not
remove black carbon, lipophilic persistent pollutants and plastic from the ocean or restore the
microlayer, because those materials act through biogeochemical and ecotoxicological pathways that

are distinct from those of carbon dioxide.
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Marine primary producers, dominated by phytoplankton, hold only about 1 Gt of carbon as standing
biomass (Bar-On et al., 2018). They replace that stock in about one day under favourable photic
conditions in tropical and subtropical waters (Laws, 2013). Rapid turnover means that marine
primary production is roughly equal to terrestrial primary production and that a small standing
stock sustains the whole marine food web (Bar-On et al., 2018). On that basis they could be
considered the life support system for marine life and, through the carbon exported to depth, for the
entire planet. The same rapid turnover allows for recovery within days after relieving toxic pressure,

and it also enables a similarly rapid decline when toxicant loading continues to rise.

Reductions in marine pollution may yield climate-relevant co-benefits through the protection of
biological productivity and may also support ecosystem recovery in a manner complementary to

reducing carbon dioxide emissions.

The GOES filter allows this data to be collected, upon which informed decisions and actions could be
implemented to help protect marine life, nature and public health, and to test whether the surface

microlayer mechanism raised in Sect. 4.4 has a climate role.

6. Code availability

The data-processing and figure-generation code used to produce the figures, tables and reference list
of this study is openly archived at Zenodo (https://doi.org/10.5281/zenodo.21477681). The particle-
classification image pipeline, including the frame-curation stage, detection, sizing, classification and
aggregation scripts and their complete per-image output, is deposited in the same Zenodo record;
the analysis can be reproduced end to end from the archived images with no additional code. The
code described here and the data described in Sect. 7 are deposited together in that single Zenodo

record, so cross-references to either section point to the same deposit.
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7. Data availability

The complete data set underlying this study, comprising the per-station particle counts, the
individual particle-size measurements and the crew field logs, is openly archived in the Zenodo
repository (https://doi.org/10.5281/zenodo.21477681; Dryden, 2026). The record contains the
complete re-analysis package: the analysis scripts, the per-image census, the frame-curation list
with a stated reason for every excluded file, the station-level table, and the original workbook
(GOES_ALL_DATA xlIsx), which is retained for the record. The crew's hand-logs are included for
transparency; because visual identification of small, degraded particles by non-specialists is
subjective, these hand counts are provided as qualitative context only and are not used in the
quantitative analysis, which rests on the deposited image pipeline and the surface net tow. The
volunteer field guide describing the sampler build and protocol is available at
https://goesfoundation.com /water-sampling-field-guide-for-volunteers/, and an archived copy has
been added to the same Zenodo record so that the specification does not depend on a live URL. The
MODIS-Aqua monthly chlorophyll-a product used for Fig. 6 (erdMH1chlamday) is freely available
from NASA Ocean Colour and from the NOAA CoastWatch ERDDAP server. The ESA Ocean Colour
CCIv6.0 chlorophyll-a and Kd490 records used for Fig. 7 are served by the Plymouth Marine
Laboratory THREDDS server, and the MODIS-Aqua Kd490 R2018.0 record by the NOAA OceanWatch

ERDDAP server.
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samples and microscope images. All authors reviewed the manuscript in full and approved the final

version for submission.
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