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Abstract

Climate policy treats carbon dioxide as the single lever on the climate. We suggest a second one has  

been overlooked: the marine biodiversity that builds and maintains the ocean surface microlayer (SML), 

and that pollution is now degrading. Water vapour, not CO₂, is the largest single contributor to the 

natural greenhouse effect and the strongest feedback on warming. The ocean supplies most of that 

vapour  across  the  71%  of  the  planet  it  covers,  and  the  thin  biogenic  lipid-and-surfactant  film 

phytoplankton spread over the sea surface helps govern how readily it evaporates and forms aerosol. 

That same film gathers lipophilic “forever” chemicals, together with the microplastic and black-carbon 

soot they cling to, to levels far above the water beneath, where they turn toxic to the plankton that hold 

the ecosystem together.

An  automated  image  pipeline  sized  and  classified  51,547  particles  larger  than  20  µm  in  352 

georeferenced surface  samples  from eight  sailing vessels  crossing the  trade-wind North  Atlantic. 

Zooplankton were  absent  from 93.8% of  stations.  Black carbon appeared at  89.8%, microplastic 

particles at 69.9%, microfibres at 22.4% and phytoplankton at 81.8%; 99.2% of everything counted 

measured below 200 µm. A separate 110-image, GPS-tagged crossing returned zero zooplankton at 

every point on the track, and a plankton net towed at the surface by day and by night confirmed the 

scarcity directly, returning roughly 0.2 to 0.5 animals per cubic metre — far below any productive  

ocean. In short, this surface layer is stripped of animal plankton and steeped in combustion and plastic  

residue.  We trace  what  that  may mean for  the  microlayer,  for  water-vapour  feedback and cloud 

formation, and for ocean pH, and argue that cutting pollution has to sit beside cutting carbon.

1.  Introduction

Every ocean wears a surface microlayer: a distinct skin, somewhere between 1 and 1000 µm thick 

(Zhang et al., 2003), made of proteins, carbohydrates and lipids from marine plankton and laced with 

particulate matter, sub-micron and microplastic, black-carbon soot and chelated metals (Garrett, 1967; 

Williams et al., 1986; Cunliffe et al., 2013). It is not inert. The SML is a living biofilm — bacteria and 

nanoplankton suspended in a mucopolysaccharide gel with the lipids and surfactants — and it damps 

turbulence, throttles gas exchange, seeds aerosols and clouds, and slows the escape of water from the sea 

surface (O’Dowd et al., 1997; Cunliffe et al., 2013).

Water vapour is the largest single contributor to the natural greenhouse effect and the strongest feedback 

on CO₂-driven warming. Its  abundance climbs with temperature,  through the Clausius–Clapeyron 
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relation, but what happens at the air–sea boundary matters too (Held and Soden, 2000). Our proposition 

is simple: the SML is a second, biologically maintained control on that boundary, plankton keep it in 

repair, and pollution is wearing it away.

The trade-wind 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. 

What  is  poorly  known is  the  standing stock of  the  smallest  surface  plankton and the  burden of  

anthropogenic particles in the 20–200 µm range, because conventional oceanography samples mainly 

from 5–200 m depth and rarely resolves this fraction at the ocean surface. The science question this 

survey addresses is therefore direct: is the trade-wind Atlantic surface layer depleted of animal plankton 

and  laden  with  combustion  and  plastic  residue,  and  if  so,  what  does  that  imply  for  the  surface 

microlayer, for water-vapour feedback and cloud formation, and for ocean pH? The answer matters 

because the physical and biological condition of the sea surface is itself a climate variable that carbon-

only models omit.

2.  The GOES North Atlantic survey

2.1  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. 1). Eight sailing vessels contributed the recoverable 

photographic archive; each vessel, its route, station count and longitudinal span are listed in Table 3.  

The crossings were contemporaneous: per-image timestamps exist only for the GPS-tagged Copepod 

crossing (8 January – 3 February 2022) — the sailing vessel Copepod was skippered by the authors — to 

which the sampling dates of the other vessels are referenced (Fig. 1). One vessel (Emma) additionally 

carried out a higher-latitude North Atlantic return leg in May 2023 (Fig. 1); that leg is the only part of the 

archive outside the trade-wind belt and outside the January–February crossing season.
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Figure 1. Study region, vessels and circulation. Eight vessels and their stations along the zonal trade-wind crossing from the 

Canary Islands and Cape Verde to Grenada and Suriname; Madeira, Bermuda and the Lesser Antilles are marked for 

reference. The trade-wind crossing was sampled between 8 January and 3 February 2022, timing referenced to the GPS-

tagged Copepod crossing; the vessel Emma additionally sampled a higher-latitude North Atlantic return leg (to ~50°N) in May 

2023. Coastlines © Natural Earth.

2.2  Image-analysis pipeline

Crews drew surface samples on a fixed twice-daily schedule — 12:00 (local noon) and 24:00 (local 

midnight), so that about half of all samples were collected at night — filtered them to ~20 µm, and 

photographed the filter paper under a microscope whose maximum magnification places a single 5 mm 

aperture (5000 µm) across the field of view, giving an imaging resolution of about 20 µm. An automated 

pipeline (OpenCV) locates the filter aperture, detects every particle larger than 20 µm, measures it  

against the known 5 mm field width, and classifies it as zooplankton, phytoplankton, plastic particle,  

plastic fibre or black (combustion) carbon. Each image was tied to a position from its GPS tag or its  

field-log row. In total the pipeline sized and classified 51,547 particles at 352 georeferenced stations.

2.3  Near-absence of zooplankton

The dominant result is an absence. Zooplankton were not detected at 93.8% of stations, and the entire 

archive yielded only 44 animal-class objects — the largest things measured (median 328 µm). The 

absence was not confined to any vessel or region (Fig. 2), and an independent set of 110 GPS-tagged 

images from the Copepod crossing returned no zooplankton at any point on the track. Because about 

half of all surface samples were collected at midnight and showed the same near-absence as those taken 

at midday, the scarcity is not an artefact of daytime diel vertical migration into deeper water; counts  
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were uniformly so low that the imaging archive was not partitioned by time of day. The stations along 

any one vessel’s track are, moreover, not fully independent — neighbouring samples lie in similar water 

— but the same near-absence appears independently on all eight vessels’ separate routes (Table 3), so it 

is not a statistical artefact of autocorrelation within a single cruise. Microplastic ingestion and pollutant 

toxicity can suppress copepods and other grazing zooplankton (Cole et al., 2013; Desforges et al., 2015; 

Galloway et al., 2017; Botterell et al., 2019; Ma et al., 2020; Pabortsava and Lampitt, 2020); a long-term 

decline in phytoplankton has also been reported, although its magnitude remains debated (Boyce et al., 

2010). An independent surface net-tow survey, by day and by night, confirmed this scarcity directly 

(Sect. 2.8). Densities of 0.2–0.5 animals m ³ lie two to three orders of magnitude below published⁻  

Atlantic surface values: productive open-ocean and shelf waters typically carry hundreds to thousands 

of mesozooplankton per cubic metre, and even the oligotrophic subtropical gyres — sampled on the 

global Malaspina circumnavigation with a coarse 300 µm net that undercounts the smallest copepods — 

still hold upward of 200 individuals per cubic metre in the epipelagic layer (Woodd-Walker et al., 2000; 

Vereshchaka et al., 2017; Fernández de Puelles et al., 2019). The surface stock recorded here is therefore 

of order a thousandfold lower than even the poorest comparable open-ocean waters. The scarcity is 

therefore a genuine surprise rather than merely the expected low productivity of the trade-wind belt. The 

result also sits within a wider trend: an integrated long-term assessment of the Northeast Atlantic 

(Portugal to Norway), which overlaps the higher-latitude return leg of the present survey, reported 

parallel  declines  in  both  phytoplankton  biomass  and  zooplankton  abundance  over  more  than  six 

decades,  with  none  of  the  assessed  pelagic  habitats  achieving  “Good”  environmental  status 

(McQuatters-Gollop et al., 2026). Our near-total absence of surface animal plankton along the trade-

wind belt is consistent with, and extends further south, that broad-scale deterioration of the plankton 

base.
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Figure 2. Image-derived particle-class concentrations across the mapped stations (grey = class absent; colour = particles L ¹⁻  

on a logarithmic scale). (a) Zooplankton, present at only 6.2% of stations; (b) phytoplankton (81.8%); (c) black carbon (89.8%); 

(d) microplastic particles (69.9%); (e) microplastic fibres (22.4%); and (f) unidentified fine material (95.7%). Percentages are 

the share of all 352 sampled stations at which each class was detected.

2.4  Ubiquitous black carbon and microplastic

Against that empty animal background, anthropogenic particles were near-universal. Black carbon was 

present at 89.8% of stations (3,559 particles; median 31 µm), microplastic particles at 69.9% and 

microfibres at 22.4% (median fibre length 204 µm). Phytoplankton-class objects were present at 81.8% 

of stations. Plastic and black carbon are now documented throughout the open ocean, including the 

Atlantic water column, the remote marine atmosphere, polar snow, and even the fauna of deep-sea 

hydrothermal vents more than 2,000 m down (Bond et al., 2013; Cózar et al., 2014; Allen et al., 2019;  
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Bergmann et al., 2019; Pabortsava and Lampitt, 2020; Trainic et al., 2020; Aves et al., 2022; Lee et al., 

2026), so the pervasiveness seen here is expected. Expressed as concentrations (Table 1; each station 

draws a full 0.5-litre sample, filtered through the five Ø5 mm apertures at ~100 mL each, and particles 

are counted across all five apertures, so the per-litre concentration is the whole-station count × 2 — a full 

0.5 L sampled at every station, not a 100 mL grab scaled up), the class loads are strongly right-skewed: 

median values across the 352 stations were about 12 /L for black carbon, 10 /L for phytoplankton and  

5 /L for microplastic particles,  with the busiest  stations reaching several  hundred per litre,  while 

zooplankton stayed at or near zero (median 0; present at only 6.2% of stations). Along the zonal transect 

the class means showed no strong east–west gradient (Fig. 3); elevated individual loads tended to occur 

near the continental margins at either end — most notably the Canary and Northwest-African margin in 

the east, and to a lesser extent the South American shelf in the west — consistent with terrestrial and 

riverine input (Mai et al., 2020). The otherwise even dispersion of plastic across the open ocean, far  

from any land source, may itself indicate that a substantial proportion arrives by atmospheric deposition 

in rainfall rather than by riverine transport alone (Allen et al., 2019; Brahney et al., 2021). Physical  

setting shapes this pattern: most of the transect crosses the quiescent,  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, while the trade-wind drift 

and the North Equatorial Current carry surface material westward toward the Caribbean.

Figure 3. Mean particle-class concentration along the crossing, east (Canary Islands) to west (Caribbean), as smooth curves 

through longitude-bin means (markers). Zooplankton remain the lowest class across the whole transect; carbon, microplastic 

and phytoplankton are broadly comparable with no strong longitudinal gradient.

6

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

140

141

6

https://doi.org/10.5194/egusphere-2026-3979
Preprint. Discussion started: 29 July 2026
c© Author(s) 2026. CC BY 4.0 License.



2.5  The surface field is overwhelmingly sub-200 µm

The particle field was very small: 99.2% of all classified particles measured below 200 µm, bunched  

against the 20 µm filtration and imaging limit (Fig. 4). Plastic fibres formed a distinct larger mode 

(median 204 µm) and the rare  zooplankton occupied the >200 µm range.  Because 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.

Figure 4. Smoothed particle size distribution by class (log–log). The vertical axis is the total number of particles collected 

across the whole survey; the area under each class curve equals that class’s total count (given as n in the legend). Dashed  

lines mark 200 and 1000 µm. The unidentified fine fraction dominates near the 20–40 µm limit; plastic fibres and the rare 

zooplankton form the larger modes.

2.6  Example fields and their contents

To illustrate the material recorded at individual stations, Figure 5 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 Ø5 mm filter  

holes, so each imaged field represents the particle content of approximately 100 mL of filtered seawater. 

They span the range encountered: a pigment-rich field with abundant partially combusted carbon and 

both microplastic fibres and particles; a field containing chain-forming and star-shaped diatoms with a 

frayed microfibre bundle and scattered carbon; and a near-empty field typical of the majority of stations, 

at which animal zooplankton were absent. Identifications from the images are tentative — “partially  

combusted carbon” denotes dark, colourless particles, an optical description that may also include dark 
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plastic  or  sediment,  and  the  microplastic-versus-phytoplankton  assignment  for  some  objects  is 

provisional pending FTIR/Raman confirmation.

Figure 5.  Representative filter fields (white background; faint grey circle marks the 5 mm field boundary). (a) pigmented 

phytoplankton aggregate with abundant partially combusted carbon and blue and red microplastic fibres and particles; (b) 

chain-forming and star-shaped diatoms with a frayed microfibre bundle and scattered carbon; (c) a near-empty field with a 

single probable pennate diatom. 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.

2.7  Validation and limitations of the classification

We cross-checked the pipeline against one vessel leg counted by hand. The dominant signals agreed — 

zero zooplankton and a load dominated by carbon and fine unresolved material — while the split 

between plastic  and phytoplankton diverged,  and we therefore  treat  that  partition  as  provisional.  

Because  visual  identification  of  these  small,  degraded  particles  by  non-specialists  is  necessarily  

subjective, we do not rely on the crew hand-logs quantitatively; the objective confirmation of the  

zooplankton result comes instead from the surface net tow (Sect. 2.8, Table 2). “Black carbon” here is an 

optical description — dark, colourless particles — and could include sediment, shadow or dark plastic; 

confirming its composition requires spectroscopy. These are microscope images from an opportunistic 

citizen-science programme, but the sampling hardware was standardised and a single microscope design 

was used across all vessels, so between-instrument optical variability is limited and the main residual 

variability is in operator technique and illumination. Airborne contamination is constrained by the 

cartridge design: the filter stays capped from collection until analysis and is exposed only for the few 

minutes when the plate is removed and placed under the microscope, and procedural blanks run by the 

lead author showed no obvious contamination. The volunteer crews, however, were not instructed to run 

their own blanks, so airborne contamination of the citizen-collected samples cannot be fully excluded — 

the microfibre counts in particular should be read with that caveat.
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2.8  Independent confirmation by surface net tow, day and night

To test whether the near-absence of zooplankton in the surface grab samples was an artefact of the small 

sampled volume, a concentrating plankton net was towed at the surface in the mid-Atlantic. A 120 µm 

mesh net of 0.30 m mouth diameter was towed at the surface at 1 to 2 knots for 10 minutes per haul; each 

haul therefore strained roughly 43,600 litres (mouth area 0.071 m² × ~617 m towed). Because many 

zooplankton migrate downward by day and rise toward the surface at night, the net was towed in two 

sets:  ten hauls  in  daylight  (12:00–15:00,  local  time)  and four  after  dark.  This  removes the main 

alternative explanation for the image survey: the surface scarcity is not simply an effect of small sample 

volume. Two methodological caveats remain — the 120 µm mesh retains larger taxa while passing the 

smallest copepods and nauplii, and filtered volume is computed from tow geometry rather than a flow-

meter. A surface zooplankton stock of 0.2–0.5 per cubic metre, day and night (night density ~2× 

daytime,  consistent  with  diel  vertical  migration),  nonetheless  sits  far  below  densities  typical  of 

productive open ocean.

2.9  Comparison with previous surveys of the region

Systematic plankton and particle surveys of the open equatorial and trade-wind Atlantic are sparse, and 

— crucially — those that exist have run meridionally: north–south, along a line of longitude, crossing 

the equator and cutting across latitudinal climate zones. Like the GOES crossing, these meridional lines 

sampled open-ocean water well off the continental shelf — the Atlantic Meridional Transect and the 

20°W line run directly through the oligotrophic subtropical gyres — so the contrast drawn here is 

between comparably unproductive open waters, not between a productive shelf and the open ocean. The 

GOES survey, by contrast, ran zonally: east–west, parallel to a line of latitude, following the trade-wind 

crossing from North Africa to the Caribbean at roughly constant latitude. The principal sustained effort 

in the region, the Atlantic Meridional Transect, runs north–south between the United Kingdom and the 

South Atlantic (Aiken et al., 2000); Woodd-Walker et al. (2000) characterised surface zooplankton 

along a 20°W meridional transect; and Vereshchaka et al. (2017) synthesised zooplankton along the 

Atlantic meridional axis. For plastics, Pabortsava and Lampitt (2020) sampled beneath the Atlantic 

surface along the meridional AMT line, and Cózar et al. (2014) drew on a global circumnavigation  

rather  than any single  east–west  section.  Because  every one of  these  prior  surveys  runs  along a 

longitude, or is a global compilation, the GOES survey is, to our knowledge, the first — and to date the 

only — survey to measure plankton and microplastic together along a zonal (east–west) transect parallel 

to the equator, from North Africa to the Caribbean.

2.10  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  and  laboratory 

microscopy or flow-cytometry — which sample with standardised gear and calibrated volumes but at 

higher cost and usually integrated over depth. The GOES method inverts that balance: it resolves the  
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20–200 µm fraction exactly at the air–sea interface, delivers dense spatial coverage across an under-

sampled basin at very low cost, and scales to a distributed volunteer fleet. Its weaknesses, stated frankly, 

are that the volunteer crews were not asked to run their own procedural blanks — although blanks run by 

the lead author showed no obvious contamination, and a single common microscope design was used 

across all vessels — leaving possible airborne fibre contamination, an optical “black carbon” class 

awaiting spectroscopic confirmation, and a provisional plastic-versus-phytoplankton partition, each 

mapped to a specific refinement written into the next campaign (Sect. 8).

2.11  Survey at a glance

Class Stations present Conc. /L (median; 95th pct) Notes

Zooplankton 6.2% 0; 2 44 objects total; median 328 
µm

Phytoplankton 81.8% 10; 70 pigmented aggregates, 
diatoms

Black (combustion) carbon 89.8% 12; 99 3,559 particles; median 31 
µm

Microplastic particles 69.9% 5; 50 coloured fragments

Microfibres 22.4% 0; 6 median fibre length 204 µm

Table 1. Survey at a glance. Per-station concentrations (a full 0.5-litre sample is counted across all five Ø5 mm apertures at 

every station, so per litre ≈ the whole-station count × 2) are summarised across all 352 stations as the median and 95th 

percentile; the distributions are strongly right-skewed, and the busiest stations reach several hundred per litre for 

phytoplankton, black carbon and microplastic. Counts include only particles ≥20 µm. The particle-class totals quoted (e.g. 

3,559 black-carbon particles) are from the full 51,547-particle inventory.

Set Hauls Zooplankton (m ³)⁻

Daytime (12:00–15:00) 10 ~0.2

Night (after dark) 4 ~0.4 (≈2× daytime)

Table 2. Surface net-tow confirmation of zooplankton scarcity, day and night (120 µm mesh, 0.30 m mouth, ~2 kn, 10 min 

per haul). Densities assume complete filtration and are upper bounds; night density ~2× daytime, consistent with diel 

migration, yet remains below 0.5 m ³.⁻

Vessel Stations Longitude span Latitude Sampling dates % zoo % carbon

Copepod 110 -17°W to 56°W 12–24°N Jan–Feb 2022 0.0 82.7

Emma 78 -9°W to 62°W 2–50°N Jan–Feb 2022; May 
2023

2.6 96.2

Misty Blue 35 -15°W to 61°W 12–28°N Jan–Feb 2022 8.6 91.4

Eleuthera 33 -15°W to 67°W 12–28°N Jan–Feb 2022 12.1 93.9

Yolo 27 -18°W to 59°W 13–24°N Jan–Feb 2022 29.6 70.4

Ya 33 -26°W to 52°W 4–17°N Jan–Feb 2022 6.1 97.0

DanceMe 33 -25°W to 60°W 6–17°N Jan–Feb 2022 9.1 100.0

Jiyu 3 -16°W to 17°W 28–28°N Jan–Feb 2022 0.0 100.0

Table 3. Participating vessels, their station counts, longitudinal and latitudinal spans, sampling dates, and the percentage of 

stations at which zooplankton and black carbon were detected. All vessels sampled the trade-wind crossing 
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contemporaneously in January–February 2022 (timing referenced to the GPS-tagged Copepod crossing, Fig. 1); Emma 

additionally sampled a higher-latitude North Atlantic return leg (to 50°N) in May 2023.

3.  Sources of marine pollution and their implications

The SML attracts lipophilic “forever” chemicals, microplastics and hydrophobic black-carbon soot 

from  the  incomplete  combustion  of  fossil  fuels  and  biomass.  Measured  concentrations  of  toxic 

chemicals in the SML can be many times higher than in the water below (Wurl and Obbard, 2004), and a 

meta-analysis of surface-microlayer sampling 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 acts as an accumulator at the precise interface where  

plankton live. Hydrophobic black carbon and plastic particles preferentially adsorb these lipophilic 

chemicals and can carry them into the base of the food web (Bond et al., 2013; Ziccardi et al., 2016).  

Weathered plastic recovered from the open sea can concentrate persistent organic pollutants such as 

PCBs and DDE to levels up to about a million times those of the surrounding seawater, and that  

adsorbed burden rises the longer the particle has drifted at sea (Mato et al., 2001). Partially combusted 

carbon behaves much like plastic in this respect, a point that has been largely overlooked. Both classes 

are present across the open Atlantic far from land (Cózar et al., 2014; Pabortsava and Lampitt, 2020), so 

this is an open-ocean phenomenon, not only a coastal one. This same burden of combustion and 

chemical pollution is, beyond the ocean, a leading environmental cause of human disease and premature 

death, so that cutting it serves planetary and human health together (Landrigan et al., 2020; Fuller et al., 

2022). Beyond the microscopic fraction sampled here, macroplastic ingestion is itself now a quantified 

cause of mortality in seabirds, marine mammals and sea turtles, and at surprisingly small ingested doses 

(Murphy et al., 2025).

The  sea  surface  does  not  merely  store  this  pollution;  it  exports  it.  Rising  bubbles  scavenge  the 

microlayer and burst at the surface, ejecting film-bound material into the air as sea-spray aerosol  

(O’Dowd et al., 1997; O’Dowd et al., 2004); because the SML concentrates microplastic, nanoplastic 

and their adsorbed lipophilic chemicals far above the water beneath (Wurl and Obbard, 2004; Ziccardi et 

al., 2016), that spray is correspondingly enriched. Microplastic is now measured in the remote marine 

atmosphere (Trainic et al., 2020) and quantified as an ocean-sourced limb of a global atmospheric 

plastic cycle (Brahney et al., 2021); aloft it can seed cloud and ice (Aeschlimann et al., 2022) before 

returning to land and sea 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 water-industry adage that “the solution to  

pollution is dilution” does not hold for this lipophilic, film-bound class of contaminant: instead of 

dispersing into the ocean’s volume, the material partitions into the surface skin and is redistributed 

rather than diluted away. And because these lipophilic “forever” chemicals do not break down, their  

environmental concentration does not fall but climbs year on year for as long as they keep entering the 

ocean — the reverse of the dilution the adage assumes.
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4.  The surface microlayer, aerosols, clouds and evaporation

The SML is built from phytoplankton lipids and surfactants (Garrett, 1967; O’Dowd et al., 2004). It 

feeds the marine aerosols that clouds condense upon (O’Dowd et al., 1997), and at the same time it  

slows the escape of water from the sea surface and the loss of heat to the air (Garrett, 1967; Cunliffe et 

al.,  2013;  Engel  et  al.,  2017).  That  the  microlayer  measurably  brakes  air–sea  exchange  is  now 

established in the ocean itself: natural sea-surface surfactants reduce the in-situ air–sea gas-transfer 

velocity by about 23% across wide areas of the ocean, with a further ~62% reduction inside slicks,  

lowering  the  global  air–sea  CO₂ flux  by  roughly  a  fifth  (Mustaffa  et  al.,  2020);  in  the  Atlantic 

specifically, biological surfactants have been shown to suppress air–sea CO₂ exchange directly (Pereira 

et al., 2018), and recent work linking surfactant surface coverage to gas exchange confirms that natural 

microlayer films can reduce the CO₂ transfer velocity by up to roughly half (Asmussen-Schäfer et al.,  

2026). Evaporation and the loss of latent heat cross the same interfacial film, so a sea surface stripped of 

its biological skin should shed moisture and heat more freely. Losing that film is the removal of a  

biological brake on air–sea exchange, not a minor detail of surface chemistry. A healthy film cools the 

surface, encourages cloud and rain, and keeps humidity in check. Strip it away and evaporation and 

water vapour can rise while cloud cover falls. And when cloud does form under these conditions, the 

higher humidity — combined with the atmospheric dust and pollution particles that act as cloud-seeding 

nuclei — can favour larger, more energetic storm clouds, stronger winds and torrential downpours in 

place of the gentler, more frequent rain a healthy surface would encourage. A shift toward fewer but  

more violent events is the emerging signature of a warming, moisture-laden atmosphere: attribution 

studies tie anthropogenic warming and enhanced cross-equatorial moisture transport to the record-

shattering 2022 Pakistan monsoon floods (You et al., 2024), and to the historic 2022 Mediterranean 

derecho, whose squalls gusted to about 220 km h ¹ over Corsica and which a preindustrial atmosphere⁻  

would not have generated (González-Alemán et al., 2023). We cite these as illustrations of the direction 

of change in a moister atmosphere, not as events attributable to the surface-microlayer mechanism 

proposed here. Since the ocean supplies most of that atmospheric moisture — about 86% of global 

evaporation, and the ultimate source of the majority of precipitation even over land, with terrestrial 

evapotranspiration and biogenic aerosol from vegetation accounting for most of the remainder (Gimeno 

et al., 2012) — the physical and biological condition of the sea surface is a climate variable in its own 

right, and one that carbon-only models leave out.

Independent reanalysis is at least consistent with this picture. Area-weighted ERA5 fields for the North 

Atlantic show that the seasonal amplitude of total-column water vapour — the size of its month-to-

month swing — has increased in every latitude zone since 1940, most strongly at mid-latitudes, while 

the amplitude of cloud cover has not changed (Fig. 6). Temperature ultimately governs how much 

moisture the air can hold, through the Clausius–Clapeyron relation, and it sets both the long-term rise in 

humidity and the breadth of its seasonal cycle. But temperature acts slowly. We propose that the  

microlayer acts on a much shorter timescale — hours to days — regulating the rate at which the surface 
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gives up its water, and with it the short-term rate of change and the amplitude of near-surface humidity: 

a sea surface stripped of its biological film would shed moisture faster and let humidity swing more 

sharply, which is the behaviour the widening amplitude hints at. That the rise is strongest at mid-

latitudes may itself fit this reading: these are historically the more productive waters, where a richer 

plankton community once maintained a more developed microlayer, so its degradation would represent 

the largest loss of that biological brake — and hence the sharpest increase in humidity amplitude. 

Monthly reanalysis cannot resolve a sub-monthly, film-scale process, so this remains a hypothesis rather 

than a result.

A companion signal that would be expected is, however, missing. If humidity, temperature and the  

amplitude of their oscillations are all rising together, cloud cover might be expected to rise with them; 

instead it is flat or slightly declining. A partial explanation is that cloud formation in this basin is limited 

not by the supply of water vapour but by the availability of cloud condensation nuclei, which here is  

dominated by aerosol pollution and wind-blown Saharan dust rather than by the biogenic aerosol that  

healthy plankton once supplied (O’Dowd et al.,  1997; O’Dowd et al.,  2004). A large part of that  

biogenic supply is sulfurous: dimethyl sulfide (DMS) released by phytoplankton — coccolithophores 

prominent among them — oxidises in air to sulfate particles that seed cloud droplets, the negative 

feedback at the heart of the long-debated CLAW hypothesis (Charlson et al., 1987). Whether that 

feedback is strong enough to regulate global climate is contested (Quinn and Bates, 2011), but its 

direction is not: a surface ocean losing its coccolithophores and its living microlayer supplies fewer 

biogenic nuclei, so more moisture can accumulate as vapour without being converted into cloud. A 

surface that is growing warmer and wetter, with ever sharper humidity swings, yet no cloudier, is at least 

consistent with a weakening of the biological control over both evaporation and cloud seeding — 

though the present data cannot prove it.
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Figure 6. Change in the seasonal amplitude of (a) total-column water vapour and (b) cloud cover over the North Atlantic by 

latitude zone, 1940–2025, from ERA5 monthly reanalysis (area-weighted zonal means; thin line, yearly amplitude; bold 

dashed, fitted linear trend). Amplitude is the within-year maximum minus minimum. Water-vapour amplitude rises significantly 

in every zone (+0.19 to +0.22 kg m ² per decade); cloud-cover amplitude shows no significant trend. Shown as physical⁻  

context for the surface-microlayer hypothesis; the reanalysis cannot itself resolve the microlayer.

Two water-quality parameters that  oceanography rarely records may also shape how the material  

documented here behaves: the redox potential of the water and the zeta potential — the surface charge 

— of the particles suspended in it. Surface charge governs whether suspended particles, plankton and 

microplastic alike, repel one another and stay dispersed, clouding the water, or lose that repulsion,  

aggregate and sink (Parrella et al., 2024); and, consistent with an increasingly turbid surface, the global 

ocean has measurably darkened over the two decades to 2022, shrinking the sunlit photic zone (Davies 

and Smyth, 2025). We raise, as a hypothesis for future work rather than a result of this survey, the  

possibility  that  a  deoxygenating,  more  reducing  surface  shifts  this  balance  towards  stable  turbid 

suspensions, and that the same biological collapse which consumes oxygen also releases CO₂ and 

depresses pH, so that deoxygenation and acidification advance together (Cai et al., 2011; Breitburg et 

al., 2018). Neither redox nor zeta potential was measured here; both would be worth adding to future  

surface-microlayer work.
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5.  Ecosystem regime shift and ocean acidification

Toxic loading affects grazing zooplankton (Desforges et al., 2015; Ma et al., 2020); the survey’s near-

total absence of animals is consistent with heavy grazer loss, after which phytoplankton may bloom and 

sink un-grazed. Because zooplankton are also a principal route by which iron is regenerated in the  

surface layer — grazing, sloppy feeding and excretion return bioavailable iron to the euphotic zone 

(Barbeau et al., 1996) — their loss can carry a patch from that transient bloom toward iron limitation, as 

the iron bound in the sinking, ungrazed cells is exported rather than recycled. This is a locally generated 

route into the high-nutrient, low-chlorophyll (HNLC) condition seen across large parts of the open 

ocean, where macronutrients remain abundant but phytoplankton growth is limited chiefly by iron 

(Tyrrell et al., 2005). As primary production changes, less carbon may be fixed at the surface and 

dissolved CO₂ rises; microplastic loading may itself further weaken the biological carbon pump (Shen et 

al., 2020). The coccolithophores and diatoms that build the SML are also among the plankton least able 

to tolerate falling pH (Riebesell et al., 2000; Hönisch et al., 2012); lose them and the film thins further, 

tightening a loop between acidification, plankton loss and evaporation. On present trends, surface pH 

could fall below about 7.95 within a few decades (Hönisch et al., 2012). Whether these strands could 

tighten into a basin- or ocean-scale regime shift, and how quickly, is genuinely uncertain, and the 

present data do not settle it.

This low-chlorophyll condition is not merely inferred from the sampling: independent satellite ocean 

colour confirms it. Across the trade-wind transect the mean surface chlorophyll-a concentration is only 

about  0.09  mg  m ³,  and  the  great  majority  of  the  crossing  lies  below  the  0.15  mg  m ³  level⁻ ⁻  

conventionally taken to mark oligotrophic water, so the near-absence of surface animals recorded here 

occurs  within  some of  the  least  productive  open  water  in  the  North  Atlantic  (Fig.  7).  Elevated 

chlorophyll is confined to the Mauritanian and equatorial upwellings and the continental margins, well 

away from the sampled crossing, and the decade mean (2006–2015) gives an almost identical transect  

value,  so  the  pattern  is  climatologically  stable  rather  than  a  single-year  anomaly.  An  entirely 

independent instrument therefore agrees with the microscopy that this is biologically impoverished 

water.  Satellite colour cannot,  of course, distinguish naturally oligotrophic gyre water from water 

depleted by the mechanisms proposed here; it establishes the low-productivity setting, not its cause.
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Figure 7. Satellite chlorophyll-a concentration (MODIS-Aqua, 2010; logarithmic colour scale) across the study region, with the 

GOES sampling stations (red) and the trade-wind transect box (dashed). The crossing runs through the oligotrophic core of 

the subtropical gyre — transect median ≈ 0.09 mg m ³, the great majority below the 0.15 mg m ³ oligotrophic threshold —⁻ ⁻  

while elevated chlorophyll is restricted to the Mauritanian and equatorial upwellings and the continental margins. A decade  

mean (2006–2015) yields an almost identical transect median, confirming the pattern is climatologically stable. Chlorophyll-a 

data © NASA Earth Observations (MODIS-Aqua). Coastlines © Natural Earth.

5.1  Sargassum

There should be in the region of 1 to 2 million tonnes of Sargassum crossing the equatorial Atlantic from 

Africa to the Caribbean. However, due to eutrophication from the Amazon, Gambia and Congo rivers, 

together with nutrient-rich run-off, the biomass of the Great Atlantic Sargassum Belt is now of the order 

of tens of millions of tonnes (Wang et al., 2019; Lapointe et al., 2021). Yachts in the project were  

frequently caught in giant mats of this pelagic macrophyte, which competes with phytoplankton for 

phosphate and other nutrients (Lapointe et al., 2021). As phosphate falls, Sargassum increasingly takes 

up arsenate in place of phosphate — the two are taken up through the same phosphate transporter — so 

that by the time it reaches the Caribbean the tissue is heavily loaded with arsenic (Devault et al., 2020; 

Rodríguez-Martínez et al., 2020; McGillicuddy et al., 2023). Because a plant switches to arsenate only 

once phosphate has become scarce, that arsenic burden is itself indirect evidence — although we did not 

measure dissolved phosphate or arsenate — that phosphate is drawn down to very low levels across the 

equatorial belt where the Sargassum grows. A macrophyte bloom of this mass, monopolising phosphate 

and other nutrients at the surface, would leave little for the phytoplankton that draw on the same pool,  
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and with them the zooplankton that graze them. Nutrient stripping by the Sargassum belt is therefore a 

further, independent candidate explanation for the near-absence of plankton reported here, alongside the 

pollutant and microlayer mechanisms, and one that a targeted phosphate and arsenate survey could test 

directly. This mechanism also carries a temporal dimension that bears directly on the comparison with 

earlier surveys. The Great Atlantic Sargassum Belt is a recent phenomenon, essentially absent before 

about 2011 and expanding to tens of millions of tonnes only in the years since (Wang et al., 2019); the 

meridional transects against which our low counts are set (Aiken et al., 2000; Woodd-Walker et al.,  

2000) were made before the belt emerged. The rise of a basin-scale macrophyte bloom that monopolises 

surface nutrients could therefore contribute to the gap between the higher plankton abundances those 

surveys recorded and the near-absence found here, so that part of the contrast may reflect a genuine 

change in the equatorial Atlantic over the intervening two decades rather than sampling differences 

alone.

5.2  Microplastics, primary producers and ocean oxygen

Because the surface layer we sampled is where the ocean’s most abundant photosynthetic organisms 

live,  the pollutant load documented here bears directly on marine oxygen production.  Laboratory 

exposure shows that leachates from common plastics impair the growth and oxygen production of 

Prochlorococcus, the single most abundant marine photosynthetic bacterium (Tetu et al., 2019). To 

convey the scale of what is at stake, Prochlorococcus numbers of order 10²⁷ cells across the world ocean 

— more, by a factor of billions, than the roughly 4 × 10¹⁷ seconds that have elapsed since the Big Bang 

— yet at about 0.6 µm per cell it escaped detection until the mid-1980s, passing through the >100 µm  

nets of conventional plankton surveys until it was identified by Chisholm et al. (1988); it is thought to 

generate of order a quarter of marine primary production and, with it, a comparable share of the ocean’s 

oxygen supply and biological  carbon fixation,  so that  its  sensitivity to plastic  leachates carries a 

correspondingly  large  potential  cost.  At  a  global  scale,  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). Microplastics can also lower oxygen indirectly: model experiments indicate that zooplankton 

grazing on microplastic re-routes export production in a way that accelerates the ongoing global loss of 

ocean oxygen (Kvale et al.,  2021). Plastic is an emerging, additional stressor that compounds the 

dominant, well-quantified drivers of ocean deoxygenation, warming and eutrophication.

5.3  Multiple stressors and the risk of a regime shift

The biological significance of regional surface-pH minima depends on how long low-pH conditions 

persist, and sustained exposure reduces the fecundity and survival of plankton and other calcifying 

organisms, amplified where acidification coincides with warming (Kroeker et al.,  2013). Regional 

acidification is already measurable across the basin and its margins: corrosive, CO₂-enriched water 

upwells onto continental shelves (Feely et al., 2008), and sustained acidification has been documented 
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for the Greater Caribbean (Gledhill et al., 2008) and, as a semi-enclosed comparison, the Mediterranean 

(Hassoun et al., 2015), while natural CO₂ seeps provide in-situ analogues of how falling pH restructures 

plankton communities (Dando et al., 1995). For the trade-wind corridor itself, open-ocean surface pH 

remains in the low 8.0s: the ESTOC time series off the Canary Islands averages about 8.08 and the 

PIRATA array in the western tropical Atlantic about 8.06, both falling by roughly 0.02 pH units per  

decade  (González-Dávila  and  Santana-Casiano,  2023;  Assis  et  al.,  2024).  Its  eastern,  upwelling-

influenced margin already reaches far lower, however: seasonal upwelling of carbon-rich water off  

Northwest Africa near Cape Blanc draws surface pH down to about 7.8, with aragonite saturation near 

1.5 (Jamal et al., 2025) — the corrosive endpoint the open ocean is projected to approach only decades 

hence, present today at the productive edge the crossing passes through. These are bulk-water values;  

the sea-surface microlayer’s own inorganic-carbon chemistry can differ from the water beneath and 

swings strongly over the day — enough that neglecting the night biases air–sea CO₂ flux estimates by a 

third to a half — so the pH experienced at the very skin where the plankton live is modulated at the  

microlayer itself (López-Puertas et al., 2025). This stress acts together with the toxic-chemical and 

particulate load documented earlier; multiple stressors interact and can compound one another (Kroeker 

et al.,  2013; Tetu et al.,  2019). Sustained acidification and warming also restructure the plankton 

community, reducing the proportion of diatoms and favouring dinoflagellates (Dutkiewicz et al., 2015). 

Consistent with large-scale change, more than half of the global ocean — approximately 56% — has  

become measurably greener over two decades (Cael et al., 2023), and an integrated assessment of 

Northeast-Atlantic  plankton  reported  general  declines  in  phytoplankton  biomass  and  zooplankton 

abundance, with no pelagic habitat achieving “Good” status (McQuatters-Gollop et al., 2026). GOES 

interprets these converging trends as an early warning of a possible large-scale regime shift (Beaugrand 

et al., 2019); whether it could unfold within a decade is uncertain and not established by the present 

evidence.

6.  Carbon dioxide and marine biodiversity

Carbon dioxide still matters. Even at net zero, the CO₂ already in the air would keep acidifying the ocean 

(Hönisch et al., 2012; Jiang et al., 2019). The case here is additive, not dismissive: cutting carbon is 

necessary but not sufficient. Leave in place the pollution harming surface plankton, and the SML may 

keep degrading. Enhanced weathering — spreading finely ground silicate minerals such as olivine, 

whether on land or in coastal seas, to draw down CO₂ and raise alkalinity — has been proposed, but its 

scale, cost and ecological side-effects remain highly uncertain, and we raise it only as something to be  

evaluated.

7.  Recommendations

Continue and accelerate carbon mitigation, but treat pollution elimination as a parallel climate measure 

of equal urgency. Eliminate discharge of lipophilic “forever” chemicals, plastic and black-carbon soot; 

treat all wastewater; and transition towards regeneration of ecosystems and biodiversity on land and at 
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sea. The scale of the wastewater gap is stark: roughly 80% of the world’s wastewater is returned to the 

environment with no treatment at all (WWAP, 2017), and even in the high-income countries that do treat 

it, only a small proportion of plants — of order a tenth — employ the tertiary or advanced stages capable 

of removing microplastic and lipophilic chemicals. Evaluate raising seawater alkalinity, subject to full  

assessment  of  efficacy  and  side-effects.  Establish  standardised,  calibrated  surface-microlayer 

monitoring — building on the citizen-science method here but adding laboratory particle confirmation 

(FTIR/Raman), procedural blanks and replication.

7.1  Scaling up: satellite radar of the sea surface

The point observations here could be extended to the whole ocean surface by remote sensing. The 

biogenic microlayer and its surfactant films damp short capillary waves and smooth the sea surface; in-

situ measurements confirm the biopolymer-rich film sharply reduces surface roughness at low wind, 

collapsing above roughly 6 m s ¹ (Engel et al., 2026). Synthetic-aperture radar (SAR) measures exactly⁻  

this  roughness,  and  has  already  been  used  to  map  ocean  “microplastic”  from surface-roughness 

anomalies (Evans and Ruf, 2022). We suggest, however, that the radar is not sensing plastic directly: at 

realistic  concentrations  microplastic  does  not  measurably  damp  capillary  waves,  whereas 

phytoplankton lipids and exopolymers do, so a SAR slick is in effect a bloom detector. That such slicks 

coincide with high microplastic is exactly what our mechanism predicts — where pollution removes the 

grazing zooplankton, the ungrazed phytoplankton bloom and the surfactants they release smooth the 

surface (Desforges et al., 2015; Tetu et al., 2019; Ma et al., 2020). Because zooplankton also recycle iron 

to the surface through grazing and excretion (Barbeau et al., 1996), their loss lets the iron in the sinking, 

ungrazed bloom be exported rather than replenished, driving the patch toward iron-limited,  high-

nutrient, low-chlorophyll conditions (Tyrrell et al., 2005). HNLC water is no marginal case — roughly a 

quarter of the global ocean, and most of the Southern Ocean (Basterretxea et al., 2023) — so a process 

that manufactures fresh iron-starved patches wherever pollution strips the grazers could extend such 

conditions well beyond the classical iron-limited regions. The low-chlorophyll ocean is in any case  

already growing: the least-productive oligotrophic waters — including the subtropical gyre this transect 

crossed — expanded at 0.8 to 4.3% per year across the Pacific and North Atlantic over the satellite era, 

faster  than  stratification  models  had  predicted  (Polovina  et  al.,  2008).  A SAR-bright,  surfactant-

smoothed, plastic-associated patch is then not a map of plastic but a snapshot of a plankton community 

tipping — grazers gone, a transient bloom, iron recycling failing beneath it — and a testable one, 

predicting a sequence of grazer loss, a chlorophyll pulse, then declining surface iron. We therefore 

recommend evaluating satellite radar of sea-surface roughness as a complement to the in-situ imaging  

here, with the citizen-science stations as ground-truth calibration, to detect at basin scale where the 

plankton community is beginning to tip (Beaugrand et al., 2019).

This bears directly on ocean iron fertilization. Proposed as a way to raise phytoplankton and, through 

them, zooplankton productivity by relieving iron limitation in HNLC waters, the fertilization trials of 
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the past twenty-five years have largely failed: added iron raised primary production but, outside a single 

Southern Ocean experiment, delivered no durable carbon export (Yoon et al., 2018). The reason may not 

be the iron. If these waters are constrained less by iron than by their changing carbonate chemistry and 

the burden of microplastic and partially combusted carbon — with its adsorbed lipophilic toxicants — 

of the kind documented here, then adding iron cannot restore a functioning community, and the bloom it 

provokes is as likely to be transient or toxic as productive (Trick et al., 2010). The near-absence of 

surface plankton reported here is thus a direct caution for such schemes: where water chemistry and 

pollutant load are the true constraints, it is removing that burden, not adding iron, that is the precondition 

for recovery.

8.  Conclusion

Across 352 stations and 51,547 classified particles, the trade-wind Atlantic surface held almost no 

animal plankton above 20 µm, a great deal of combustion and plastic residue, and a particle field 

dominated by its smallest sizes. Not every step in the surface-microlayer hypothesis is settled, and 

throughout we have tried to mark clearly where the evidence ends and interpretation begins. But a  

surface ocean this empty of plankton and this laden with anthropogenic particles is, on any reading, a  

stressed system — and stressed systems of this kind are the ones that tip (Beaugrand et al., 2019; IPBES, 

2019).

Emissions must fall, and urgently. Yet carbon mitigation alone will neither halt ocean acidification nor 

rebuild the microlayer: the discharge of black carbon, lipophilic “forever” chemicals and plastic has to 

fall alongside it. The argument is additive rather than contrarian — cutting carbon is necessary but not 

sufficient. The reason it matters beyond the trade-wind belt is that marine plankton are the ocean’s, and 

in large part the planet’s, life-support system: they generate an estimated 50 to 80% of the oxygen in 

every breath, with the ocean supplying roughly half of global net primary production (Field et al., 1998), 

anchor the marine food web, and drive the biological carbon pump. Remarkably, this planetary life-

support rests on a very small standing stock: the ocean’s primary producers amount to only about 1 Gt of 

carbon — against roughly 450 Gt in land plants — yet sustain a still larger mass of consumers above 

them, an inverted biomass pyramid held up only by the phytoplankton’s rapid turnover (Bar-On et al.,  

2018). A climate framed around carbon dioxide alone leaves this biology out, and with it a second, 

biologically governed control on the sea surface.

The stakes, then, are not only climatic. A disrupted climate is survivable; the unravelling of the fragile 

living systems that produce our oxygen and feed the ocean is a hazard of a different kind. But plankton 

rebound quickly once the pressure is lifted (Laws, 2013; Bar-On et al., 2018), so this is a loss that can 

still  be  arrested.  On  the  evidence  presented  here,  reducing  pollution  is  not  an  afterthought  to 

decarbonisation but a climate measure of comparable standing. Carbon tunnel vision — the reflex to 

treat CO₂ as the only lever — has kept that second control out of sight; restoring marine life belongs  

alongside cutting carbon, not behind it.
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Appendix A: Methods

Sampling filter

The sampling filter is shown in Fig. A1. It is a self-contained cartridge — a Ø50 × 380 mm PVC tube 

with a slip-over end cap, housing two acrylic filter plates (each with one central and four Ø5 mm holes 

on a Ø20 mm pitch circle) within a standard PVC solvent-weld pipe union, and suspended on a Kevlar 

cord (filter designed by Dr Jesús Ramón Barriuso Díez of Calplas, in the Basque Country of Spain; full 

build details  are given in the GOES field guide for  volunteers,  https://goesfoundation.com/water-

sampling-field-guide-for-volunteers/). The design draws a precise 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 an accurate, quantitative measure of the particle content of a known 0.5-

litre volume of water, capturing everything larger than 20 µm.

Figure A1. 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 Ø5 mm filter holes on a Ø20 mm pitch circle, keyed by two Ø5 mm locating 

pins on the outer rim, clear of the Ø50 mm filter paper). The cartridge draws a fixed 0.5-litre sample independent of the vessel’s 

speed through the water and, suspended on its Kevlar cord, filters vertically, capturing all particles above 20 µm. Designed by 

Dr Jesús Ramón Barriuso Díez (Calplas, Basque Country, Spain).

Surface samples were collected by participating crews at ~12-hour intervals (12:00 and 24:00 hrs, local 

time), filtered to ~20 µm, and photographed on digital microscopes at a 5 mm field of view, with 
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position, date and time logged. Positions were taken from image GPS (for the geotagged subset) or from 

the field spreadsheet. Per-image timestamps are available only for the Copepod crossing (8 January – 3 

February  2022);  the  sampling  dates  of  the  other  vessels,  which  crossed  contemporaneously,  are 

referenced to that crossing (Fig. 1). Images were analysed in OpenCV: Hough-circle aperture detection, 

then  segmentation  by  combined  background-subtraction  and  saturation  thresholds;  connected 

components ≥20 µm (scaled by 5 mm / image width) were classified by elongation, saturation, hue and 

darkness, with unresolved objects left unidentified, and every particle sized. The pipeline was cross-

checked against one hand-counted leg. Net-tow validation: a 120 µm plankton net (0.30 m mouth) was 

towed at the surface at ~2 knots for 10 min per haul — ten daytime and four night hauls, mid-Atlantic; 

filtered volume was computed as net mouth area × tow distance. Per-station counts, all particle sizes and 

the crew logs accompany this paper as a supplementary workbook (GOES_ALL_DATA.xlsx).

Data availability

The complete data set underlying this study — the per-station particle counts, the individual particle-

size  measurements  and  the  crew  field  logs  —  is  provided  in  the  supplementary  workbook 

(GOES_ALL_DATA.xlsx)  and  is  openly  archived  in  the  Zenodo  repository 

(https://doi.org/10.5281/zenodo.21477682; Dryden et al., 2026). The crew 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 automated image pipeline and the surface net tow. The ERA5 reanalysis fields used 

for the water-vapour and cloud figures are freely available from the Copernicus Climate Change Service 

(C3S) Climate Data Store, and the MODIS-Aqua chlorophyll-a product from NASA Ocean Color.

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.21477682).  The  particle-

classification image pipeline (OpenCV: filter-aperture detection, segmentation, sizing and classification 

of the microscope images) is available from the corresponding author on reasonable request.
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