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• Airborne and marine microplastics were
sampled during a cruise over the Baltic.

• The concentration, shape, colour, size,
and type of microplastics were recorded.

• Microplastic fluxes and turnover times
were calculated.

• An interplay of atmospheric transport to-
gether with emissions from the sea was
seen.

• Microplastics deposited to the sea could
be re-emitted many times.
⁎ Corresponding author.
E-mail address: luca.ferrero@unimib.it (L. Ferrero).

http://dx.doi.org/10.1016/j.scitotenv.2022.153709
0048-9697/© 2022 Elsevier B.V. All rights reserved.
A B S T R A C T
A R T I C L E I N F O
Article history:
Received 2 November 2021
Received in revised form 1 February 2022
Accepted 2 February 2022
Available online 9 February 2022

Editor: Kevin V. Thomas
Microplastics (MPs) pollution is one of the most important problems of the Earth. They have been found in all the nat-
ural environments, including oceans and the atmosphere. In this study, the concentrations of both atmospheric and
marine MPs were measured over the Baltic along a research cruise that started in the Gdansk harbour, till the Gotland
island, and the way back. A deposition box (based on a combination of active/passive sampling) was used to collect
airborne MPs while, marine MPs concentrations were investigated during the cruise using a dedicated net. Ancillary
data were obtained using a combination of particle counters (OPC, LAS and CPC), Aethalometer (AE33 Magee Scien-
tific), spectrofluorometer (sea surface samples, Varian Cary Eclipse), and meteorological sensors. Results showed air-
borne microplastics average concentrations higher in the Gdansk harbour (161 ± 75 m−3) compared to the open
Baltic Sea and to the Gotland island (24 ± 9 and 45 ± 20 m−3). These latter values are closer to the ones measured
in the sea (79± 18m−3). TheMPs composition was investigated using μ-Raman (for the airborne ones) and FTIR (for
marine ones); similar results (e.g. polyethylene, polyethylene terephthalates, polyurethane) were found in the two en-
vironmental compartments. The concentrations and similar composition in air and sea suggested a linkage between
the two compartments. For this purpose, the atmospheric MPs' equivalent aerodynamic diameter was calculated (28
± 3 μm) first showing the capability of atmospheric MPs to remain suspended in the air. At the same time, the com-
puted turnover times (0.3–90 h; depending on MPs size) limited the transport distance range. The estimated MPs sea
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emission fluxes (4–18 ∗ 106 μm3 m−2 s−1 range) finally showed the contemporary presence of atmospheric transport
together with a continuous emission from the sea surface enabling a grasshopper long-range transport of microplastics
across the sea.
1. Introduction

Plastic pollution is one of the most important problems of the Earth as a
whole connected environment. The worldwide extensive consumption of
plastic materials, due to the low cost of production and their versatility,
generates severe environmental consequences (Rocha-Santos and Duarte,
2015). Peng et al. (2020) reviewed the current state-of-art of both
microplastics (MPs) and nanoplastics into the oceans finding that (in
2017) the yearly flux of plastics into the oceans was more than 33 times
of the total amount of plastics present in the oceans themselves until
2015, ~15–51 ∗ 109 MPs fragments and ~93–236 ∗ 103 tons of MPs
(Van Sebille et al., 2015). Moreover, a further increase of ~33 ∗ 109 tons
is expected by 2050 (Plastics Europe, 2020).

Consequently, the growing interest of the scientific community on MPs
has been mainly focused on the marine environment (SAPEA, 2019;
GESAMP report, 2015, 2017). However, MPs have been found in several
environmental compartments, e.g. in inland freshwater (Wagner and
Lambert, 2018), in the Alp and Tibetan glaciers (Zhang et al., 2021;
Ambrosini et al., 2019), in the Antarctic (Waller et al., 2017), in seafloor
and sediments (Van Cauwenberghe et al., 2015) and in the air (Gasperi
et al., 2018; Dris et al., 2016).

MPs can be classified into two categories: primary and secondary
microplastics (Bergmann et al., 2015). Primary microplastics are those re-
leased (accidentally or intentionally) directly into the environment (Peng
et al., 2020; Dris et al., 2016; Vandermeersch et al., 2015); secondary
MPs are generated by the degradation of the biggest plastic litters by phys-
ical, chemical, and biological processes (Bergmann et al., 2015) into small
pieces until microscopical dimensions (Song et al., 2017; Andrady, 2011)
or even nanosize (Peng et al., 2020).

Due to their small size and low density, MPs can be suspended into the
atmosphere by wind or air turbulence and can persist in the atmosphere for
extended periods (Cai et al., 2017; Dris et al., 2016); in fact, MPs density
(0.9–1.4 g cm−3 for the most common plastics, Liu et al., 2019a) appears
considerably lower than the one of atmospheric dust transported in the at-
mosphere (on average 2.6 g cm−3; Ferrero et al., 2014) suggesting the pos-
sibility of atmospheric transport of MPs.

Airborne MPs (hereinafter AMPs) has been found in the urban atmo-
sphere (Liu et al., 2019b; Dris et al., 2016). González-Pleiter et al. (2021) in-
vestigated the occurrence of MPs within and above the planetary boundary
layer finding concentrations ranging from 1.5 m−3 above rural areas to
13.9 m−3 above urban areas. Allen et al. (2019) observed atmospheric MPs
deposition in remote, pristine mountain sites (average MPs deposition: 365
± 69m−2 d−1) highlighting the possibility that MPs can persist in the atmo-
sphere and be long-range transported as also underlined by other authors
(Abbasi et al., 2019; Klein and Fischer, 2019; Liu et al., 2019a). Once inhaled,
MPs can be subjected to clearance mechanisms (Prata, 2018) causing inflam-
mation, e.g. resulting from the release of reactive oxygen species (Wright and
Kelly, 2017; Gasperi et al., 2018) as evidenced in some organisms, such as
Brachionus koreanus and Dicentrarchus labrax (Barboza et al., 2018; Jeong
et al., 2016). Moreover, MPs, can persist in extracellular lung fluid for a
long time, allowing accumulation with adverse health effects (Law et al.,
1990) which can be enhanced by the inner property of MPs to act as a vector
for carcinogenic pollutants (e.g. polycyclic aromatic hydrocarbons,
polychlorinated biphenyls, heavy metals) that can also adsorb and accumu-
late on MPs (Han and Currell, 2017; Reisser et al., 2014). Thus, MPs are an
emergent component of air pollution (Tourinho et al., 2019; Liu et al.,
2019b; Barboza et al., 2018; Gasperi et al., 2018; Wright and Kelly, 2017).

Despite those studies, the knowledge of MPs pollution in the air is still
limited and both Chen et al. (2020) and Zhang et al. (2020) concluded
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that further studies are needed to identify the concentrations of AMPs
and their exchange with different environmental compartments. The air-
sea exchange of MPs is a field of great interest. Recently, Liu et al.
(2019a) investigated the occurrence of AMPs over the west Pacific Ocean
showing that they are an important source of MPs in the ocean (e.g. textile
microfibres). Conversely, Allen et al. (2020) examined the oceans as a po-
tential source of AMPs finding them in the marine boundary layer. In fact,
it is known that sea spray emissions represent the largest aerosol sources
in the atmosphere (~4000–8000 Tg y−1; Spada et al., 2013) when com-
pared with all the other aerosol emissions either from natural and anthro-
pogenic sources. As the ocean represents a vast MPs reservoir (Van Sebille
et al., 2015), the high amount of sea spray emissions could inject high quan-
tity of MPs into the atmosphere (Wright and Kelly, 2017); in particular
floating MPs can reach up to 90% of the total waste stream in some areas
(Moore, 2008). Strong winds can therefore enable a reemission from the
ocean into the atmosphere (Allen et al., 2020).

Thus, this study aims at investigating the possible role of air-sea interac-
tion by quantifying both airborne and marine MPs in the Baltic Sea area; in
this respect, the Baltic Sea is a semi-enclosed basin where several urban
settlements lie along its coasts. The present study represents the first
evaluation of the distribution of MPs carried out simultaneously in
that sea and in its marine boundary layer of atmosphere providing (at
the same time) a preliminary understanding of the sea-air interaction
mechanism.

2. Methods

2.1. Measuring campaign

Airborne and marine MPs samples were collected during an oceano-
graphic cruise carried out on the Baltic from 16th to 31th October 2019
on board the oceanographic research vessel Oceania (Institute of Oceanol-
ogy Polish Academy of Sciences) (Fig. S1a–b) (Ferrero et al., 2019). The
trip started in the Gdansk harbour, the ship circumnavigated the Hel penin-
sula and went back to Gdansk then left the harbour toward the open Baltic
Sea until Oceania reached the eastern side of the Gotland island
(Östergarnsholm), in the middle of the Baltic; then Oceania went back to
Gdansk. The trip covered 960 km in a 12,800 km2 area. For data analysis
purpose the whole campaign was divided in four areas of investigation:
Gdansk harbour, Hel peninsula, Baltic Sea and Gotland island (Fig. 1).
This has been done mainly to separate areas affected by the presence of
local anthropogenic sources (i.e. in the Gdansk harbour and Hel peninsula)
from the others. During the cruise MPs samples were collected from the at-
mosphere along the route and from the sea during the vessel stations (7 sta-
tions; Fig. 1).

The Gotland island was chosen as the arrival destination because it
hosts a land-based reference measuring station for sea-spray fluxes
(Östergarnsholm station; 57°26′07.3″N19°00′58.0″E). The Östergarnsholm
research station is part of the ICOS (Integrated Carbon Observatory Sys-
tem). In the station, there are two main towers: a first 30 m high tower is
dedicated to air-sea phenomena observations since 1995 (mainly carbon di-
oxide and momentum fluxes, Rutgersson et al., 2020) while, a second 10 m
high tower (runs by StockholmUniversity) is dedicated to aerosol fluxmea-
surements. The aerosol tower is equipped with ultrasonic asymmetric ane-
mometer Gill HS50, open-path infrared gas analyser (Licor 7500, LI-COR,
Inc., Lincoln, NE, USA), an optical particle counter (OPC Model 1.109,
Grimm Ainring, Bayern, Germany) and a condensation particle counter
(CPC TSI 3762, TSI Inc., Shoreview, MN, USA). The detailed specification
of the set-up is given by Rutgersson et al. (2020).



Fig. 1. Route of the Oceania during the Baltic cruise with airborne microplastics (Cx) and marine microplastics (Mx) sample location.

L. Ferrero et al. Science of the Total Environment 824 (2022) 153709
2.2. Airborne microplastics sampling and determination

2.2.1. Sampling and visual inspection
Several methods are reported in literature describing how to sample,

collect and visually inspect the AMPs; the twomost important being related
to passive collectors (e.g. through a funnel and into a glass bottle) or to ac-
tive air pumping and filtering (Zhang et al., 2020; Chen et al., 2020).

Both of them present advantages and limitations. As reported in Zhang
et al. (2020), in the active method the volume of filtered air is known
enabling standardising the protocol for the collection. However, passive at-
mospheric deposition samplers provide an indication of the quantity of MPs
falling onto a surface or into an ecological system. Thus, Zhang et al. (2020)
recommended the synergic use of passive and active samplers.

Given the aforementioned sampling features, in this study, total
suspended airborne microparticles (TSmPs, among which the AMPs subset
is contained; González-Pleiter et al., 2021) were collected using a specifically
designed “Deposition Box” (Fig. S1c) aimed at TSmPs collection and deposi-
tion on the sampling substrate (details of the “Deposition Box” are reported
in Ferrero et al., 2018a). The “Deposition Box” is a 50 × 50 × 20 cm3 box
covered by a pitched roof to avoid sample heating and degradation and any
influence of meteorological parameters inside it (e.g. wind and rainfalls).
The “Deposition Box”uses a combination of active and passive sampling char-
acteristics to achieve the aforementioned goals and overreach the limitations
related to just one sampling method. In fact, the “Deposition Box” is
characterised by an intake flow rate of 1.5 m3 h−1 (air exchange rate of 30
h−1); this flows, within the 50 × 50 cm2 samples holding room, turns into
a linear air speed of 0.002 m s−1 which is lower than any ambient wind
speed. As a result, within the “Deposition Box,” a passive collection of
TSmPs (and thus also of AMPs) occurs on the chosen sampling substrate.
Thus, the “Deposition Box” ensures a continuous sampling of ambient air
and, at the same time, leaves calm conditions inside it, allowing that the sub-
sequent dry deposition isolate airborne particles one from each other (instead
of stacking them all together as in classical atmospheric particle sampling via
filtration). The efficacy of the “Deposition Box” has been previously validated
in Ferrero et al., 2018a in which the absence of any sampling artefact on the
size distribution of atmospheric particles was addressed. Moreover, an inves-
tigation of AMPs equivalent aerodynamic diameter (Sections 2.4.1 and 3.3.1)
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shows an average of 28 ± 3 μmmaking the “Deposition Box” perfectly suit-
able for the AMPs sampling.

The “Deposition Box”was placed on the ship's balcony (Fig. S1b). Glass
microscope slide substrates (26 × 76 mm2) were chosen to collect TSmPs
ensuring the subsequent μ-Raman analysis of the samples (Section 2.2.2).
Microscope slides have been cleaned with ultra-pure water (Milli-Q®)
and acetone, prior to the campaign, and placed into aluminium sealed
shells (previously cleaned too). Subsequently, the glasses were secured on
the deposition box stainless steel grid and, at the end of the sampling,
placed again in the aluminium boxes to ensure the lowest contamination.
All these operations were conducted with wearing gloves and lab coats.
Subsequently, the collected samples collected were inspected using a ste-
reomicroscope (Leica M80) and the observed particles were counted visu-
ally. Later, TSmPs images were recorded both using optical camera Leica
ICC50W installed on a dedicated Leica DM750P microscope and using the
Leica stereomicroscope embedded in the Renishaw™ μ-Raman
(Section 2.2.2) allowing the quantification of microparticle length and
width. Length and width were measured using the segmented line tool,
and straight line tool respectively. The width was measured in three ran-
dom points and then an average width was calculated. Typical images are
reported in Fig. 2 and described in Section 3.1.

To quantify the contamination of samples handling, blank samples have
been collected every day along the cruise and observed with the same pro-
cedure described above. Thus, they were exposed for the same time of am-
bient samples to the laboratory environment under the stereomicroscope.
The obtained detection limit (mean±3 ∗ standard deviation)was of 13mi-
croparticles on each microscope slide (26 × 76 mm2). In this respect,
Fig. S2 (Supplementary data) reports an example of microscope map im-
ages of both a sample and blank specimens; the lower contamination of
the blank microscope slide (compared to the sample) is clearly visible.

By the knowledge of the number of microparticles deposited on each
microscope slide, the deposition area inside the “Deposition Box” and its
sampling flow-rate the TSmPs concentration (NTSmPs) is determined as
follows:

NTSmPs m−3� � ¼ NC−DL
As

∙
ADB

V
(1)



Fig. 2. Pictures of typical TSmPs sampled from the atmosphere in this study. Fibres of different colours, i.e. red fibres (a, e, l), transparent fibres (b, h, i), purple/darkfibres (d,
g, l), blue fibres (f), green fibres (m) and fragments (c). (a) Polyethylene; (b, h) polyethylene terephthalate; (d, i, m) natural; (e, g, l) polyester; (c, f) not analysed in μ-Raman.
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where NC is the number of microparticles counted over each microscope
slide and DL is the average blank detection limit determined as above; As

and ADB are the areas of the microscope slides and the holding chamber
of the deposition box, respectively; finally V is the sampled volume of air
determined knowing the sampling flux (1.5m3 h−1) and the sampling time.

It is noteworthy that in this first investigation step, the TSmPs (among
which AMPs are present) were visually selected following the recommen-
dations resumed in Zhang et al. (2020). For this purpose, a microparticle
(candidate to be an AMP, see Section 2.2.2) was selected when: 1) had no
biogenic structures (e.g. cellular), 2) fibres presented a relatively or consis-
tent thickness along their entire length and illustrate three dimensions,
3) fragments and films had relatively homogeneous colouring and illustrate
4

a level of transparency or clarity 4) aged plastic had irregular shapes with
broken and sharp edges 5) the particles had colour ranging from transpar-
ent and variations of white to bright orange, blue, green and purple till
black. Examples are reported in Fig. 2.

Thus, from the aforementioned guidelines, it follows that the TSmPs
represent the number concentration of atmospheric microparticles among
which AMPs can be present.

2.2.2. μ-Raman analysis
After the visual analysis, the collected samples were analysed via μ-

Raman. Non-polarized micro-Raman spectra were obtained in a nearly
backscattered geometry with a μ-Raman, inVia Renishaw™ combined
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with a Leica stereomicroscope (4magnification 5×-20×-50×-100×) and
amotorized x–y stage. The CCD detector has a spectral resolution FWHMof
0.5 cm−1, in the spectral range between 100 and 4000 cm−1). The appara-
tus is equipped with two laser sources with two fixedwavelengths: 532 and
785 nm. Calibration was made using an integrated internal standard of Sil-
icon wafer before each experimental session. To enhance the Raman scat-
tering and permit a better vision of single fibres, a polished aluminium
foil has been placed on a slide and used as a support for the analysis, as al-
uminium enhances the Raman signal by amplifying the electron cloud den-
sity around metallic structures; the polished Aluminium slide was placed
below the glass slide over which TSmPs were collected (no transfer of
TSmPs was performed) enabling the Raman signal enhancement as the mi-
croparticleswere very close to themetallic surface (Puchowicz et al., 2019).
This solution increases the visibility and the number of counts while reduc-
ing the noise as previously performed by Carlomagno et al. (2021).

The Raman spectra were measured by centring the spectral range on
1090 cm−1 and using the 532 nm laser. The magnification for all the sam-
ples was regulated between 5× and 100× depending on the fibre or parti-
cle size. Laser power was controlled in order to avoid heating effects and
microparticle combustion or thermal degradation. In this respect, a quick
1 second test, with 5 accumulations and the intensity of the laser fixed at
50%, was carried out at the border of each microparticle; if too intense,
60 accumulations of 1 s with a laser intensity of 5–10% was used. Thus
all single microparticles were manually analysed and a total of 236
Raman spectrawere collected, representing 27% of the visually identified
microparticles (Section 2.2.1), in keeping with the number of the
analysis reported by González-Pleiter et al. (2021), by Liu et al.
(2019a) and higher than the 27 ones analysed in Szewc et al. (2021).
Finally, the baseline was subtracted to each spectrum in order to remove
the background noise.

The collected spectra were classified comparing the unknown spectrum
with two different libraries. The first one is the Rainshaw built-in library of
polymers; the second one is an in-house library prepared analysing the
spectra of industrial pure plastics provided by the Italian plastic factory
Orlandi&Orlandi srl (reference spectra are reported, normalized between
0 and 1, in Table S1) bringing additional information to the classification
process improving the efficiency of Raman libraries as discussed in Zhang
et al. (2020). Moreover, additional spectra from surgery masks were col-
lected to control any possible contamination since most of the analyses
took place during the pandemic period. However, results show that sample
contamination from masks fibres was avoided. A threshold of 65%
matching was considered to positively identify a plastic according to the
study by González-Pleiter et al. (2021) and higher than the 60% used by
Liu et al. (2019a, 2019b).

More in detail, the collected microparticles were classified in different
classes following the approaches reported by Liu et al. (2019a, 2019b)
and byGonzález-Pleiter et al. (2021): 1) AMPs, 2) artificial (e.g.fibres of ex-
truded cellulose), 3) natural fragments/fibres (e.g. cellulose, wool-like,
cotton-like, lignin-like material based on spectra made available for cour-
tesy by Pandey et al., 2015), and 4) unclassified (microparticles with
matching with standard spectra <65%).

Given the aforementioned approach the final AMPs concentrations
(NAMPs) were computed as follows:

NAMPs m−3� � ¼ NTSmPs ∗ Rf (2)

where Rf represents the fraction (0–1) of AMPs in the collected samples
identified using the Raman as above. The results of the classification are re-
sumed in Section 3.1. As not all the collected spectra were classified, it is
supposed that the concentration of organic materials that are floating on
the sea surface is enough to coat in some cases the microplastic particles
and interfere with the μ-Raman analyses via the fluorescence process as
the Raman spectroscopy works on the surface. To check the possible pres-
ence of organic interfering material in the Baltic, spectrofluorometric mea-
surements of seawater samples were carried out (Section 2.4.2) and the
samples already analysed via Raman were submitted to μ-FTIR analysis (a
5

spectroscopy that works through the material) which is less affected by
biofilms. The methodology and results are reported in Supplementary
data as beyond the main aim of the present work.

2.3. Marine microplastics sampling and determination

Marine MPs (MMPs) were investigated using a dedicated HydroBios
microplastic 300 μm mesh net (product number 438 214), which allowed
surfacewater sampling (Fig. S1d).MMPs need afiltration using netwith ap-
propriate mesh to separate particles from the solution, thus introducing a
minimum size cut-off. A net with a lower mesh allows the separation of
smaller particles and provides lower cut-off but on the other hand, it can
get clogged and lose its filtration properties very quickly, especially in
such eutrophicated, plankton rich, sea as the Baltic. Therefore we decided
to use the 300 μm mesh, as it is commonly used, allowing the filtration of
high volumes of water (on average 658 ± 60 l per sample) avoiding the
net clogging.

The net frame has a dimension 70× 40 cm2 (width× height) and two
lifting bodies attached in themiddle of the frame so that only thefirst 20 cm
of the surface seawater was sampled. The net was towed from the side of r/
v Oceania with a speed of 1.5–2.0 knots, for 5–15 min. The volume of each
trawl was calculated as a function of trawl distance (time × speed) and a
half of the frame area. After the trawl, the net was rinsed from outside
and the content of the net-bag was transferred with a wash bottle contain-
ing filtered freshwater (on a 32 μm mesh) to a glass jar with a metal cap,
previously rinsed with filtered water. The jars containing samples were
kept frozen until laboratory analysis.

In the laboratory, each sample was unfrozen and sieved with a 32 μm
mesh sieve. All large objects like birds feathers, leaves, bodies of larger or-
ganisms, were removed. The material that was retained on the sieve, was
rinsed with filtered water to the same glass. Then a 36–38% hydrogen per-
oxide (H2O2) was added in a proportion to the sample 1:1. Next, the jar was
coveredwith a metal cap and put in an air incubator set to 55 °Cwith a stir-
ring basis set to 80 rpm speed for 24 h to dissolve the organicmatter and left
for at least 48 h in a room temperature afterwards. Next, the solution was
sieved on a 32 μm mesh sieve and the retained material was inspected
under Leica M205C stereomicroscope. MPs were enumerated,
photographed using an attached camera (Leica DFC450). MPs were investi-
gated according to shape (fibres, particles and aggregations of fibres) and
colour (black/blue, green, red, transparent and yellow). Additionally,fibres
were measured in Fiji software (Schindelin et al., 2012). Length and width
were measured using the segmented line tool, and straight line tool respec-
tively. Thewidthwasmeasured in three randompoints and then an average
width was calculated.

FTIR was used to identify MMPs type. Prior to the measurement, the
aqueous solutions from MMPs were vacuum filtered on a 0.45 μm mem-
brane. Then they were left to dry for a minimum of 24 h at room tempera-
ture. The infrared spectrum measurement was performed with the KBr
pellet technique using a Nicolet iS5 Fourier spectrometer (Thermo Scien-
tific) in transmittance mode. The spectra were obtained after 32 scans in
a range from 4000 to 500 cm−1 with a resolution of 4 cm−1.

2.4. Ancillary data

2.4.1. Atmospheric measurements and modelling
Meteorological parameters have been monitored to understand how

they can affect the AMPs concentration. The primary meteorological prop-
erties (i.e. temperature, humidity and pressure) were measured using
Vaisala Meteorological probe (WXT536). The device was situated in front
of the measurement platform at the same altitude as the aerosol system.
The wind speed and direction was measured by the acoustic anemometer
(OMC-118 Ultrasonic Wind Sensor of the Observator Instruments) situated
on the bow of the ship at 10 m above the sea surface. The measured appar-
ent wind speed and direction from the anemometer were recalculated to
true wind speed and direction using ship's navigation data (heading,
speed and course over ground).
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Moreover, aerosol number size distribution was also monitored using
two aerosol particle counters: optical particle counter OPC-n3 (Alphasense
systems) and a laser aerosol spectrometer TSI 3340 (LAS). The OPC-n3
measures the aerosol number size distribution from 0.35 to 40 μm (optical
diameter) in 16 size bins. The LAS spectrometer provides aerosol size distri-
bution in the 0.09–7.5 μm in 99 bins. The concentrations were corrected to
gravitational and diffusion losses in sampling tubing. Devices were situated
on the foremast of the ship 10 m above sea level. Measurement series were
averaged to 10 min of temporal resolution. The number size distribution
data were used to quantify the percentage of AMPs on total aerosol concen-
tration as follows:

%AMPs ¼ NAMPs

N þ NTSmPs>40 μm
� � ∙100 (3)

where N represents the aerosol number concentration measured from
90 nm to 40 μm combining LAS and OPC data. By adding the TSmPs num-
ber concentration (for size > 40 μm) to the one measured by LAS and OPC,
the total number concentration of measured suspended particles from
nanometers up to millimeters is accounted for.

During the period of measurements near the Östergarnsholm station
(Gotland island) the additional measurements of total concentration from
station's CPC 3762 was used for fluxes determination (see below).

Finally, the influence of primary anthropogenic emissions on AMPs con-
centrations was investigated by using the equivalent black carbon (eBC) as
a proxy of primary anthropogenic impact on the atmosphere; eBCmeasure-
ments were carried out, at 1-minute time resolution, using a 7 wavelengths
(370, 470, 520, 590, 660, 880 and 950 nm) Aethalometer AE-33 (Magee
Scientific) equipped with a tetrafluoroethylene (TFE)-coated glass filter
(Pallflex “Fibrefilm” T60A20) and a drier (Drinovec et al., 2015; Ferrero
et al., 2018b, 2021a,b).

In addition tomeasured data, atmospheric modelling ancillary informa-
tion was used. Back-trajectories were calculated using the Hysplit model
fed by NCEP GDAS 0.5 × 0.5 degree meteorological data; the back-
trajectories were propagated for 48 h reaching a final altitude of 10 m a.s.
l. Hysplit outputs also embedded the atmospheric boundary layer height.
From the boundary layer height, the submicrometric aerosol lifetime in
the boundary layer was defined by considering the so-called turnover
time τ (Nilsson and Rannik, 2001). For non-precipitating, cloud-free condi-
tions the turnover time is as follows:

τ h½ � ¼ HPBL

vd
(4)

where HPBL is boundary layer height (determined using Hysplit, see above)
and vd is dry deposition velocity for given aerodynamic diameters equiva-
lent range of AMPs in marine condition (details of vd calculations are re-
ported in Supplementary data). At this purpose, the properties of air
masses available from the Hysplit model were used. A similar approach
was yet successfully applied by González-Pleiter et al. (2021) and reference
therein (e.g. Allen et al., 2019; Aneja et al., 2006; Kallos et al., 2007; Reche
et al., 2018).

The sea spray volume flux (FVtSS) was estimated based on Salter et al.
(2015) function and the AMPs volume flux was estimated based on the
so-called dry deposition method (Lewis and Schwartz, 2004; Savelyev
et al., 2014):

F dp
� �

m−2 s−1
� � ¼ vd ∗NAMPs (5)

where vd is the dry deposition velocity and NAMPs is the AMPs number con-
centration (see Supplementary data for further details). This approach is
based on the fact that deposition and emission flux balance each other in
a steady state condition as done in Savelyev et al. (2014) (see
Section 3.3). The assumption under this method is existence of a steady
state condition between emission and deposition flux in the marine bound-
ary layer. This assumption is justified when the marine boundary layer is
saturated by aerosols emitted from sea surface. This approach allowed us
6

to estimate the relation between MPs flux and sea spray. For long enough
saturation times (the reason for application of turn over times and Hysplit
trajectories analysis) the sea spray is supposed to be dominant in the
lower troposphere (compared to other sources) and responsible for MPs
emission. Finally, F(dp) was also recalculated as a volumeflux (based on ob-
tained fibres dimension).

To unravel the possibility that AMPs can both be transported far away,
both from land to the sea and once re-emitted from the sea surface, their
equivalent aerodynamic diameter was calculated as reported in Gonda
and Abd El Khalik (1985); the fibres (which represented 98% of the sam-
pled AMPs) were treated in terms of prolate spheroids as follows (Harris
and Fraser, 1976):

Dae,r m½ � ¼
ffiffiffi
3
2

r
∙ d ∙

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ρ
ρ0

0:385
ln 2β−0:5 þ 1:230

ln 2βþ0:5

vuut (6)

where Dae,r represents the equivalent aerodynamic diameter of a corre-
sponding equivalent prolate spheroids (randomly oriented in the atmo-
sphere) with the same settling velocity of each real fibre, d is the fibre
width, β is the axial ratio of the fibre (length/width), ρ is the density of
thefibre (depending on the plastic polymer) and ρ0 represents the reference
unit density (1 kg m−3).

As the atmosphere can suspend particles up to 100 μm (Seinfeld and
Pandis, 2006) a crucial aspect becomes the viscous drag force (Fd) exerted
by the wind and compared to the gravitational ones (Fg) for each fibre, as
follows (Gonda and Abd El Khalik, 1985):

Fd N½ � ¼ 3πηuDae,r

ffiffiffiffiffi
ρ0
ρ

r
(7)

Fg N½ � ¼ Vρg (8)

where η represents the air viscosity (computed at the average pressure and
temperature of the cruise campaign), u is the wind speed and V is the geo-
metric volume of each fibre.

2.4.2. Marine data
Ancillary marine data contain the data of temperature and salinity of a

surface layer measured using the Sea-Bird SBE 19 plus sensor. In addition,
spectrophotometric and spectrofluorometric measurements of seawater
samples were carried out on 41 seawater samples collected from Gdansk
to Gotland using a metal Garret's net of 500 μm mesh allowing collecting
the top-layer of seawater (~1 mm); the methodology is detailed in Supple-
mentary data.

3. Results and discussion

This section introduces first the AMPs concentrations and classification
(Section 3.1) followed by the corresponding MMPs data in Section 3.2. Fi-
nally, in Section 3.3 the atmospheric environmental context of the cam-
paign is detailed and the sea–air interaction linking AMPs and MMPs is
investigated.

3.1. Airborne microplastics (AMPs)

TSmPs were first visually identified as shown by the examples reported
in Fig. 2a–m. Following the guidelines resumed in Section 2.2.1, the identi-
fied TSmPs (candidate to be AMPs) presented a relatively or consistent
thickness along their entire length, with a 3D structure, and a relatively ho-
mogeneous colouring, irregular shapes with broken and sharp edges. In
particular, both fibres and fragments were detected (Fig. 2a–m) being the
first ones completely dominant (98% of TSmPs while only 2% were frag-
ments; Fig. 2c). The fibres were characterised by different colours, i.e. red
fibres (Fig. 2a, e, l), transparent fibres (Fig. 2b, h, i), purple/dark fibres
(Fig. 2d, g, l), blue fibres (Fig. 2f) and green fibres (Fig. 2m).
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After the identification, TSmPs were counted and their atmospheric
concentration was determined accordingly to Eq. (1) (Section 2.2.1). In
this respect, TSmPs were above the detection limit in all samples (with
just one exception: C15 when Arctic air masses arrived, see Section 3.3,
Table 1 and Fig. 3a) indicating a ubiquitous presence of microparticles in
the atmospheric marine boundary layer of the Baltic Sea. TSmPs ranged
from 0 to 682 m−3 with an average concentration of 171 ± 47 m−3

which corresponds to a deposition rate of 0.87 ± 0.30 cm−2 d−1. The ob-
served atmospheric TSmPs concentrations were higher than the micropar-
ticles concentrations (15–70 m−3) detected within and above the
planetary boundary layer by González-Pleiter et al. (2021). The highest
concentrations (TSmPs: 388 ± 151 m−3) were found in the Gdansk
while, in the Baltic open Sea and at the station of Gotland island, the
TSmPs concentrations decreased to 91± 34 and 168± 64m−3. Similarly,
the eBC (as an anthropogenic marker; Fig. 3a) reached the maximum con-
centrations in Gdansk (13.77 μg m−3) with average concentration close
to the Poland coast (Gdansk harbour + Hel peninsula) of 4.73 ± 2.28 μg
m−3, ten times higher than the one measured in the open Baltic Sea (0.40
± 0.12 μg m−3).

The collected TSmPs were analysed via μ-Raman enabling the spectra
identification (Fig. S3) to classify the collected TSmPs among AMPs, artifi-
cial natural and unclassified ones (Fig. 3a, b). With respect to this, overall,
AMPs accounted for 32± 5% of the TSmPs in keeping with the percentage
(29%) reported by Dris et al. (2016) (Fig. 3a, b). μ-Raman spectra showed
thatmost of the plastic particles identifiedwere composed of polycarbonate
(PC; 35.5%), polyethylene (PE, 11.8%), polyethylene terephthalate (PET;
5.3%), polyurethane (PU; 5.3%) polyamide (PA; 2.6%) and other polyester
fibres (PES; 39.5%; non-PC non-PET) (Fig. 3c).

From the aforementioned analysis AMPs concentrations were obtained
as reported in Eq. (2) (Section 2.2.2) and are reported in Fig. 3a; AMPs
ranged from 0 to 301 m−3 with an average concentration of 60 ± 21
m−3. The highest concentrations (161 ± 75 m−3) were found in Gdansk
harbour and decreased moving to the open Baltic Sea and close to the Got-
land island: 24 ± 9 and 45 ± 20 m−3, respectively. These values are in
keeping with the one of 19 m−3 found by Allen et al. (2020) along the
coast and not directly over the sea.

Interestingly, the percentage of the different TSmPs classes (i.e. unclassi-
fied, natural, artificial and AMPs - in the function of the location along the
cruise; Fig. 3b) shows that not only the absolute concentration of AMPs de-
creased moving from the Poland coast to the open Baltic Sea, but also the
AMPs fraction, being 41.7±4.0%and 26.6±0.1%, respectively; conversely,
the natural contribution to the TSmPs increased, being 38.2±4.9% and 53.8
± 4.9%, respectively at the Poland coast and over the Baltic Sea. The unclas-
sified fraction remained instead stable, being 20.1±1.4%at the Poland coast
and 19.1 ± 2.2% over the Baltic Sea, respectively (Fig. 3b).

The aforementioned results are investigated in Section 3.3 with respect
both to the possible land-to-ocean transport of AMPs (as suggested by Liu
et al., 2019a) and with the MMPs re-emission in the atmosphere by sea
Table 1
Identification code, location, time, sample time and concentrations of all total suspended
the research cruise.

Sample ID Location Start time (UTC) End tim

C1 Gdansk Harbour 16/10/19 15:56 18/10/
C3 Baltic Hel Peninsula 18/10/19 12:12 20/10/
C4 Baltic Hel Peninsula 18/10/19 12:12 20/10/
C5 Gdansk Harbour 20/10/19 17:13 21/10/
C7 Baltic open sea 21/10/19 08:03 22/10/
C8 Baltic open sea 21/10/19 8.03 23/10/
C10 Baltic open sea 23/10/19 10:40 24/10/
C11 Gotland Island 24/10/19 07:44 25/10/
C12 Gotland Island 25/10/19 06:50 26/10/
C13 Gotland Island 26/10/19 10.30 27/10/
C14 Gotland Island 27/10/19 11.40 28/10/
C15 Baltic open sea 28/10/19 07:30 29/10/
C16 Baltic open sea 29/10/19 07:35 30/10/
C17 Gdansk Harbour 30/10/19 08:35 31/10/
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spray spume drops as reported by Allen et al. (2020). Finally, the possible
role of organic material (emitted in the atmosphere together with MPs by
sea spray spume) on AMPs classification and quantification (in keeping
with Eq. (2), Section 2.2.2) is discussed in Supplementary data.

Coupling μ-Raman classification with the microparticle size (deter-
mined as reported in Section 2.4.1), the length and width statistics of
TSmPs were obtained for each microparticle class (Fig. 4), namely:

- AMPs were characterised by an average length and width of 427 ± 59
and 17 ± 2 μm (median values: 158 and 12 μm)

- natural were characterised by an average length and width of 509±47
and 25±3 μm(median values: 380 and 17 μm)with a broad length dis-
tribution without a clear mode

- unclassified fibres instead were characterised by an average length and
width of 210 ± 83 and 14 ± 5 μm (median values: 56 and 4 μm).

Artificial MPs were not considered as they were just a couple of fibres.
The above data highlight a difference between AMPs and natural micropar-
ticles, the first ones being characterised by lower length and width espe-
cially considering their median values (−58 and −30%, respectively). A
possible explanation (that requires additional studies) could be related to
different densities between AMPs and natural microparticles. In fact, the
density influence the fibre equivalent aerodynamic diameter (Eq. (6)) in
the atmosphere; the equivalent aerodynamic diameter increase with den-
sity thus implying that microparticles with higher density requires lower
sizes to remain suspended into the atmospheres. The shape and the density
(0.9–1.4 g cm−3 for the most common plastics, Liu et al., 2019a) of these
materials are comparable to that of atmospheric aerosol (~1.5 g cm−3;
D'Angelo et al., 2016; Seinfeld and Pandis, 2006) making it possible for
them to be stationed in the atmosphere even for a relatively long time, as
detailed by Allen et al. (2019) that found the longest MPs fibres in the re-
mote mountain with a length of 3000 μm. Thus, intense wind conditions
(Section 3.3) should be important for the transport of these pollutants. A de-
tailed calculation of AMPs aerodynamic diameter and the related turnover
time is reported in Section 3.3.

Unclassified microparticles showed the lower sizes, being much closer
to AMPs than to natural MPs ones; based on this information we can spec-
ulate that they could be AMPs not identified via μ-Raman (e.g. due to pos-
sible coating interference) suggesting to deep this aspect in future studies.

3.2. Marine microplastics (MMPs)

In total 206 MMPs were identified with a visual inspection (Fig. S4).
Most of them (97%) were fibres, the rest consisted of aggregations and par-
ticles (Fig. 5a). At most stations blue/black fibres dominated (from 76 to
89%) with two exceptions where their contribution was lower (25 and
46%) and transparent fibres dominated (62 and 38%) (Fig. 5b). Red fibres
were also relatively abundant (2–19%). Yellow and green fibres were fewer
as they were noted at only two stations respectively, with relatively low
microparticles (TSmPs) and airborne microplastics (AMPs) samples collected along

e (UTC) Samp. time (h) TSmPs (m−3) AMPs (m−3)

19 12:00 44.07 306 135
19 17:13 53.02 80 37
19 17:13 53.02 97 46
19 07:57 14.73 682 301
19 11:54 27.85 79 21
19 10:40 50.62 147 39
19 07:44 21.07 65 17
19 06:50 23.10 229 60
19 10:30 27.67 101 27
19 11.40 25.17 87 23
19 07:30 19.83 315 85
19 07:35 24.08 0 0
19 08:35 25.00 26 7
19 08:35 24.00 176 45



Fig. 3. a) Total suspended microparticles (TSmPs) concentrations detected along the cruise divided in different classes, namely: unclassified, natural, artificial and airborne
microplastics (AMPs). On the secondary y-axis, the equivalent black carbon (eBC) concentrations; b) percentage of the different total suspended microparticles classes in
function of the location along the cruise; c) percentage of the different airborne microplastics polymers identified using the μ-Raman.
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abundance. MMPs fibres were measured with respect to their size. Length
of MMP fibres varied between 0.26 and 11.42 mm with a mean value of
2.06 ± 1.97 mm and median value of 1.41 mm, while their width varied
between 7 and 36 μmwith the mean value of 18± 5 μm and the sameme-
dian value (Fig. 5c, d).

MMPs concentration ranged between 22 and 160 m−3 with an average
value of 79± 18m−3. These data are consistent with previously published
work from around the world (e.g. with those reported in constrained basin
8

by Chen et al., 2020).With respect to seawater, the obtainedMMPs concen-
trations are higher than those reported from low background values in open
oceans as in the North Atlantic Ocean and Bohai Sea (China) (2.46m−3 and
0.33± 0.34 m−3); comparable values were instead noted in central Atlan-
tic (MMPs range: 13–501m−3; Enders et al., 2015) and in surface waters of
North Sea (MMPs range: 0.1–245.4 m−3; Lorenz et al., 2019). Considering
the Baltic area, our results seems to be higher than those reported in studies
using neuston nets with similar mesh but conducted in late spring or



Fig. 4. Size (length and width, left and right column, respectively) distribution of all airborne microplastics (mean – dotted line, median – dashed line).
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summer season both in the surface waters of Stockholm Archipelago
(MMPs range: 0.19–7.73m−3; Gewert et al., 2017) and in the central Baltic
(MMPs abundance ~0.02 m−3; Hänninen et al., 2021). On the other hand
similar or even higher values were reported when a Niskin bottle was used
to collect water from deeper layers but also with slightly smaller mesh fil-
ters like values reported by Bagaev et al. (2017) (MMPs range: 80–280
m−3) or by Uurasjärvi et al. (2021) (MMPs range: 440–520 m−3).

Given the aforementioned literature data, the explanation why we
noted higher values compared to other studies using neuston nets may be
the sampling season. In summer season the Baltic Sea is characterised by
stratification what may cause aggregation of MMPs in the denser layers in
high concentrations (Uurasjärvi et al., 2021). We took out samples in late
autumn, when the water stratification is weaker, ant the upper layer of
water column may be mixed due to storminess, therefore MMPs accumu-
lated in stratified layers could be raised to the surface. At this purpose a
new research cruise is planned for 2022.

The composition of MMPs (with high dominance of blue fibres) is sim-
ilar to numerous studies concerning both water samples (e.g., Lenz et al.,
2015; Montoto-Martínez et al., 2020) and samples of beach sediments
(Lots et al., 2017). In particular, Bagaev et al. (2017), in samples from
Southern Baltic, found films, red, black and blue fibres, in keeping with
the ones observed in this study.

Collected MMPs were identified using FTIR by the analysis of occurring
bands at a specific wavenumber. Due to the used KBr pellet technique, it
was not possible to estimate the concentration of plastics type. The
9

identified MMPs were as follows: low-density-PE, PE, PET/PU,
polymethyl-methacrylate (PMMA), acrylonitrile-butadiene-styrene (ABS)
or general PS (polystyrene) and PE respectively for a, b, c, e, f and g spectra
in Fig. S5 (detailed spectra analysis are presented in Supplementary data;
reference spectra are reported in Fig. S6). The identification of MMPs was
provided according to the literature (Coates, 2006; Jung et al., 2018), al-
though accurate identification can be disturbed due to the presence of im-
purities on the sample or the low ratio of the plastic amount to the
impurities (such as diatoms). It might occur when the digestion process is
too mild for the removal of organic matter and they cover the microplastics
surface (Stock et al., 2019). Another obstacle for accurate identification can
be an alteration of the plastics spectra caused by the occurring degradation
of plastics in the marine environment (Vinay Kumar et al., 2021).

The obtained MMPs polymers are mostly similar to that of AMPs, with
the only exception of PC. In this respect, both μ-Raman and FTIR analysis
limits (as detailed in Sections 2.2.2 and 2.3), in addition to the fact that
AMPs are not treated (Section 2.2), while MMPs samples require a pre-
treatment with H2O2 (Section 2.3), could explain the mismatch on PC as
also suggested by the μ-FTIR AMPs analysis of AMPs after pre-treatment
with H2O2 (see Supplementary data).

3.3. Air-sea interactions for microplastics data interpretation

AMPs andMMPs featured several characteristics that suggested investi-
gating the possible role of any interaction of the atmospheric and marine



Fig. 5. a) Abundance of marine microplastics (MMPs) at each station; b) relative contribution of marine microplastics grouped based on colour type; c–d) size (length and
width, panels c and d, respectively) distribution of all marine microplastic fibres (mean – dotted line, median – dashed line).
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environments in order to explain the observations detailed in Sections 3.1
and 3.2.

It can be resumed that:

1- AMPs presented the highest concentrations in Gdansk and decreased
moving to the open Baltic Sea (Section 3.1). Following Liu et al.
(2019a) a similar behaviour should be interpreted as a field-based evi-
dence that AMPs are an important source of microplastics pollution in
the sea.

2- Both AMPs and MMPs exhibited high concentrations (Sections 3.1 and
3.2). Following Allen et al. (2020) a similar behaviour should be
interpreted as a field-based evidence of the atmosphere-sea interconnec-
tion thus enabling to link AMPs and MMPs. The possible marine source
of AMPs could be highlighted by the evidence (Sections 3.1 and 3.2) that
bothAMPs andMMPs concentrations remain quite high even in themid-
dle part of the Baltic Sea. Moreover, AMPs and MMPs appeared corre-
lated (R2 = 0.89, slope = 0.54) when considering the simultaneous
available measurements of AMPs and MMPs (Fig. S7; Section 3.3.2).

3- AMPs andMMPswere characterised by the same averagewidth (17±2
and 18 ± 5 μm, respectively) but different length (427 ± 59 and 2060
± 1970 μm) suggesting that in case of sea emission of MMPs only the
shorter ones can remain suspended in the atmosphere (Section 3.3.1
for a discussion on the aerodynamic diameter of AMPs). In this respect,
AMPs concentration close to the Gotland island was lower than the one
of MMPs.
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4- AMPs and MMPs were characterised by similar colours: blue/black,
transparent and red fibres (green fibres found in atmosphere were
mostly natural, Fig. 2).

5- The microplastics composition was mostly similar in the two environ-
mental compartments with the only exception of PC (as discussed in
Section 3.2).

Thus the following sections investigate both the possible role of atmo-
spheric transport as a source for MPs in the sea and, vice versa, the possible
role of MPs emission from the sea. First, the meteorological, marine and
plastic pollution context is introduced (Section 3.3.1) and then the air-sea
interaction is investigated in Section 3.3.2.

3.3.1. Plastic pollution context
During most part of the campaign, warm marine polar air masses dom-

inated. Later, a deep low pressure system from the Norwegian Sea caused
the reorganisation of air masses in the region of the Baltic Sea. The result
was an advection of fresh Arctic air masses at the end of the campaign
(from 27/10/2019). The time series of meteorological parameters is re-
ported in Supplementary data (Fig. S8) together with a point discussion
of meteorological data.

Under this meteorological scenario, aerosol concentrations varied along
the campaign from maximum values reached during the first part of the
campaign (Fig. S9) to the minimum at the passage of the Arctic front. The
AMPs fraction with respect to the total aerosol number concentration (on



Table 2
Average total suspendedmicroparticle concentrations (with their classification) close to the Poland coast (Gdansk andHel peninsula) and in the Baltic (ocean sea and close to
the Gotland island) together with equivalent Black Carbon (eBC) concentrations and wind speed (WS).

Location Metric TSmPs (m−3) Unclassified (m−3) Natural (m−3) Artificial (m−3) AMPs (m−3) % unclassified % natural % AMPs eBC (μg m−3) WS (m s−1)

Poland coast Mean 268 50 105 0 113 20.1 38.2 41.7 4.73 3.91
σm 111 19 43 0 50 1.4 4.9 4.0 2.28 0.98

Baltic Mean 116 21 64 1 31 19.1 53.8 26.6 0.40 7.15
σm 33 6 19 4 ∗ 10−1 9 2.2 1.9 0.1 0.12 0.46
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average: 1.1 ∗ 10−5 ± 0.6 ∗ 10−5%) was not stable for each sample
(Fig. S10) showing the need to investigate the role of both atmospheric
transport and local MPs emissions from the sea.

Focusing on the eBC, as a primary anthropogenic marker (Figs. 3a and
S10), it reached the maximum daily concentrations in Gdansk (13.77 μg
m−3) and the minimum on 27/10/2019 (0.07 μg m−3) when Arctic air
mass arrived. Overall (Table 2), the eBC average concentration close to
the Poland coast (Gdansk harbour + Hel peninsula) was 4.73 ± 2.28 μg
m−3, ten times higher than the one measured in the open Baltic Sea (0.40
±0.12 μgm−3); these data can be comparedwith the higher AMPs concen-
trations detected close to the Poland coast: their average values are re-
ported in Table 2: 113 ± 50 m−3 and 31 ± 9 m−3 at the Poland coast
and in the Baltic Sea, respectively. The behaviour is close to that of AMPs,
underlying that AMPs can be transported to the sea being an important
source of microplastics pollution in the sea. While eBC decreased ten
times from the Poland coast, the AMPs instead decreased only 3.6 times.
This appears counterintuitive, especially when considering the MPs sizes
(Fig. 4) compared to that of eBC (Bond and Bergstrom, 2006; and reference
therein), which allow the eBC to remain suspended into the atmosphere
from 1 to several weeks (Cape et al., 2012). Harbour industries activities
(e.g. ship building industries that use large quantities of plastic materials
and emit vast amounts of eBC) and the shipping emission themselves
(e.g., Ferrero et al., 2016), could be in part responsible for the aforemen-
tioned behaviour; however, the different eBC and AMPs gradients (from
the harbour to the open sea) also suggests a possible role of sea emission
as pointed out by Allen et al. (2020). In fact, over the open Baltic Sea, and
around Gotland island (part of Sweden) eBC and AMPs do not co-variate
(Fig. S10). Partly this may be because fossil fuels are only a minor part of
Swedish power production, being mostly from renewable sources or nu-
clear. Hence the increased distance to the continental eBC sources allow
the Baltic background level to be established. Interestingly, at the same
time, the wind speed was 3.91 ± 0.98 m s−1 and 7.15 ± 0.46 m s−1 at
the Poland coast and in the Baltic Sea, respectively (Table 2). A higher
Fig. 6. Equivalent aerodynamic diamete
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wind speed over the sea could have contributed to a sea-spray related emis-
sion of AMPs reducing their coast–open sea gradient compared to eBC.

Thus to unravel the possibility that AMPs can both be transported far
away, both from land to the sea and once re-emitted from the sea surface,
their equivalent aerodynamic diameter was calculated as reported in
Eq. (6) (Section 2.4.1) from the AMPs length, width and plastic classifica-
tion μ-Raman data (the density of each plastic polymer was considered
and obtained from Liu et al., 2019a).

The result is reported in Fig. 6 and shows a monomodal frequency dis-
tribution of Dae,r characterised by an average value of 28±3 μm (median:
24 μm); the 92% of AMPs showed a Dae,r below 44 μm, making the atmo-
spheric transport of the AMPs possible. The lower Dae,r (3 μm) is fully in
keeping with the observation that 57 ± 12% of the TSmPs sampled were
shorter than 500 μm and 31 ± 6% of the samples ranged between 500
μmand 1000 μm.Moreover, the obtained resultsmatchwith those reported
by Liu et al. (2019a) that found Dae,r in the 10–70 μm range.

As the atmosphere can suspend particles up to 100 μm (Seinfeld and
Pandis, 2006) a crucial aspect becomes the viscous drag force (Fd) exerted
by the wind and compared to the gravitational ones (Fg) for each fibre.
By using the same fibre length, width range and composition applied for
Dae,r, it results (Eqs. (7) and (8), Section 2.4.1) that Fd was 17.7 ± 1.7 nN
close to the Poland coast (at 3.91 ± 0.98 m s−1) and 32.5 ± 3.3 nN in
the Baltic (at 7.15 ± 0.46 m s−1), both greater than Fg (1.9 ± 0.8 nN)
thus making the atmospheric transport of the AMPs possible whatever the
considered source (overland/sea re-emission).

3.3.2. Air mass advection, wet deposition and sea spray emissions
Given the findings reported in the previous section, the AMPs and

MMPs measurements in the Baltic (most of them collected near Gotland
and the Östergarnsholm station, a reference flux station) are investigated
with focus on the possible interplay. For the C10–C16 samplemeasurement
periods the mean values of total aerosol volume (measured using TSI 3340)
and total aerosol concentration (measured using the CPC) were first
r (Dae,r) for airborne microplastics.



Fig. 7. a) Mean total aerosol volume and number concentration; b) total suspendedmicroparticles, airborne and marine microplastic concentrations; c) mean total sea spray
flux generation function (Fss based on Salter et al., 2015) and measured mean aerosol flux (Fcpc); d) volume fluxes of sea spray (Fss), volume fluxes of airborne microparticles
(FAMP) and ratio between volume flux of sea spray to volume flux of airborne microplastic (Fss/FAMP).
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calculated to detail the atmospheric pollution context (Fig. 7a) and com-
paredwith AMPs concentration (Fig. 7a–d). Fig. 7a shows that at the begin-
ning of the time series there was a strong increase in the particle
concentration and volume between 23th and 24th of October. Such concen-
trations stayed at such a level up to 28th of October. The new arctic air mass
(Section 3.3.1) caused a significant decrease of aerosol concentration and
volume. In Fig. 7b two significant AMPsmaximawere observed on the sam-
ples C11, C14. In the first case, the AMPs concentration increased up to 60
m−3 together with aerosol concentration and volume. In the second case
despite the clean Arctic air masses and associated fall in aerosol concentra-
tion, we observed the highest concentration of AMPs (85 m−3). Just after
these high values in the air simultaneously we measured the higher num-
bers of MMPs (160 m−3) compared with water samples gathered at the be-
ginning of measurements near the Gotland station (22/10/2019: 37 m−3)
(Fig. 7b). To explain these observations we have to consider three phenom-
ena, namely air mass advection, wet deposition and sea spray emission.

To distinguish between the influence of each phenomenon the
submicrometric aerosol lifetime in the boundary layer was defined by con-
sidering the so-called turnover time τ (Section 2.4.1). The results for each
station back trajectory are given in Fig. 8 while the calculated values of
turnover times are given in Table 3. The obtained values of τ were com-
pared with time duration spent over the sea and transport time from the
closest significant anthropogenic settlement on the Hysplit back trajectory.
Finally, wind roses (Fig. S11) complete the meteorological description for
each sample.

The observed MPs values are here below discussed considering the
aforementioned three phenomena (namely the air mass advection, wet de-
position and sea spray emissions) as separated one from each other in a first
simplified approach:

1- Air mass advection
Taking into account trajectories (Fig. 8) of air masses and wind roses
(Fig. S10), there were four different air mass advections, respectively:
South-Western transport, Southern transport, Western transport and
Northern transport. As can be observed, in the cases of Southern and
Western advection there was a significant increase of AMPs concentra-
tion (e.g., C11 and C14: 60 and 85 m−3; compare Table 1 and
Fig. 7b). In the case of air transported from South-Western transport
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we observed about half of the previous concentrations (C10, C12 and
C13: 17, 27 and 23 m−3). Finally, in the Northern advection case,
there were no AMPs particles observed (C15). Considering the Southern
transport direction, the closest biggest human settlement was Kalinin-
grad (320 km). For the western winds, the closest agglomeration was
Visby (40 km). For the South-Western transport, the closest biggest
city was Kalmar (180 km) while for Northern transport the biggest
urban agglomeration was Stockholm (220 km).
Samples C10, C12 and C14 featured atmospheric transport properties
(e.g. transport time, Table 3) in keeping with a possible land influence.
Short times spent over the sea and similar turnover times suggest that
advection can play a role in these cases. Overall, all the turnover times
(Table 3) for smaller fibres (e.g. with a Dae,r below 45 μm) were
higher/comparable than the transport time from the closest urban ag-
glomeration thus supporting the Liu et al. (2019a) hypothesis that
MMPs can be influenced by AMPs transport from land. However, for
larger Dae,r, the turnover time was lower than the transport time thus in-
dicating the need to include other processes to fully describe the ob-
served AMPs features previously presented in Section 3.1.

2- Wet deposition and free tropospheric air
Atmospheric wind cannot only transport MPs; in fact, despite the very
high winds measured for sample C15 and air advected from the biggest
urban agglomeration, no AMPs was observed in the air. The possible ex-
planation for this phenomenon is double. First, rainfalls with the highest
intensity started at the beginning 27th of October. Additionally, the pas-
sage of cold atmospheric front with a descending air mass (last back tra-
jectory in Fig. 8) brought free tropospheric air mass advected till the
ground. These two processes caused a scavenging phenomenon thus
also underling also the removal role of atmosphere on the AMPs concen-
trations; it noteworthy that between the two processes, rain can cause a
direct transport of AMPs from the atmosphere to the sea.
Finally, it is necessary to point out that, in the C15 sample case, the turn-
over time estimation for fibres does not apply because the source of this
air was in upper atmospheric layers and it was not influenced by
Stockholm agglomeration.

3- Sea spray emission
An indication of the role of sea-spray emission of MPs comes from the
AMPs vs. MMPs relationship (Fig. S7; R2 = 0.89, slope = 0.54) when



Fig. 8. Trajectories of air advection. South-Western transport (yellow, green and cyan colours), Southern transport (pink colour), Western transport (blue colour) and
Northern transport (red colour).
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considering the simultaneous available measurements of AMPs and
MMPs. The only exception is given by C15 sample during the free tropo-
spheric air mass advection till the ground; in a such situation the atmo-
spheric signal was dominant (as yet discussed at point 2 above).
All the considered samples (Fig. 7c) showed high levels of FSS ranging
Table 3
The comparison of turnover times calculated for eachmeasurementMP periodwith
air mass development across the backtrajectory obtained from Hysplit model. The
second column time over the sea describes total about of time spend by the air mass
over the sea. In the third column the averaged boundary layer height across the
backtrajectory is presented. Then, three groups of turnover times for different parti-
cle sizes are presented. In the last three columns the estimated distance and time
from the biggest agglomeration (which may be the most important source of
advected airborne microparticles) is reported.

Sample Time
over the
sea, h

Boundary
layer
height, m

Turnover time, h Closest big agglomeration

Dp= 9
μm,

Dp =
45 μm,

Dp =
90 μm

City Distance,
km

Transport
time, h

C10 3 341 36 2.5 0.4 Kalmar 180 10
C11 9 258 27 1.1 0.3 Kaliningrad 320 10
C12 2 844 90 3.6 0.9 Kalmar 180 6
C13 4 283 30 1.2 0.3 Kalmar 180 12
C14 3 727 77 3.1 0.8 Visby 40 2
C15 4 738 79 3.2 0.8 Stockholm 220 9

13
from 1.85 ∗ 106 to 9.97 ∗ 106 m−2 s−1 in keeping with wind levels re-
ported in Fig. S10: highwind speed episodes caused high sea spray emis-
sion (e.g. breaking waves) and developed turbulence conditions (as for
C11–C13 measurements; Fig. 7c). High concentrations of MMPs fibres
in the water samples lead us to the conclusion that local sea spray emis-
sion may also have been responsible for the presence of AMPs in the air.
In fact, Bagaev et al. (2017) found that surface water layers have 3–5
times higher MMPs concentrations than below water layers. A nice ex-
ample of AMPs emission from the sea is represented by the C16 sample,
as far as the same airmass pattern as in the C15 case dominated (without
any eBC), it suggests that AMP in this period were purely from the sea
surface.
A recent report presented by Laxague et al. (2018) shows that pollutants
such as plastic or oil may be transported by wind forcing and wave mo-
tions by long distances. Afterwards, such pollutants are retransmitted to
the atmosphere by sea spray emission (Johansson et al., 2019). Thus, the
aforementioned discussed role of air mass advection could lead to posi-
tive accumulation feedback in a close sea basin (in our case the Baltic)
allowing a subsequent continuous re-emission. In fact, during the C11-
C13 sampling time, there was a highermean positiveflux of smaller par-
ticles measured by CPC and estimation of sea spray emission (9.8± 0.1
∗ 106m−2 s−1) than for the other samples for which the influence of sea
spray was lower (3.4 ± 0.8 ∗ 106 m−2 s−1; Fig. 7c). Thus we can con-
clude that not only the air mass advection could have played a role,



Fig. 9. Scheme showing the phenomenology of sea-atmosphere interplay behind the results of airborne and marine microplastic measurements obtained along the Baltic cruise.
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but also theMPs emission via sea spray. If we consider that on one hand,
the time that passed since the air last passed over land exceed the turn-
over time of the observed AMPs (Table 3; for smallerfibres) on the other
hand the remaining variability in AMPs over the open sea, this appears
to suggest that the origin of those AMPsmight not be directly influenced
by emission of industries or other anthropogenic sources, but instead,
depending on local sea spray related sources. This is especially true for
bigger fibres, as they will be lost regularly (Table 3) and must be
renewed on the same time scale to retain the high observed concentra-
tions. In fact, the calculated FAMP were positive for all samples (despite
C15 discussed above) in the 4–18 ∗ 106 μm3 m−2 s−1 range.
When we say that they are not “directly influenced by emissions of in-
dustries or other anthropogenic sources”, what we mean is that their or-
igin ismost likely such originally, but that theymay have been deposited
to the ocean surface and then re-emitted not only once, but perhaps
many times.

The available data suggested an interplay of atmospheric transport and
deposition together with a continuous emission from the sea. In this respect
the two processes have not to be considered dichotomous as they can act at
the same time enabling a “grasshopper” long-range transport of
microplastics across the sea, influencing the final atmospheric and marine
concentrations A simplified scheme is reported in the final Fig. 9.

4. Conclusions

In this work, the concentrations of both airborne and marine
microplastics were measured over and within the Baltic Sea along a re-
search cruise. Results showed airborne microplastics concentrations higher
(161 ± 75 m−3) in the Gdansk harbour, decreasing moving to the open
Baltic Sea and the Gotland island (24 ± 9 and 45 ± 20 m−3). The latter
values were in keeping with the ones measured in the sea (79 ± 18 m−3)
suggesting an interplay between the two compartments. Moreover, the
microplastics composition (PE, PET, PU, PA, PS and PC) was similar in
the two environmental compartments (with the exception of PC). The ob-
tained results evidenced that:

- The high atmospheric microplastics concentrations can be explained by
atmospheric transport from the nearest anthropogenic sources for
smaller fibre diameters and hence longer turn-over times.

- There may be a strong local marine primary source with sea spray aero-
sols emission and perhaps associated with these aerosols. This source
must be fairly large to maintain the observed concentrations and
compensate for the large dry deposition flux that must result from
fibres, especially the bigger ones
14
- To maintain these large emissions a high concentration of marine
microplastics are necessary. They may be transported over a long
range from anthropogenic sources by ocean currents or deposited
from atmosphere.

In conclusion, the available data suggested an interplay of atmospheric
transport and deposition together with a continuous emission from the sea.
In this respect, the two processes have not to be considered dichotomous as
they can act at the same time influencing the final atmospheric and marine
concentrations. Further studies should quantify the fluxes related to the
aforementioned processes, preferably by adding more stringent micro me-
teorological measurements of aerosol particles at the large sizes maybe
using the so called Relaxed Eddy Accumulation method and its variations
(reviewed by Foken, 2017) (a dissertation on this possibility is reported
in Supplementary data).

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.153709.
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Appendix A. Acronyms

ABS Acrylonitrile-butadiene-styrene
AMPs Airborne microplastics
CPC Condensation particle counter
DL Detection limit
eBC Equivalent black carbon
LAS Laser aerosol spectrometer
MMPs Marine microplastics
MPs Microplastics
N Total particle number concentration
NAMPs Total airborne microplastics number concentration
NTSmPs Total airborne microparticles number concentration
NC Number of microparticles counted on each microscope slide
OPC Optical particle counter
PA Polyamide
PC Polycarbonate
PE Polyethylene
PES Polyester
PET Polyethylene terephthalate
PMMA Poly-methyl methacrylate
PP Polypropylene
PS Polystyrene
PU Polyurethane
TSmPs Total suspended microparticles
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