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Particle properties and environmental
factors control atmospheric transport and
deposition of micro- and nanoplastics
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Atmospheric deposition plays an important role in the global distribution and long-range transport
potential of micro- and nanoplastic particles. However, our mechanistic understanding of contributing
processes remains limited. While similarities in wet and dry deposition processes can be expected
between micro- and nanoplastics and well-studied natural and anthropogenic aerosols (e.g. mineral
dust, pollen, black carbon), no holistic theoretical framework currently accounts for specific micro- and
nanoplastic properties and their inherent heterogeneity. Here, we present an integrated mathematical
model of atmospheric particle transport which incorporates micro- and nanoplastic properties (size,
shape, density and surface characteristics, including effects of environmental ageing) based on theory
and empirical data. We find that estimated micro- and nanoplastic half-lives in air can range from
seconds to weeks, depending on particle characteristics, land surface type, surface wind speed,
atmospheric stratification and precipitation. Micro- and nanoplastic particles with diameters of around
1 um and fibres have the highest potential for long-range atmospheric transport.

Micro- and nanoplastic particles (MNPs), commonly defined as plastic
particles <5 mm, represent a global environmental contaminant'. An
important observation is that the major sources of MNPs, which often result
from the fragmentation of larger plastic items, are strongly correlated with
human activities'. The extent to which MNPs detected in remote regions
originate from distal sources via long-range environmental transport, or
from local emissions, however, remains a source of debate’. The develop-
ment and application of mechanistic tools capable of describing MNP
transformation and transport processes at the global scale is, thus, a priority
in order to estimate MNP exposure in different environmental media and
locations. Such tools would help to contextualise hazard data and assess
ecosystem and human health risks.

MNPs are complex and highly heterogeneous entities’”. They
appear to be ubiquitously distributed in the environment, with the
most commonly detected polymers having densities between 900
and 1600 kgm ™, in various shapes, including spheres, fragments,
films, and fibres. Depending on the polymer type, its use and func-
tionality, MNPs can also often contain different (chemical) additives
and fillers, which can potentially alter their density and/or surface
properties (e.g. hydrophobicity). The physicochemical properties
of MNPs can also change over time due to weathering and aging,
which can influence their subsequent environmental fate, including
additional fragmentation, aggregation and the formation of biological

and mineral surface coatings. Elucidating the interplay between
MNP properties (e.g. size, shape, density and ageing stage) and
system conditions (e.g. environmental and meteorological condi-
tions) is essential for estimating long-range environmental transport
of MNPs.

There is increasing evidence that atmospheric transport processes may
play an important role in the global distribution of MNPs’™"°. The sources of
MNPs released to the atmosphere are diverse'’, and include urban dust”,
tyre and road wear particles®"*, erosion of landfill sites", agricultural soils™’,
shedding from textiles” ™, and release via sea spray’*°. Reported con-
centrations of atmospheric MNPs, size ranges and shapes vary greatly and
are difficult to compare due to a lack of harmonised methods”. This limits
our ability to parameterise and validate atmospheric transport models.
Given the relatively rapid movement of air masses, which require days to
weeks to traverse hemispheric distances, compared to ocean currents, which
can take several years to travel comparable distances, transport of MNPs via
the atmosphere may be more efficient than via the oceans™'**.

A substantial body of research and literature has been generated
over several decades, which has developed and applied mechanistic models
to evaluate the atmospheric fate and transport of natural and anthropogenic
particles (e.g. mineral dust, pollen, and black carbon)”~*. Such particles
can influence global element cycling, long-range atmospheric transport
(LRAT) of particle-bound contaminants and climate. Indeed, there
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have been various attempts to employ existing atmospheric particle trans-
port models (e.g. FLEXPART, GEOS-Chem, CAM-CESM) to describe
MNP transport, and to interpret monitoring data with an interest towards
identifying potential emission sources™"'>*. A shortcoming with these
models is that they typically only consider spherical particles of a relatively
narrow size range and are unable to describe changes that may occur to
MNP properties, such as aggregation or ageing effects. Although some
MNP-specific environmental fate and transport models have been devel-
oped in recent years, these have primarily focused on describing the
environmental fate and transport of MNPs in aquatic environments, rather
than air’*".

Here, we explore the atmospheric transport of MNPs, with a
particular focus on physical descriptions of deposition, which exerts
the key control on atmospheric residence times**** and, thus, LRAT.
Specifically, we assess the combined impact of heterogenous plastic
particle characteristics (size, shape, density, weathering state) and
environmental factors such as land surface properties, surface wind
speed, atmospheric stratification and precipitation, on dry and wet
deposition. Although the actual concentrations and transport rates of
MNPs are also influenced by emission (entrainment) rates, atmo-
spheric residence times and the potential for LRAT of entrained
material are mass-independent**>. We, therefore, focus here on
investigating the sensitivity of atmospheric residence times to
deposition processes. The framework developed relies on the appli-
cation of fundamental principles of physics but, where possible,
parameterisation is further supported by data from empirical studies
on the transport and atmospheric transformation of MNPs, as well as
other particle types, including pollen, dust and aerosols.

The applied framework results in the observation that the estimated
half-lives of MNPs in air can range from seconds to weeks, depending on
their properties, land surface type, surface wind speed, atmospheric strati-
fication and precipitation. MNPs with diameters of around 1 um and fibres
have the highest potential for long-range atmospheric transport.

Transport via Diffusion & Winds
(Vertical and Horizontal Advection)
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Results and discussion

Deposition processes determine atmospheric residence times
of MNPs

After emission to the troposphere from terrestrial or aquatic environments,
MNPs can be transported through the air via diffusion and advection before
being transferred back to the Earth’s surface (Fig. 1). The main atmospheric
removal processes for all airborne particles and associated chemical con-
taminants are dry and wet deposition®. Dry deposition involves particle
settling onto or colliding with environmental surfaces due to gravitational
forces. Wet deposition is essentially a wash-out process in which particles
are scavenged by clouds, rain droplets or snowflakes and subsequently
transported to the Earth’s surface. The combined velocity of wet and dry
deposition is the primary factor that influences the longevity of MNPs in the
atmosphere and their potential LRAT.

Both dry and wet deposition velocities depend on a combination
of particle properties (size, shape, density, surface characteristics) and
environmental conditions, including surface wind speeds, the character-
istics of the receiving surface (i.e. its affinity or stickiness for the particles)
and atmospheric stratification. In addition, wet deposition is affected
by the type and intensity of precipitation. Well-established theories
have been developed for describing particle transport and deposition in
the atmosphere, which have previously been applied to natural aerosols,
such as mineral dust, pollen, ash®”*° and particle-bound organic
contaminants*”*,

Here, we have adopted existing theories used in aerosol transport
models to compile integrated mathematical descriptions of MNP dry and
wet deposition, and expand them, where needed, to account for: (i) the wide
range of MNP sizes (from a few nanometres to <5 mm); (ii) a diversity of
particle shapes (especially the complexities stemming from fibres") and (iii)
the impact of polymer types and properties. These descriptions are then
used to assess the relative importance of different particle- and
environment-specific characteristics on MNP removal and identify the
main contributors influencing atmospheric deposition of MNPs.

Removal via Wet & Dry Deposition

: I@uelouél ' o. o In-Cloud
S__‘cqvengingg o QF‘O% Sgavenglng Jor
ek o . _O
d 9 PR

Below-Cloud

=

R

Below-Clou d S

Scavengmg g9

Scavengin 2
/%7 =
p )

Dry deposition

L=
"
do
o
)
o
-I-l

Urban Surface

Terrestrial Environments

Fig. 1 | Release, transport and atmospheric removal processes of micro- and
nanoplastic particles (MNPs). Two fundamental mechanisms govern MNP
removal: dry deposition via gravitational settling and wet deposition during

precipitation events or cloud activity. Different aquatic and terrestrial surfaces
provide varying resistance to MNP deposition and surface winds can further affect
deposition velocities.
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Dry deposition of MNPs is largely driven by particle size and
shape, land surface characteristics, surface winds and atmo-
spheric stratification
Dry deposition of atmospheric particles is controlled by a combination of
dry settling (i.e. gravitational settling) and surface resistance (or collection
efficiency)™***. Dry settling occurs as particles move downward in the air
column under the influence of gravity, buoyancy and drag forces, as well as
downward wind vectors. Surface resistance to deposition depends on the
aerodynamic conditions near the deposition surface and on the interplay
between depositing particles, the surface and surface winds. Here, different
collection processes, ie. Brownian diffusion, interception and impaction,
play a role depending on particle size and surface characteristics (see also
Supplementary Fig. 1).

The dry deposition velocity (v4, in m s™") can be estimated from the
terminal dry settling velocity (vg), the aerodynamic resistance to deposition
(R,), and the surface resistance to deposition (R;) as follows* ™"

1

Vg =V, +7(Ra n Rs)

¢y

In turn, v, depends on particle size, shape, density and the resulting fluid
dynamics (laminar or turbulent) due to a combination of gravitational,
buoyancy and drag forces within the surrounding air. Different particle size
ranges warrant the use of different deposition equations (Newton, Stokes or
Brownian™) because different mechanisms influence the behaviour of the
particle, depending on its size. The physics of dry deposition of MNPs is
similar to that of other aerosols, such as mineral dust or pollen™ Settling
of large particles is best described by the Newton equation, which considers
mass and gravitational forces, as fluid inertia becomes relevant and gravity
dominates settling (Supplementary Methods 1, Eq. S1). Intermediate-size
particles experience viscous drag forces, which are best described by the Stokes
equation (Supplementary Methods 1, Eq. S2). For very small particles—
comparable in size to the mean free path of air molecules—Brownian diffusion
is the predominant driver for settling (Supplementary Methods 1, Eq. S3).

MNPs can span a wide range of densities and the specific density of a
given MNP type will determine their specific size threshold between Newton
and Stokes settling modes. The most commonly detected MNPs range in
density from around 900 kg m™ (e.g. low-density polyethylene [LDPE]) to
1600 kg m (e.g. polyvinyl chloride [PVC]), but densities up to 2200 kg m
are possible (e.g. polytetrafluoroethylene [PTFE]). We found the critical
mean diameter above which the Newtonian regime applies to dry settling to
be 72 £ 11 pm (at 20 °C, 1 atm), when accounting for the full density range
of 900-2200 kg m™*. For comparison, the mean cut-off between the New-
tonian and Stokes regimes for pollen (with densities between 600 and
1200 kg m ) is around 85 + 10 um, and for mineral dust particles of higher
density (ca. 2000-5000 kg m ™) the size cut-off is around 52 + 5 um (Sup-
plementary Fig. 2a). For particle sizes near to or below the mean free path of
air molecules, the aerodynamic theory for the Stokes regime is no longer
appropriate for describing particle motion. To address this, Cunningham™
introduced a correction factor to Stokes’ law, which should be applied
to particles with diameters < 17 um to limit settling velocity errors
for small particles to 1% (see Supplementary Methods 1, Eq. S4 and
Supplementary Fig. 2b).

There is a clear effect of particle size on atmospheric half-lives of MNPs
under dry deposition (i.e. in the absence of rain or snow) for individual, non-
aggregated particles (Fig. 2). The longest half-lives of up to a few weeks are
calculated for MNPs between 0.1 and 10 um. Shorter half-lives are calcu-
lated for smaller MNPs (in the nanometre range; due to the dominance of
Brownian motion) and the shortest half-lives (minutes to hours) for
MNPs > 10 um. Particle density also has some effect on dry settling, within
the range of typical MNPs, ie. from LDPE at 900kgm ™ to PVC at
1600 kg m >, although the effect is smaller than for particle size (Supple-
mentary Fig. 3a).

It has been demonstrated experimentally™*® that particle shape can
strongly influence particle deposition. This is also evident in Fig. 2. Different
shapes give rise to different drag forces and terminal dry settling velocities,
which, in turn, influence the aerodynamics of settling**”". To account
for the impact of shape, empirically-derived Stokes shape factors
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Fig. 2 | Atmospheric half-lives of micro- and nanoplastic particles (MNPs) under
dry conditions. Half-lives of low-density polyethylene (LDPE, blue) and higher

density polyvinyl chloride (PVC, orange) MNPs for a 1 km atmosphere under dry
deposition conditions (i.e. in the absence of precipitation). Assuming deposition is a
first-order process, half-life is defined as In(2)*z/v4, where z is the total height of the

Particle Diameter (um)

atmosphere and v4 is the dry deposition velocity, MNPs are either spheres (dark blue
and dark orange) or fibres with an aspect ratio L/S (longest [L] over shortest [S] axis)
0f 100 (light blue and light orange). Four different land surfaces are shown (a urban,
b inland water, ¢ desert and d forest) and two surface wind velocities, us, of 2 and
15ms™’, respectively. Neutral atmospheric stratification is assumed.
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Table 1 | Dimensions of volume-equivalent spheres and fibres
used for comparison, with the same volume equivalence

Volume Sphere Rod-Like Fibres
Equivalence Diameter
(m) (m) Asp_ect L: Long_est S_, Smal'lest
Ratio dimension dimension
(L/S) (length) (m) (diameter) (m)
5.24x10°% 1x10°° 100 1.88 x1078 1.88 x107"°
5.24 x107% 1x107 100 1.88 x107° 1.88 x107®
5.24 x107"° 1x10°°® 100 1.88 x107° 1.88 x1077
5.24 x10°'® 1x10°° 100 1.88 x10™* 1.88 x10°°
6.55 x10 5x10°° 100 9.41 x10°* 9.41 x10°®
5.24 x107' 1x107* 100 1.88 x1072 1.88 x107°
5.24 x10°% 1x107° 50 1.19 x10°8 2.37 x107°
5.24 x10°%# 1x107 50 1.19 x10°® 2.37 x10°®
5.24 x107"° 1x10°° 50 1.19 x10°° 2.37 x1077
5.24 x107' 1x107° 50 1.19 x107* 2.37 x10°°
6.55 x107™ 5x107° 50 5.93 x10™* 9.41 x10°°
5.24 x107™® 1x107* 50 1.19 x1072 2.37 x10°°

Note that the cross-section of fibres equivalent to a sphere with a diameter of 1 nm falls within the
angstromrange (~2 A). This size is provided solely for comparison purposes and does not represent
a realistic fibre size, unlike other ranges included in the table.

(Supplementary Table 3) are used to correct v, for Stokes and Newton
settling™. The corresponding equations were validated using observations of
the settling velocities for different sizes and shapes of MNPs in column
experiments (Supplementary Methods 1, Eq. S6 and S7 and Supplementary
Fig. 4)”. Predicted settling velocities for spheres and cylinders agreed well
with observations but our model slightly over-predicted velocities for fibres.
This suggests that further work is needed to improve the model description
of fibre behaviour in the atmosphere.

Fibres, in particular, have distinct aerodynamic characteristics and a
multitude of possible orientations during settling, due to their specific geo-
metry, linked to their aspect ratios (length/diameter) and their rigidity (Sup-
plementary Table 4)***'. Under otherwise identical conditions fibres have a
reduced v, compared to smooth spherical MNPs of the same equivalent
volume (Table 1 and Supplementary Fig. 3b). This phenomenon is explained
by buoyancy and surface area differences between fibres and spheres and is
one of the most important factors explaining longer atmospheric residence
times and transport distances of fibres (Fig. 2)>*. Under otherwise identical
conditions (and fixed volume equivalent), fibres with larger aspect ratios
(Iength/diameter) will have a lower v, (Supplementary Fig. 3b).

Other particle characteristics influencing dry settling include
surface roughness (e.g. of weathered particles) and the fractal
dimension and permeability of MNP aggregates, although these
usually exert less control compared to size and shape. Nevertheless,
their cumulative effects should not be overlooked. Pristine MNPs (i.e.
particles not subjected to ageing and/or weathering) typically have
smooth surfaces. However, exposure to temperature variations,
photoaging, abrasion and adsorption of small molecules® can lead to
an increase in surface roughness. Under dry settling conditions,
weathered particles exhibit a lower gravitational settling velocity
compared to pristine counterparts of equivalent diameter (Supple-
mentary Fig. 3b). Increased surface roughness results in greater
turbulence, which, in turn, heightens friction with the surrounding
air and causes a reduction in settling velocity; a phenomenon also
referred to as the ‘golf ball effect’ (as a golf ball’s dimples prolong its
time aloft and retard its descent compared to a smooth ball of
comparable size and mass). The settling behaviour of aggregates also
differs from that of individual particles and is influenced by aggregate
structure, specifically the fractal dimension” (a geometric term,
commonly used as measure of aggregate mass distribution in space),
porosity (decreasing the density of the aggregate compared to an

equivalent solid volume of the same material) and permeability of the
aggregate to air™. Due to a reduction in air resistance, permeable
fractal aggregates are predicted to settle faster than compact particles
of the same size (see Supplementary Methods 1 and Supplementary
Fig. 5 for more details).

In addition to particle-specific properties, environmental conditions—
in particular land surface properties, atmospheric stratification and surface
winds—strongly affect dry deposition velocities. The effect of land
surface type**** on particle deposition can be described using the concept of
surface resistance (R;), pertaining to particle collection efficiency. Some
surfaces can be likened to selective filters, exhibiting differential affinities for
the deposition of particles with a given size and surface characteristic. For
gravitational settling alone we would expect an inverse relationship between
particle size and atmospheric residence time (Fig. 3a). However, when
resistance to deposition is accounted for, the relationship between particle
size and residence time is more complex (Fig. 3b, c) with longest residence
times predicted for particles around 1-2.5 ym in diameter. Importantly,
ignoring surface resistance substantially underestimates the total deposition
velocity of MNPs (note log scale for residence times).

Here we adopted the model by Zhang et al.” that considers 15 land use
categories (LUCs) and 5 seasonal categories (Supplementary Table 6), to
calculate the influence of land surface characteristics on dry deposition. This
model has previously been incorporated into several large-scale aerosol and
climate models®”". It includes the effects of aerodynamic resistance R,,
surface resistance R, and the rebound of particles from dry surfaces (see
detailed equations in Supplementary Methods 2). Dry deposition is domi-
nated by different processes for different particle sizes: gravitational settling,
Brownian diffusion, interception, impaction and rebound (Supplementary
Fig. 6). Rebound cannot be neglected for MNPs > 1 pum (influenced by
interception, impaction and gravitational regimes), whereas Brownian dif-
fusion dominates for smaller particles. Gravitational settling becomes the
main dry deposition mechanism for MNPs > 200 pm (based on Supple-
mentary Fig. 6).

It is worth highlighting that an increase in the surface wind speed u;
promotes the settling of smaller MNPs (Figs. 2 and 3) by promoting the flux
of MNPs coming into contact with and collecting on (rough) surfaces. The
influence of surface wind speed differs for different land surface types
(Supplementary Fig. 7): LUCs characterised by higher surface roughness,
such as forests (LUC 2%) or urban areas (LUC 15%), have a lower surface
resistance resulting in more efficient particle capture and a higher total
settling velocity compared to smoother surfaces like deserts or inland waters
(Fig. 2). For larger MNPs (>200 um) this phenomenon competes with high
gravitational settling and surface wind speed has a lower impact overall.
Thus, MNP deposition at the global scale will differ based on the land surface
types encountered in different regions.

Finally, atmospheric stability (linked to the air temperature gradient
between land surface and higher altitudes [Supplementary Fig. 8]) can have
a strong impact on dry deposition. Under unstable conditions (e.g. when
near-surface air is much warmer than at higher altitudes) particle deposition
increases due to increased vertical mixing of air masses (see pink area in
Fig. 4). When atmospheric conditions are stable, the air can stratify with low
vertical mixing, which decreases dry deposition.

Overall, dry deposition of MNPs is slowest for particles with diameters
around 1 pm (Figs. 2 and 4). For these sizes, particles are not small enough
for an efficient Brownian diffusion or big enough to be efficiently inter-
cepted, impacted, or settled gravitationally. This implies that particles
around 1 pm have the longest atmospheric half-lives (up to a few weeks
under dry conditions). This finding is aligned with known trends for
atmospheric aerosols™.

Precipitation events accelerate removal, especially for very small
and very large MNPs

Wet deposition refers to the removal of particles from the atmosphere
through scavenging by aqueous phases (rain, fog, snow and hail). This can
occur both within clouds and below clouds. In below-cloud scavenging
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Fig. 3 | Impact of surface resistance on micro- and nanoplastic particle (MNP)
deposition. Variation of MNP atmospheric residence time as a function of particle
diameter for low-density polyethylene (LDPE) and polyvinyl chloride (PVC), based
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Fig. 4 | Micro- and nanoplastic particle (MNP) dry deposition under different
atmospheric stratification conditions and surface winds. a Variation in dry
deposition velocity as a function of low-density polyethylene (LDPE) diameter and
Land Use Category (LUC) with a surface wind of u; = 15 ms™', season: midsummer
with lush vegetation, extremely unstable stratification. The area in pink between
curves is used to highlight the impact of stratification; b variation in dry deposition
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velocity as a function of LDPE diameter and stratification (area representation
between curves as in (a), surface wind u, = 15 m s ', season: midsummer with lush
vegetation; ¢ variation in dry deposition velocity as a function of LDPE diameter and
stratification (area representation between curves as in (a), u,=2 ms"', season:
midsummer with lush vegetation.

particles are removed via collision with falling precipitation (rain, snow or
hail). Here, we focus specifically on rain as the dominant form of global
precipitation. The general principles of MNP removal by snow and hail are
similar but are described using different equations due to differences in
geometry and states of the precipitation™. In-cloud scavenging is the capture
of particles by cloud droplets through collision or when particles act as cloud
condensation nuclei (CCN), initiating condensation and droplet coales-
cence, or ice-nucleating particles (INPs), followed by settling with rain or
snow (Fig. 5)%.

The processes driving wet deposition strongly depend on meteor-
ological conditions, particularly the intensity of precipitation, the size dis-
tribution of the precipitate, and the cloud characteristics, as well as on
particle properties. During precipitation, when wet and dry deposition
are additive, wet deposition leads to a more efficient removal of MNPs from
the atmosphere, with calculated half-lives of the order of seconds to minutes
for MNPs >10 pm and hours for MNPs around 1 um (Fig. 6). Half-lives
for MNPs <1 pm are also of the order of hours during precipitation events
and typically at least one order of magnitude lower than under dry
conditions.

Precipitation intensity has a strong impact on wet deposition velocities.
Atmospheric half-lives of MNPs decrease exponentially with increasing
intensity from light (here 0.5 mm h™") to heavy (here 10.0 mm h™") (Fig. 7).
The time-dependent removal of MNPs by below-cloud scavenging can be
described as a first-order decay process™:

dc

@ lpes = 7NC

P

@

where C is the atmospheric concentration of MNPs (ug m ™) and A, is
the scavenging coefficient (s™'), which depends on the size distribution and
terminal velocity of the precipitate. The size of precipitate can vary between a
few pm to up to 5 mm’**. The collection efficiency of MNPs via below-
cloud scavening depends on the interaction between MNP properties and
precipitate sizes, because different physical collection mechanisms dom-
inate for different size fractions. These include Brownian diffusion, inter-
ception, and inertial impaction. In addition, electroscavenging, thermo- or
diffusiophoresis may also be important, depending on the size and
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Fig. 5 | Wet deposition processes. Illustration of wet deposition via in-cloud
scavenging and below-cloud scavenging. a In-cloud scavenging is controlled by
several different mechanisms depending on the nature of the cloud and the particles
under consideration””. Below-cloud scavenging will depend on particle and droplet
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sizes shown here for b small particles undergoing Brownian diffusion, ¢ particles
around 1 um subject to interception, and d large particles subject to inertial
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combined dry and wet deposition), with two different surface wind velocities
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water). Two additional land surfaces (desert and forest are included in Supple-
mentary Fig. 9.

composition of the MNPs (see Fig. 5 and Supplementary Methods 3). For
precipitate of around 2 mm in diameter (typical for very heavy rain events)
the collection efficiency of MNPs exhibits a distinct minimum for a diameter
of 1 um (Supplementary Fig. 12). This is reflected in longer wet deposition
half-lives (Figs. 6 and 7). For MNPs of different polymer types, differences in
wet deposition velocity (Fig. 7) are mostly driven by differences in thermal
conductivity (Supplementary Table 7), which impacts scavenging by ther-
mophoresis, rather than by differences in polymer density.

In-cloud scavenging can, in theory, also remove MNPs from the
atmosphere™. It is governed by two distinct mechanisms: collision
scavenging of MNPs by waterdrops and nucleation scavenging, which
involves MNPs acting as CCN or INPs in the water-saturated atmosphere
(Fig. 5)*. An important factor governing cloud condensation is relative
humidity (RH). In supersaturated air (RH >100%), droplets can grow

rapidly around CCN”"", and then be removed by wet deposition. The
likelihood of particle nucleation in a supersaturated environment depends
on particle size, the hydrophilicity of its surface, and the supersaturation
value RH. This is captured by the critical supersaturation S. of a particle,
which refers to the minimum level of supersaturation required for a particle
to initiate nucleation, determined by the Kéhler equation™””.

Pristine MNPs are typically very hydrophobic. As a result, water
cannot condense on their surface in the range of supersaturation S generally
observed in natural clouds (S between 1.0 and 1.01, with a probable absolute
maximum value of S in natural clouds of 1.03 [RH = 103%]). To act as CCN,
a low contact angle 0 <12° between the particle surface and water is
required. Very hydrophobic surfaces exhibit contact angles > 90° and thus
have low wettability. Photoaging increases wettability (decreased contact
angles, as measured for several polymers by Huang and Wang’®, see also
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and b polystyrene (PS) particles. Particles become capable of acting as cloud con-
densation nuclei (CCN) when the surface coverage exceeds 95%. Higher volume
fractions reduce the dry particle diameter required to act as CCN, when the surface
covering exceeds 95%.

Supplementary Table 8 and Supplementary Fig. 13). However, the lowest
contact angles for photoaged plastics typically remain in the range of 60° to
80°, which is insufficient to make CNN. This applies to different types of
plastic materials, regardless of (minor) differences in wettability. For
example, while the S, is generally higher for polyethylene terephthalate
(PET) compared to polystyrene (PS) MNPs of the same size, for both MNPs
the only realistic scenario in which the particle surfaces could gain sufficient
wettability to act as CCN, is the adsorption of a substantial amount (>95 %
surface covering) of hydrophilic ligands, such as salt (Fig. 8). Sorption of

biofilm or humic acids may also perform the same function. This is possible
after substantial environmental weathering.

Recent research indicates that MNPs can be more effective INPs
than CCN*”’. Girlanda et al.”” found that polyacrylonitrile (PAN)
nanoplastics, as well as aged PS nanoplastics can be effective INPs.
Ice nucleation may therefore represent a relevant in-cloud scavenging
processes, under conditions in which MNPs are able to reach higher
altitudes in the troposphere (where mixed-phase and ice clouds
dominate) and after considerable atmospheric ageing. More
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Fig. 9 | Evolution of a hypothetical heterogeneous micro- and nanoplastic par-
ticle (MNP) population over time. Initial particle population of low-density
polyethylene (LDPE) MNPs is assumed to be composed of 50% spheres and 50%
fibres at time ¢ = 0, equally distributed over 50 size bins ranging from 0.001 pm to
1000 um, evenly spaced on a logarithmic scale. For fibres, an aspect ratio L/S (longest
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[L] over shortest [S] axis) of 100 is assumed, and the size bins correspond to the
equivalent sphere radius for LDPE. Changes in particle number over time (1 h, 1 day,
1 week, 1 month, 6 months) are displayed assuming dry deposition conditions (no

precipitation) on a desert surface with surface winds u;=2ms™".

empirical data for more MNP types and sizes are needed to include
this process more explicitly in our model framework.

In conclusion, the removal of non-covered pristine MNPs from the
atmosphere via wet deposition is primarily driven by below-cloud scaven-
ging. This process scales with the intensity of the precipitation event and is
most efficient for very small and very large MNPs. As for dry deposition, a
clear minimum in the wet removal rate is expected for MNPs around 1 um
in size. Furthermore, weathered MNPs can act as CCN and INPs specifically
if their surfaces are more than 95% covered by a hydrophilic material (e.g.,
salts from the ocean).

Overall atmospheric half-lives and implications for long-range
transport of MNPs

Accounting for all the different deposition mechanisms, we observe that the
estimated half-lives in air for MNPs can range from a few seconds to weeks
(Figs. 2 and 6). The main drivers for these differences are particle size and
shape, precipitation characteristics, atmospheric stratification, land surface
features, and surface wind velocities. Similar to what is known for other
atmospheric particles”, the atmospheric residence time of MNPs at the
global scale is expected to be strongly influenced by intermittent wet
deposition events. In the absence of precipitation, the atmospheric fate of
MNPs will be influenced entirely by dry deposition. Consequently, the
interplay between the timing of atmospheric emissions and intermittent wet
deposition is likely to play an important role in controlling LRAT potential
for MNPs at a global level.

MNPs with a diameter of around 1 um are expected to have the longest
atmospheric residence times, as they are less efficiently removed by both dry
and wet deposition compared to smaller and larger particles. These MNPs
can exhibit half-lives of up to two weeks under dry conditions, which is
sufficient for LRAT to occur from, for example, Europe to the Arctic during
the summer, when prevailing air flow patterns favour transport to high
latitudes’®. This behaviour is in line with other atmospheric aerosols, which
typically demonstrate peak residence times for diameters between 0.1 and
1 um”. Smaller and larger MNPs are, however, less likely to be transported

over such long distances, unless they undergo several cycles of deposition
and re-entrainment (equivalent to the grasshopper effect described for
persistent organic pollutants***).

Fibres are most likely to reach remote environments; because of their
higher aspect ratios (i.e. longer fibres), they are predicted to remain aloft in
the atmosphere for longer durations than spherical particles of similar mass
(Fig. 9)". The heterogeneity of MNP distributions in the atmosphere, in
terms of size, density, shape, and ageing state, needs to be accounted for
when predicting overall LRAT behaviour. Fractionation is expected for a
heterogeneous MNP population over time, illustrated for a hypothetical
uniform distribution of LDPE fibres and spheres in Fig. 9. An immediate
drop out of larger particles is expected, followed by the gradual development
of an approximately log-normal distribution with mode between 1 and 2 pm
for both spheres and fibres after about 7 days.

We should further stress that the transport of particulates in the
atmosphere is stochastic with strong dependence on spatial and temporal
variations in meteorological conditions. Hence, even for the same type of
particle, a high variability in transport distances is expected, influenced by
the location and timing of emissions. In addition, more extreme high-
intensity weather patterns occurring at low frequency, such as major storms
(or longer drought periods), could play a disproportionate role in facilitating
the LRAT of MNPs, although these are more difficult to predict. The LRAT
of MNPs is controlled by a complex interplay between particle- and system-
specific factors, and this complexity is exacerbated by the stochastic nature
of atmospheric transport, making specific predictions challenging. How-
ever, it is possible to make broad generalisations about atmospheric resi-
dence times based on MNP size, shape, polymer type and particle surface
modification for a set of prevailing atmospheric conditions. The theoretical
framework presented here allows these factors to be integrated to predict net
behaviours and to reveal the sensitivity of these net behaviours to specific
factors. In order to predict LRAT potential, this model can be combined
with information on spatial and temporal patterns of MNP emissions and
vectors for atmospheric transport to understand source-to-receptor rela-
tionships. It should include a description of variability in local weather
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patterns (surface winds, stratification, precipitation events), which will
influence the ratio of atmospheric dispersal versus removal via deposition.
Environmental fate and transport models at high spatial and temporal
resolution are, thus, needed to disentangle the complex interplay between
MNP and environmental drivers for LRAT. Such models should incorpo-
rate mechanistic descriptions of dry and wet deposition processes and dif-
ferentiate between MNPs of different sizes and shapes, along the lines
described here. Under certain conditions, polymer type may also be
important, e.g. for the dry deposition of MNPs >10um and for wet
deposition, where thermal conductivity of different materials can affect
thermophoresis. Finally, MNP ageing behaviour can also be important. This
might make some polymer types more likely to act as CCN and be prone to
in-cloud scavenging.

Conclusions

Environmental fate and transport models with high spatial and temporal
resolution are needed to disentangle the complex interplay between the
specific properties of MNPs and the various environmental factors that
influence their potential for LRAT. The mechanistic descriptions of dry and
wet deposition processes presented here should be incorporated into such
models, and resulting spatially-resolved exposure patterns could be con-
fronted with measured environmental data once global monitoring net-
works based on harmonised sampling, measurement, and reporting
protocols are more established"’.

We show how existing theories of atmospheric particle transport can be
combined with empirical data on MNP properties and atmospheric
processes to estimate atmospheric residence times for MNPs. This work
demonstrates that considerable differences in atmospheric residence times can
occur for different MNPs, depending on size, shape, and polymer composition.
We estimate that MNPs between 0.1 and 2pm (with densities of
900-1600 kg m™) will have relatively long residence times in air during dry
periods, but that these can be efficiently scavenged (in the order of hours)
during intermittent precipitation events. The theoretical framework intro-
duced here, thus, enables a more robust and mechanistic approach that can
account for the entire range of physicochemical properties of MNPs, including
differences in particle size, shape, polymer type, as well as the influence of
environmental ageing and transformation processes on the properties of the
particle. In addition, the influence of land surface properties, atmospheric
stratification, surface wind speed, and precipitation characteristics is accounted
for explicitly. This makes it possible to estimate atmospheric half-lives of
MNPs under seasonally- and spatially-varying atmospheric conditions. Whilst
we have not explicitly evaluated the effects of parameter uncertainties on the
predicted atmospheric residence times of MNPs, the sensitivity of predicted
MNP behaviours is clearly illustrated, allowing the effects of parameter
uncertainties to be evaluated when these are known.

Overall, we show that atmospheric half-lives can vary by several orders of
magnitude, ranging from seconds to weeks, influenced by a combination of
particle properties and system-dependent environmental factors. These
insights need to be accounted for when evaluating LRAT for MNPs. In
general, the atmospheric fate and transport of most MNPs is consistent with
that of other atmospheric particles, including mineral dust and pollen. As with
other particles, however, the complex mixture of properties associated with
environmentally relevant MNPs, such as differences in density, surface
properties (thermal conductivity and wettability) and shape, need to be
explicitly included to improve the accuracy of mechanistic fate and transport
descriptions. This is particularly important for fibres or MNPs that have been
subjected to considerable environmental weathering. Longest atmospheric
half-lives (and highest potential for LRAT) are estimated for spherical MNPs
with diameters around 1 um. Longer atmospheric residence times are expected
for fibres than for spherical particles of equivalent mass. This is consistent with
recent theoretical developments, experiments and monitoring™".

The equations employed in this paper are fully accessible via a GitHub
repository, where they are provided in Jupyter Notebook format. They
enable the calculation of dry and wet deposition rates under specific

conditions and can be incorporated directly into fate and transport models
describing MNPs. This work, thus, represents an important point of
reference for building and updating multimedia environmental transport
models for both MNPs and other particles in the atmosphere more
holistically.

Methods

Dry deposition velocity of smooth spherical MNPs

The dry deposition velocity (v4) was estimated from the terminal dry settling
(or gravitational settling) velocity (vg), the aerodynamic resistance to
deposition (R,) and the surface resistance to deposition (Ry)*™":

1
=% R TR) ®)

Vg Was based on the dominant settling mode (Brownian, Stokes or New-
tonian) for a given MNP size, as discussed in more detail in the Supple-
mentary Information (see Supplementary Methods 1 and Supplementary
Fig. 2 for how we determined the size threshold between different settling
modes). For MNPs with a particle diameter d;, > 76 um Newtonian settling
dominates and v, is estimated from®":

(4)

v =
SNewton

where p,, is the density of the MNP particle, p is the fluid density (here of air),
Cp is the drag coefficient (unitless) and g is acceleration due to gravity. Cp
depends on the Reynolds number Re (calculated for different flow regimes
based on Kalman and Matana®, see also Supplementary Table 2). For d,,
between 76 and 17 um we estimated v, based on Stokes Law:

Vesoks %}1 <pp - P) d,’ (5)

where p is the fluid viscosity. For d}, < 17 um, v, was calculated with Eq. 4
(with appropriate Re and Cp), but corrected using the Cunningham factor
Cc” to account for the impact of Brownian motion:

Cec (6)

=V
&Brownian BNewton

with:

Com1+2(a 44 —Asdy 7
CcC — dp 1 ZeXp 21 ()

where A is the mean free path of the fluid molecules and A, are experi-
mentally determined coefficients. Here, we used the coefficients proposed
by Jennings® for air: A, = 1.252, A, = 0.399, A3 = 1.100,A = 6.635 x 10 * m.

Dry deposition velocity of weathered MNPs

For weathered MNPs, or MNPs of different shapes, the difference between
smooth and irregular surfaces can be introduced in Eqgs. 4 and 5 via an
empirical shape factor x. For Newton’s regime, the dry settling velocity
becomes®":
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For irregular rough surfaces (e.g. due to environmental weathering), we
used x=1.2 based on experimental measurements of spherical rough sur-
faces by Hassan and Lau™. Adjustments recommended for non-spheroidal
shapes (e.g. cubes or plates) and MNP aggregates are described in Supple-
mentary Methods 1.

Dry deposition velocity of MNP fibres
Fibres are flexible, with varying flatness and elongation™”. During settling,
they can adopt different orientations due to their flexibility (straight, semicircular,
quarter circular, etc.). This flexibility leads to variations in Re and Cp,
invalidating the approach, described above for weathered MNPs. Bagheri and
Bonadonna® developed theoretical models for flexible fibres based on orienta-
tions (random, horizontal and average orientations), which are valid for a wide
range of Reynolds numbers (up to Re=3x 10°). We adopt their average
method, as it gives the best results compared to experimental measurements (as
demonstrated by Tatsii et al.*’). Details of the equations employed are provided
in Supplementary Methods 1. As Re and Cp, must be resolved in a self-consistent
method, this increases computational time compared to other fixed shapes.
To compare spherical MNPs with MNP fibres, we used the equivalent
volume (representing the same quantity of material, distributed in different
shapes [Table 1]) and the aspect ratio AR, which is the longest axis L divided
by shortest axis S (AR = L/S). Here, L is the length of a straight fibre and S is
its diameter®. For a spherical MNP of diameter dp, Sand L of a fibre with the
same equivalent volume is calculated based on its AR as follows:

s (20xdp 13
~ \3.0xAR

L =ARXxS

(10)

(11)

Land surface and aerodynamic resistance to dry deposition

To account for the impact of land surface characteristics, atmospheric
stratification and surface wind speed on dry deposition velocities we applied
the resistance approach (Eq. 1), which is widely applied in physical and
chemical transport models (see details in Supplementary Methods 2)***®.
We used the method and parameters introduced by Zhang et al®. for 15 land
use categories (LUCs) (Supplementary Table 6) and two different surface
wind velocities 1, (2 and 15 m s™"). The impact of atmospheric stratification
is accounted for by Zhang et al. ©* and detailed in Supplementary Methods 1.

Wet deposition velocity of MNPs
Removal of atmospheric MNPs by wet deposition occurs via below-cloud or
in-cloud scavenging (Fig. 5).

Below-cloud scavenging of MNPs

Below-cloud scavenging is calculated using Eq. 2. The scavenging coefficient
Ap depends on raindrop diameter (D) and MNP diameter (d,), their
terminal velocities (V and v) and on the collision efficiency E between
raindrop and MNP*";

Y= /ooo% (DP * dp>2 (V(DP> + V<dP)>E(DP’ dP>N(DP)de
(12)

where, N(Dp) is the raindrop size distribution, which depends on rainfall
intensity (RI) (Supplementary Methods 3, Eq. S31). In the present work
we used four distinct uniform raindrop diameters D, corresponding
to the median diameter of the raindrop size distribution expected
for four different RI categories (Supplementary Methods 3, Eq. S32): (i)
Drizzle with RI<0.5mmh™ (D, =0.87 mm), (ii) moderate rain with
05mmh™' <RI<4mmh™ (D,=11mm), (i) heavy rain with
4mmh™' <RI<8mmh™ (D, =1.35mm) and (iv) very heavy rain with
RI>8mmh (D, =14 mm).

The collision efficiency E is calculated from the contributions of
Brownian diffusion (Eq. S33), interception (Eq. S38), impaction (Eq. S39),
thermophoreris (Eq. $43), diffusophoresis (Eq. $46) and electrophoresis (Eq.
$49)]. The relative contribution of these different processes to the overall E
depends on MNP size (Supplementary Fig. 12), thermal conductivity, which
is material- dependent (Supplementary Table 7) and on particle charge.

In-cloud scavenging of MNPs
In-cloud scavenging is governed by two mechanisms: collision scavenging
of MNPs by waterdrops and nucleation scavenging, which involves MNPs
acting as cloud condensation nuclei (CCN) or ice nuclei (IN) in a water-
saturated atmosphere (Fig. 5). The likelihood of particle nucleation in a
supersaturated environment, such as clouds depends on particle size, par-
ticle surface hydrophilicity and the relative humidity of the surrounding
environment. The critical supersaturation S, of a particle—i.e. the minimum
level of supersaturation in a saturated medium required for a particle to
grow or nucleate—can be derived with the Kohler equation””.

For partially hydrophilic or mostly hydrophobic particles (as is the case
for most pristine MNPs), the ability of the particle to act as a CCN depends
on the contact angle for wettability (6) between the MNP surface and water

droplets®™*. S. is expressed as a function of 8 (for small 6)"":
S.(d,) = [exp(A + W) — 1] x 100% (13)
where A4, is the S. equilibrium water deposition term defined as:
40, M
A — W w
RTp,.d, (14)

in which T is the temperature, o, is the surface tension of the water film on
the particle, M,, is the molecular weight of water, p,, is the density of water
and R is the universal gas constant.

The S, wettability term, W is defined as:

1 — cos6

W =
\/0.662 +0.022In(d, /2)

(15)

Contact angles 6 for pristine and photoaged MNPs adopted here can be
found in Supplementary Table 8.

Impact of surface coverage

To calculate the effect of surface contamination of MNPs, e.g. with a hydro-
philic coating such as NaCl (Fig. 8), we accounted for the volume of the coating,
the hygroscopy of the coating material (including expansion due to water
uptake) and the aqueous solubility of the coating. These factors can all affect
nucleation scavenging. Thus, the definition of A in Eq. 14 was replaced by an
extension of the Kohler theory®, including terms to describe the wettability
and the heterogeneity of the partially recovered MNP surface and incorpor-
ating Cassie’s equation® for chemically heterogeneous surfaces (with possible
different local contact angles). This leads to a revised definition of A as™:

3 3
dy — dp (40(5‘6)Mw)

A=
RprdT

S d—di(1—x)

(16)

where dp is the volume equivalent diameter of the insoluble MNP, defined
as dp = 6V np/m, in which Vynp is the volume of the core MNP; dr is
the total volume equivalent diameter of the insoluble MNP and the core
materials, defined as dr = 6V /m in which V7 is the total volume of the core
MNP and the covering material, o) is the surface tension of the solution/
air interface and « is a hygroscopicity parameter defined by the mixing rule:

K= Z &1GH(x;) (17)
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where i is the coating component considered, ¢; is its volume fraction, ; is
the component hygroscopicity, and the dissolved volume fraction of the
solute x; and H(x;) defined as:

x;x;<1
1x;21

x;= (g —1)C;/e;, H(x) = { (18)

where g is a diameter growth factor defined as dr/d,,, C;is the solubility of the
compound 7 in water (expressed as volume of compound per unit volume of
water). The S, wettability term, W, is then defined as:

1-— Cos(eglobal)

= 19
1/0.662 + 0.022In(d;/2) (19)
where the global contact angle Gy is defined as:
Cos(eglobal) = Zf ; cos 0; (20)

in which f; is the fractional area of the surface with a contact angle of 6;
We assumed the following parameters in the illustrations
presented here:
KpeT = 0.0, CPET =0.0 m3m’3; ePET =69.5° (fromm)
Knacl = 1.28 (from™); Craci = 1.6 X 107 m*m > (from™), Oyac = 0.0°,
where Cpgris the PET solubility and Cy,q is the NaCl solubility.
Atmospheric half-lives: with first-order processes, with rate constant
k, the half-life ¢,/, of a process is the time required for the concentration of
particles to decrease to half of its initial value:

In(2)

ti, = — (21)

Under dry conditions, dry deposition is a first-order process and the
dry deposition rate constant for removal of MNPs (k) can be calculated
from the settling velocity v4 and the height of the atmospheric compartment
z:

In(2) _In(2)

t = = —
1/2(dry) Ky valz (22)

Here, we assumed a value of 1 km for z in all calculations.
Under wet conditions, particles are removed from the atmosphere by

both dry and wet deposition. Assuming that both of these processes can be
described as first-order reactions the half-life under wet conditions is:

t = 111(2) 23
1/2(wet) — kdry + kwet ( )
where
3
kwet = E x Eeff x D_ (24)

p

where D,, is the rain drop diameter, RI is the rainfall intensity and E 4 is the
total sum of the collision efficiencies of a particle by a droplet (Brow-
nian + Interception + Impaction + thermophoresis + Diffusiophoresis +
electrophoresis collision efficiencies).

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All model outputs used to generate the figures and derive the conclusions of
this manuscript are available deposited on Zenodo (https://doi.org/10.5281/
zenodo.17247014), together with input parameters and their sources.

Code availability

The information presented in this article has been compiled into an open-
access framework available for the parameterisation of MNP transport
models. The source code on GitHub (in Jupyter Notebook) is accessible via
https://zenodo.org/records/17247014. The partial or complete extraction
and use of the source code, is licensed under the Creative Commons 4.0 (CC
BY) license.
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