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Section S1: Abbreviations

Table S1: List of abbreviations (units)

A

C

Cc

Co

Cp

Dp

Duitr Br
Dait_water
DLA

ds

dp

E (dp, Dp)
Etn (dp, Dp)
Edpn (dp, Dp)
Eec (dp, Dyp)
e

Fn

Fs

f

g

|

Ka

Kp

Kn, A

KN, rand
KN, hor

Ks, A

Ks, rand

kS, hor
Kx

Characteristic radius of collectors depending on land-use categories (m)
Atmospheric concentration of MNPs (ug m™3)
Cunningham correction factor (-)

Drag coefficient (-)

Heat capacity of air (m?.s72.K™")

Raindrop diameter (m)

Particle Brownian diffusivity (m2.s™")

Water vapour diffusivity in air (m2.s™)

Diffusion Limited Aggregation

Fractal dimension (-)

Particle diameter (m)

Overall collection efficiency (-)

Collection efficiency due to thermophoresis (-)
Collection efficiency due to Diffusiophoresis (-)
Collection efficiency due to charge effect (-)
Elongation of the fiber (-)

Newton form factor (-)

Stokes form factor (-)

Flatness of the fiber (-)

Acceleration of gravity (m.s™?)

Intermediate dimension of the fiber (m)

Thermal conductivity of air (J.m™".s™".K™")

Thermal conductivity of the MNP (J.m~1.s™.K™)
Newton drag correction for average orientation (-)
Newton drag correction for random orientation (-)
Newton drag correction for horizontal orientation (-)
Stokes drag correction for average orientation (-)
Stokes drag correction for random orientation (-)
Stokes drag correction for horizontal orientation (-)

Structure prefactor (also called lacunarity or structure factor). Here x denotes
hydrodynamical radius or radius of gyration (m)

Longest dimension of the fiber (m)




Lmo
Ma
Muw

N(Dp)

P
P
Po
Qr
Qp

Ra
Re
Rer
RH
RLA
Ri

RI
Rs
Ry

fe

Sc
Scw

V(Dp)
Vo

Va

Vi

Monin—Obukhov length (m)

Molecular weight of air (g.mol™)

Molecular weight of water (g.mol?)

Number of particles in an aggregate (-)

Raindrop size distribution (-)

Atmospheric pressure (Pa)

Water vapor pressure at temperatures Ta, (g.cm™.579)
Water vapor pressure at temperatures Ts, (g.cm™.s72)
Porosity of an aggregate (-)

Mean charges on the raindrop (C)

Mean charges on the particle (C)

Universal gas constant (= 8.3144598 J-K™"-mol™")
Aerodynamic resistance (m.s?)

Reynolds number (-)

Raindrop Reynolds number (-)

Relative humidity (-)

Reaction Limited Aggregation

Fraction of particles stuck to a surface (-)

Rain Intensity (mm.h?)

Surface resistance (m.s?)

Radius of aggregate. Here x denotes hydrodynamical radius or radius of gyration (m)
Radius of the larger cluster forming the aggregate (m)
Radius of the particle (m)

Small dimension of the fiber (m)

Schmidt number (-)

Schmidt number for water vapor in air (-)

Stokes number (-)

Air temperature (K)

Temperature of the raindrop surface(K)

Friction velocity (m.s™")

Raindrop terminal velocity (m.s™)

Volume of a particle in a monodispersed aggregate (m?®)
Volume of an aggregate (m?3)

Volume of a particle i in a polydispersed aggregate (m®)
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Dry deposition velocity (m.s™)

Dry settling velocity in Newton regime, also called gravitational velocity (m.s™)
Dry settling velocity of a permeable aggregate (m.s™)

Dry settling velocity in Stokes and Brownian regime (m.s™)
Roughness length from the land (m)

Height of the canopy (m)

Shape factor (-)

Ratio of the settling velocity of a permeable (v,) on impermeable aggregate (vg) (-)
Stability function (-)

von Karman constant (-)

Floc permeability (m?)

Scavenging coefficient (s™)

Fluid viscosity (Pa.s)

Air viscosity (Pa.s)

Water viscosity (Pa.s)

Kinematic viscosity of the water (m?.s?)

Fluid density (kg.m3)

Density ratio (-)

Air density (kg.m=)

Particle density (kg.m=3)

Water surface tension (N.m?)

Mean free path of the fluid (m)

Dimensionless permeability of the porous aggregate (-)
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Section S2: Dry deposition

Overview of the different processes contributing to the dry deposition of particles form the atmosphere
(Figure S1). Dry deposition is a combination of dry settling and resistance deposition near surfaces. Dry
settling occurs as particles move downward in the air column under the influence of gravitational, buoyancy,
and drag forces and, depending on particle size, is best described by Brownian, Stokes or Newton processes.
Resistance deposition takes place when particles approach and interact with obstacles close to the surface
during the deposition process, as well as the aerodynamic conditions near this surface. It is influenced by

the surface characteristics, the intensity of surface winds and the particle size.

Free Atmosphere

\ ) TS
Resistance (gt
B Deposition

Figure S1 Dry Deposition The dry deposition of particles is the sum of dry settling in the well-mixed boundary layer
and resistance deposition in the laminar sublayer. Dry settling depends on particle size: from a) Brownian regime, to
b) Stokes regime, to ¢) Newton regime, but also d) the shape of the particle and €) the porosity and permeability of
particle aggregates. Resistance deposition depends on the collision efficiency between the particle in laminar flow and
the deposition surface, via f) Brownian diffusion, g) Inertial impaction, h) Interception, i) and the local surface's height,
nature, and smoothness. (Figure illustration created by the authors with Adobe Suite, partially inspired by Framer et
al. illustrations?).
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Section S2.1:Dry settling velocity
Spherical MNPs in Newton regime (dp > 75.75 um)

In Newton’s regime, the terminal velocity (vg) for dry settling of spherical particles is calculated from the
particle diameter (d), the fluid density (here: air) (p), the drag coefficient Cp, the gravitational constant ()

v, = w Eq S1
g \’ 3Cpp

Cp is a unitless number that depends on particle shape, flow distribution, orientation, permeability. Type of

and the particle density (pp), as 2:

flows are defined by Reynolds number. There is the Laminar flow with Re lower than unity, and turbulent
flow, characterized by a high Reynolds number. A transitional regime exists between laminar and turbulent
regimes, in which a correlation is needed to calculate Cp. In this transitional regime, numerous spherical
drag correlations have been presented in the literature. Based on recent benchmark experimental data of
spherical particles,® it has been determined that the correlation proposed by Kalman and Matana®, presented
in Table S2, is the most appropriate fit for the transitional regime, but also the entire range of Re, as it is the
one with the lowest average relative error. Therefore, this correlation is used as the standard spherical drag

coefficient in this study.

Table S2: Drag coefficient equations used in this work, for impermeable spherical particles in different types of flow (defined by

Reynolds number Re). Based on Kalman and Matana”

Type of flow | Reynolds Number, Re Drag coefficient, Cp
. 24
Laminar Re<1 H = —
Re
Transitional 1 <Re <1000 Cp = 24 + + 0.44
D™ Re " Re06 )
Turbulent 1000 < Re < 2x10° ~0.44
Turbulent 2x10° < Re 0.10

Spherical MNPs in Stokes regime (16.7 um < d, £ 75.75 um)
In Stokes’ regime, the strength of viscous forces at the surface of the particle is a key force. According to

Stokes’ law, the terminal velocity (vg) for dry settling of particles is here calculated from the particle
diameter (dy), the fluid density—here the air—(p), the fluid viscosity (u), the gravitational constant (g) and

the particle density (pp) as follows:

g

Vg = m(pp - p) dpz

Eq. S2
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Stokes’ law (Eq. S2) is limited to spherical, smooth, and rigid particles in laminar flow (Re < 1, d, < 50
um), with no interactions with other particles (dilute suspensions), and uniform density, in a continuous

fluid medium. Equations for other conditions beyond these constraints will be presented later.

Spherical MNPs in Brownian regime (dp £ 16.7 um)
The derivation of Stokes’ law assumes a no-slip condition which is no longer correct for very small particles.

When particles are small enough to be at or below the same size as the mean free path of the fluid (the
distance a fluid molecule travels before colliding with neighboring fluid molecules), this fluid can no longer
be considered as a continuous medium. The mean free path on dry air is 66 nm at 23 °C, 1 atm.®

On this Brownian scale, the Cunningham correction factor,® C., applied allows for predicting the terminal
velocity of small particles vs in a fluid:

Vs = vyC¢ Eq. S3

Where the Cunningham correction factor, C, is defined as

21 —Ayd,
CC=1+d_p A1 +A26xp 2/1 Eq 84

Where A is the mean free path of the fluid molecules, A, are experimentally determined coefficients. Here
we use the coefficients presented by S. G. Jenning’ for air: A; = 1. 252, A, = 0 .399, A; = 1.100, A =
6.635x10*m.

The limit between Stokes and Newtonian regimes for the dry settling of MNPs

The size threshold separating the Stokes and Newtonian regimes can be calculated from the particle
Reynolds number, Re,. This indicates if the flow regime around the particle is laminar (when Rep < 1 in the
air, Stokes regime) or turbulent (when Re, > 1 in the air, Newtonian regime). Re,, is defined as:

_ pavgdp
Ha

Re Eq. S5

p

where pa, is the density of air (kg m), v is the terminal dry settling velocity of the particle (m s, dp is the

particle diameter (m), and u, is the dynamic viscosity of air (kg™' s™').

In Figure S2 a), the critical mean diameter of MNPs (with a density range between 900 and 1600 kg m®),
above which dry settling follows the Newtonian region, is determined to be 75.73 um. For comparison, for
mineral dust particles, due to their higher density (2000-5000 kg m), this mean diameter is calculated to
be 52.09 um. In contrast, for pollens with densities similar to or lower than MNPs (600-1200 kg m), this

8
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value is found to be 85.18 um. Further details on the low and high densities applied for each material are
provided in the caption of Figure S2. Note that when extending the density range of MNPs to include very
high-density polymers such as polytetrafluoroethylene (PTFE), the mean cut-off diameter between Newton

and Stokes is lowered to around 72 pum.

a) | b)

Minera'l Dust High Der'\sity (Maénetit'e)
3.0F Mineral Dust Low Density (Kaoline, silt) 3.0F
=+ Pollen High Density (Ragweed pollen)
==+« Pollen Low Density (Pine pollen)
= MNPs High Density (PVC) .
2.5k —— MNPs Low Density (LD-PE) 2.5¢ Brownian Stokes .
===-limit
2.0 2.0t
=
Q '
v 9
x 15+ 8 1.5
¢ o
o 16.7 um
Newton Mode /7.5, um.4 -~
1.0 y e 1.0
Stokes Mode / 185.18 um
o 4
0.5+ / _di 1 o5
0.0, . T 0% 2 5 8 10 12 15 18 20
0 20 80 100
Particle Diameter (um) Particle Diameter (#m)

Figure S2: MNPs Dry Settling in air: Brownian, Stokes and Newtonian modes boundary limits. a) Limit between
Newtonian and Stokes modes. This figure shows how the particle Reynolds number (Rep) varies with particle
diameter for MNPs, mineral dust, and pollen, across different density ranges. The Rep = 1.0 line marks the threshold
between Newtonian and Stokes regimes. The blue shaded area represents MNPs densities (900-1600 kg/m?3
corresponding to LD-PE and PVC respectively) with a transition diameter at 75.73 um. For comparison, mineral dust
(yellow, 2000-5000 kg/m?, kaolinite and magnetite respectively) transitions at 52.09 pm, and pollen (green, 600—1200
kg/m?, pine pollen and Ragweed pollen respectively) at 85.18 um.b) Limit between Brownian and Stokes modes.
Variation of the Cunningham correction (C.) as a function of particle diameters. The Cunningham correction is required
for particles < 16.7 um to keep the error below 1%, delimited in this work the Brownian and Stokes regimes.

Unlike the Newton-Stokes limit, the limit between the Stokes and Brownian regimes is dependent mostly
on particle size. For particle sizes near to or below the mean free path of fluid molecules, the Stokes regime’s
aerodynamic theory is no longer appropriate to describe particle motion through the fluid. Based on Eq. S4,
Figure S2 b) shows Cunningham correction factor (expressed as a percentage) for different particle sizes
below 20 pum. To limit the error in the evaluation of the settling velocity of small particles to 1%, the
Cunningham correction should be applied to particles with a diameter of 16.7 um or smaller. These values
are recommended as average values for MNPs, and the authors encourage calculating specific values for

each type of particle.
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Impact of particle density on dry settling velocity

The influence of MNP size and density on the dry settling of MNPs is illustrated in Figure S3a for PVC
(density: 1580 kg m), PA as Nylon (density: 1130 kg m), High-Density PE (density: 980 kg m=), and
Low-Density PE (density: 920 kg m=), each with sizes ranging from 0.1 to 1000 um. The suspension of
particles in the air is predicted to decrease rapidly as size and density increase due to gravitational effects.
As can be seen in Figure S3, the impact or particle size is more pronounced than that of particle density for
size and density ranges relevant for MNPs.

101_5 T T T T T T T T T 3 £ T T T T T T T 3
) ; PVC (1580.0 kg.m~3) Gravitational Settling b) £ Pristine Sphere Gravitational Settling i
o PA (Nylon) (1130.0 kg.m-3) Pristine Spheres 100 Weathered Sphere LD-PE 4
10! 4 £ ; = H
£ HD-PE (980.0 kg.m~3) e e tan i
LD-PE (920.0 kg.m™~3) 107} Fiber, (L/S)=1 ]
10-! 4 £ H
1072 1
'? 1072 '-T
4 V 10-% 1
E 1073 E
5 5 1074 4
> > H
1074 10-°F H
10-5 106 1
1076 4 107 1
s 2 5 B " B " H " H . H BN " =HB s & &5 &5 5 =5 =5 =5 B |
0.1 1.0 100 200  50.0  70.0  100.0 _ 500.0 _1000.0 0.1 1.0 100 200 50.0  70.0  100.0 500.0 1000.0
Particle Diameter (um) Particle Diameter (um)

Figure S3: Effect of MNPs size, densities, and shapes on the gravitational settling. a) Densities and particle size
effects on the gravitational settling: Gravitational settling velocities of PVC, PA, High-Density PE (HD-PE), and
Low-Density PE (LD-PE) particles with smooth (pristine) spherical shapes as the function of the particle diameter.
Avre represented: Brownian size range, (with particles diameters dp = 10 pm, 1.0 pm, and 0.1 pum); Stokes size range
(dp=70 um, 50.0 um, and 20 pm); and Newton size range (dp =1000 pum, 500.0 um, and 100 um); b) Particles Shapes
effects on the gravitational settling. Gravitational settling velocities of low-density PE, with different shapes: pristine
sphere shape, weathered sphere shape (with a Stokes shape factor c=1.2). Fiber shape, with the distinction between the
aspect ratio of 50 and 100 (aspect ratio defined as the ratio of the longest dimension (L) on the smallest dimension
(S)). The Brownian, Stokes and Newtonian regimes are represented similarly as a).

Non-spherical MNPs: shape effects
Particle shapes give rise to different drag forces and terminal dry settling velocities, which would, in turn,

affect the aerodynamic behaviour of the particles.® Over the years, shape factors have evolved to establish

a connection between non-spherical properties and spherical characteristics.

For Newton's regime, the dry settling velocity becomes:?

4dpg(pp — p) Eq. S6
3Cpxp

g =

10
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And for Stokes’ regime (with C.=1.0) and Brownian regime:

v,C
v = g <
X

Eq. S7

This factor can be measured experimentally.® We present in Table S3 y values found in the literature.

Table S3: Shape factors (for Stokes and Newton equations) for common particle shapes (based on Wilson and Huang 1979,1°
Crowder et al. 2002,11 Hassan and Lau 200912).

Shape Shape factor y
Sphere 1.00
Rough surface (e.g. weathered) | 1.20
Plate 1.50
Cube 1.08
Straight chain 1.10

Impact of weathering on dry settling velocity—the golf-ball effect

Pristine MNPs typically feature a smooth surface. However, with time, various factors, such as exposure to
cold temperatures, photoaging, abrasion, molecular aggregations on the surface, and environmental
conditions®?, lead to the development of surface roughness. Where we assess the influence of weathering on
the airborne transport of MNPs (Figure S3 b). Taking pristine spherical particles made of low-density
polyethylene (LD-PE) as an example, three distinct size regimes are assessed: Newtonian, characterized by
diameters of 1 mm, 0.5 mm and 0.1 mm; Stokes (70 um, 50 pm and 20 ym); and Brownian (10 pm, 1.0 pm,
and 0.1 um). We evaluate the impact of weathering on spherical plastic particles by increasing their surface

roughness until it reaches a level equivalent to a “pollen shape” (shape factor y =1.2, see Table S3).

As depicted in Figure S3 b, under dry settling conditions, we observe that weathered particles exhibit a
smaller gravitational settling velocity when compared to their pristine, smooth counterparts, for each
diameter considered. The increased surface roughness of the particles results in greater turbulence at their
surface, which, in turn, heightens friction with the surrounding air, causing a reduction in the particle settling
velocity. This phenomenon is also referred to as the ‘golf ball effect,’ where aerodynamic design prolongs a
particle's time aloft and retards its descent, akin to how a golf ball's dimples allow it to linger in the air

longer than a smooth ball of comparable size and weight, by minimising air resistance.

Fibers have particular airborne characteristics due to their complex geometry*l. Fibers are flexible, varying
in flatness and elongation, and can adopt multiple orientations (e.g., straight, semicircular) during settling.
This flexibility affects Reynolds numbers (Re) and drag coefficients (Cp), making fixed-shape models

11
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inadequate. Bagheri and Bonadonna* developed models for flexible fibers across a wide Re range (up to
3x10%), considering random, horizontal, and average orientations. According to recent investigations®>?7,
experimentally controlled fibres settling measurements are compared successfully using the average method
proposed by Bagheri and Bonadonna4, definitions and chain of equations presented in Error! Reference s

ource not found..

In Figure S3 b, the dry settling velocity of LD-PE fibres is compared to that of pristine LD-PE spheres with
the same equivalent volume (i.e. the same mass). We present calculations for two example aspect ratios
(length/diameter): 50 and 100, representing different length-to-diameter combinations. For a given mass,
fibrous shape has a lower gravitational velocity compared to a smooth or a rugous MNPs sphere. Longer
fibres experience even lower velocities than shorter fibres. This phenomenon, explained by the buoyancy
and surface area differences between these two shapes, is one of the important elements explaining the
observed long-range transport of fibres in the atmosphere. 8

Table S4: Definitions and chain of equations to calculate Cp (the drag coefficient of fibres) based on the method developed by
Bagheri and Bonadonna,** from the calculation of the random and horizontal orientation drag corrections.

Dimension of the fibre (m):

Longest: L | Intermediate: | | Small: S
Characteristics of the fibre :
Flatness: f=S/ | | Elongation:e=1/L
Density ratio:
P’=pp/P
Form factor:
Stokes: Fs=fe 13 | Newton: Fy= f 2e
Drag corrections:
Random Orientation: Horizontal orientation: Average Orientation:
Stokes: Newton: Stokes: Newton: Stokes: Newton:
kS,rand = kN,rand =
(Fsl/3 n FS—1/3) 10a(—log(FN))B
2 ksnor = Ky hor = ksa = kna =
0.05 —-0.36
10 (FS + FS ) 100.77(—log(FN))0'63 kS,rand + kS,hor kN,rand + kN,hor
a=045+—————+30 2 2 2
exp(2.5 log(p ))
3
=1.0—-——+100
d exp(3 log(p"))

Drag Coefficient for Fibers:

24kS,A 2/3 / 0'46kN,A \
C, = R (1+0.125(RekN,A/kS,A) )+\1+ 5330

(Rekn,a/ks.a)

12



192
193

194
195

196
197
198
199
200
201
202
203
204
205
206
207
208

209

210
211
212
213

214
215

216

Dry settling of MNP aggregates
The atmospheric behaviour of MNP aggregates is influenced by their fractal dimension and structure,

porosity, and permeability, which are defined below.
Fractal dimension of aerosol:

Depending on which media the aggregation occurred, aggregates may have different fractal dimensions.
Particles and aggregates formed in water may be released to the atmosphere through aerosolisation through
various mechanisms such as splashing, evaporation, or the creation of fine droplets, which are then
suspended in the air. If the aggregation process occurs in freshwater and a significant potential barrier exists
between particles, the aggregation is a Reaction Limited Aggregation (RLA) process (Sposito 1994).
Simulation modelling and experimental investigations of RLA produce aggregates with df ~ 2.1 *2_ If no
significant potential barrier exists between particles or if the aggregation occurs in the ocean (then screening
the potential barriers between particles due to ionic strength), the formation of the aggregate is Diffusion
Limited Aggregation (DLA), During DLA, aggregates of particles collide and combine, without optimising
packing density into a close-fitting, organised structure. The resulting aggregate is porous and convoluted.
The theoretical value of df for aggregates formed in the DLA regime water in three dimensions is ~1.8 *°.
If the aggregates were formed in the atmosphere, different fractal dimensions were reported from 1.35 to

1.89 (as in the DLA regime), with a mean fractal dimension of 1.65 + 0.15 from urban aerosols?®2*,
Porosity:

Increased porosity within aggregates will result in a lower bulk density compared to individual particles of
the same size. The impact of aggregate porosity on settling can be addressed by the inclusion of a porosity
term (Po) in the settling equations (to represent the effective density difference of the aggregate). For the

Stokes equation this results in:

171%%

Vg = (1 —"Po) Eqg. S8

The relationship between the porosity Po of an aggregate with volume Va, and number of monodisperse

particles N in the aggregate, each with volume Vo, is:?®

NV,
(1—Po) = —2 Eq. S9
Va

For N polydisperse primary particles of different volumes V; in the aggregate, this becomes:

N
i=1 Vl'

Va

(1—"Po) = Eq. S10

13
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C. /YN, V.
v, = 2 C<Zl-1 l) Eq. S11
X Vy

The porosity Po of an aggregate is also related to its size and the fractal dimension of the aggregate 2%:
R df—3
(1 —Po) =k, <—"> Eq. S12
™

With r, as the radius of the primary particles, ds the fractal dimension of the aggregate, R is the radius of the
aggregate, the subscript x refers to a particular way of defining the radius R of the aggregate
(hydrodynamical radius, radius of gyration), and k is the structure prefactor consistent with x definition,

(also referred to as lacunarity or structure factor).
(Rx)df Eq. S13
T,

For polydisperse primary particles in the aggregate, r, can be substituted by size distribution %°:

1/(3-dy)
?]=1Ni7"'3 !
=== Eq. S14

N
a

N f

i=1 Vit

p

Eq. S8 or Eq. S11 will be preferred depending on specific available data.

Permeability:

Macropores formed between particle clusters in aggregates can permit internal air flow ?’. This permeability
affects the settling velocity by decreasing aggregate drag and increasing settling velocity compared to an
impermeable particle of the same size and density.?®?® Previous observations indicate that the settling
velocities of large permeable aggregates could be at least twice as fast as impermeable particles of the same

size and density.2>2%31
The settling velocity of a permeable aggregate v, is related to the impermeable settling velocity vg by 32:33;

= Ug —c — tanh( + Z_ZZ Eq S15

With ¢ the dimensionless permeability of the porous aggregate is defined as, based on the Brinkman

equation for non-uniform permeability 3* :

14
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(= Eqg. S16
N :

And «; the floc permeability defined as:

I 3|8 3 Eq. S17
2 =73 (1— Po) (1— Po) a-

With r. the size of larger clusters forming the aggregate (cluster-fractal model, introducing the non-

uniformity of permeability).

To gain a comprehensive understanding of the primary factors influencing the dry settling and deposition
of aggregates, we conducted calculations based on two scenarios: one that considers only the size and
density of a non porous, non permeable particles (referred to as 'Compact"), and the second factoring in size,
density, porosity, and permeability ('Permeable’). To the best of our knowledge, there is currently no
experimental data available for MNPs. To accurately represent airborne aggregates, we derived key
parameters from the fractal analysis studies conducted by Katrinak et al.zs on carbonaceous aggregates from
aerosols. The results are presented in Table Table S5 and

Figure s4.

Table S5: Based on experimental data from aggregate aerosols from Katrinak et al.,?> we calculate the porosity P and permeability
factors (equations in supplementary information in the section aggregates)

Fractal Aggregates Particle Number of Calculated Calculated
Dimension diameter dagg | diameter d, | particlesin the | porosity permeability
ds (mm) (nm) aggregate N Po factorT"

1.43 1.74 25 1341 99.82% 1.10

1.73 2.04 25 1403 99.52% 1.04

1.83 2.61 30 1335 99.31% 1.03

15
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Figure S4: Impact of the fractal dimension, and induced permeability of MNP aggregate on the dry settling
velocity on the example of PVC aggregates of varying diameter.

Section S2.2: Resistance to dry deposition

Impact of land surface characteristics on dry deposition
A pioneering approach to describe the influence of land surface characteristics on dry deposition was

proposed by Slinn in 1982% for vegetative canopies and subsequently developed by Peters and Eiden
(1992)% for a spruce forest and by Giorgi (1986)% for four surface types: smooth; with bluff roughness
elements; oceans and vegetative canopies. These models appear to work well for larger particles but predict
much lower deposition velocities for sub-micron aerosols compared to recent observations. Zhang et al.
(2001),*® therefore, modified the approach to include 15 land use categories (LUCs) and 5 seasonal
categories (Table S5) resulting in a better description of sub-micron particle behaviour. This model has
become a reference for particle dry deposition, including incorporation in large-scale models®**4. The model
includes the aerodynamic resistance R,, surface resistance Rs (Brownian, interception, and impaction
collection efficiencies of particles by different surfaces) and rebound of particles on dry surfaces (Equations

detailed hereafter).
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Table S6: Land use categories (LUC) and seasonal categories (SC) based on the framework proposed by Zhang et al. 3¢ for the
surface resistance.

Land use categories (LUC) | Definition
Evergreen needleleaf trees

Evergreen broadleaf trees

Deciduous needleleaf trees

Deciduous broadleaf trees

Mixed broadleaf and needleleaf trees

Grass

Crops, mixed farming

Desert

O O Nl o O | W| N =

Tundra

=
o

Shrubs and interrupted woodlands

[
[

Wet land with plants

[N
N

Ice cap and glacier

=
w

Inland water

H
~

Ocean
15 | Urban

Seasonal categories (SC) | Definition
Midsummer with lush vegetation

Autumn with cropland that has not been harvested

Late autumn after frost, no snow

Winter, snow on ground and subfreezing

gl Bl W N

Transitional spring with partially green short annuals

The aerodynamic resistance, Ra: available for vertical maximum extent from the surface of 100 m* | the
aerodynamic resistance depends on the height of the canopy zr (m), the roughness length from the land z,

(m), Yy is the stability function (-), k is the von Karman constant (-), and u, is the friction velocity (m.s™).

In (i—’;) Ty

KU,

R, = Eq. S18

For all type of surfaces, the stability function 1 is defined as, depending on the stability of the atmosphere,

based on the Monin-Obukhov length (cf, Error! Reference source not found.):
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279
280
281

282
283
284

285
286

287

288

289
290

291
292
293

294
295

1+47(t, — 1), (stable)
0, (neutral)
Eqg. S19

Yn = . <(53 +1)(8 + 1)

(62 +1)(5, + 1)2) +2(tan™*(8,) — tan™*(6,)),  (unstable)

Where Lo is the Monin—Obukhov length, Ty = zo/Luyo , Tr = LZ—T 8, = (1 — 157,)/4, and
MO

8, = (1—157,)1/*
The relation between the friction velocity u,and the surface wind velocity at the height z, u,), (often more

available experimentally for z equal to 5 meters, called in the paper us) is given by*647:

w = KU(Z)

- ln(ZZ_O) Eq. S20

If the roughness length of land surfaces is fixed, the roughness length for water surfaces changes with the
wind speed. The impact of the wind on roughness length of the water surface is accounted for under neutral

conditions, mean winds #-%0:

0.11v, 0.011u?
ZO = u + g

Eq. S21

For other meteorological cases, as high winds in tropical cyclones as example, specific description of z0

need to be done (cf. Powell et al. #’ for specific methodology).

The surface resistance, Rs or quasilaminar resistance : depends on the collection efficiency of the surface:

1
goU(Epr + Emn + Enp )R

Rs Eq. S22

With &, an empirical constant that was taken to equal a value of 3 for all land use types by Zhang et al.*,

u, the friction velocity (m.s™).

R; represents the fraction of particles stuck to a surface. Particles larger than 5 mm may rebound after hitting
a surface. This process may be included by modifying the total collection efficiency by the factor of R;,

which represents the fraction of particles sticking to the surfaces. For wet surfaces, there is no rebound, else:
R; = exp(—St'/?) Eqg. S23

With St the Stokes number, St=vqu-/gA for vegetated surfaces (Slinn, 1982), A is the characteristic radius

of collectors. For smooth surfaces or with bluff roughness surfaces, St=vgu~?/n (Giorgi, 1988).
18
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310

311

312
313
314
315
316
317

Esr, En and Eimp are the collection efficiencies of Brownian diffusion, interception, and impaction,
respectively, defined as:

For the collection efficiencies of Brownian diffusion Eg;:
Eg, = Sc™Y Eq. S24

With Sc is the Schmidt number, given as the ratio of the kinematic viscosity of air, v,, to the particle
Brownian diffusivity, Dt r: SC=v,4/Duifr gr. y usually lies between 1/2 for smooth surfaces, as surface water,
to 2/3 for rougher surfaces as vegetated surfaces.
For the collection efficiencies of interception E:

d 2
Epn =05 (f) Eq. S25

The characteristic radius A is given for different land use and seasonal categories .

For the collection efficiencies of impaction Ejmp:

B

St
Emo = (7 550) =4 520

With « and B are constants. With « =0.8 and 8 =2 best fit is obtained for the data collected by Belot and
Gauthier®!, based on Peters and Eiden?.
Here, the Stokes number St is defined as:

e For smooth surfaces or surfaces with bluffs roughness elements:

2
gt = st Eq. S27
9va
e For vegetated surfaces:
st = Bt
= 4a Eq. S28

Figure S5 highlights the impact of the aerodynamic resistance, and surface resistance variation depending
on the size of the particle, for a specific LUC: With all elements considered (vg, Ra, Rs and rebounds), we
can see that the dry deposition does not arise from the same mechanism regardless of particle size. In this
model, rebounds cannot be neglected for particles with sizes of 1 um or larger, as they are influenced by
interception, impaction, and gravitational regimes. The gravitational settling becomes the main mechanism

on the dry deposition velocity for particles of diameter higher than 200 pum.
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Figure S5: Contributions of Brownian motion, interception, and impaction on collection efficiencies of PVC
MNP on evergreen broadleaf tree surfaces. These contributions are calculated with different MNPs diameters for
two wind speeds (a) u =15 ms-1, and b) u =5 m s-1, bottom), in neutral stratification, in midsummer season with lush
vegetation. The impact of particle rebound is also shown separately via the dotted lines. Higher surface wind speeds
lead to a higher predicted dry deposition velocity with more impact of rebounds.
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Figure S6: Impact of Particle Diameter, Wind Speed, and Land-Use Categories on the Dry Deposition
Velocity of High-Density PE Particles: a) Variation of the dry deposition velocity as a function of HD-PE diameter
and LUCs with surface wind U=15 m.s%, season: midsummer with lush vegetation, neutral stratification, with LUCs

numbering presented in legend b) Variation of the dry deposition velocity as a function of HD-PE diameter and

LUCs with surface wind U=2 m.s™!, season: midsummer with lush vegetation, neutral stratification.
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Atmospheric stratification:

In dry deposition of MNPs, the atmospheric stratification needs to be considered, specifically for small
MNPs lower than Imicrometer for all surface winds, or 102 micrometer for hight surface winds (cf. Figure
4 of the present article). This stratification depends on the surface temperature and the temperature of the
air above. The Monin-Obukhov Length classification® is used to classify atmospheric stability. This
classification is presented in Figure S7 a).The small particles are more affected by the stratifications of the
atmosphere due to their size and the vs mixing of the atmosphere as the result of difference in temperatures
(as schematized in Figure S7 b)

Dry Deposition: Atmosphere Stratifications

a)

Illustrated Cases

Temperature _
comparisons Tsurface>>Tair above Tsurface>Tair above Tsurface_ Tair above Tsurface< Tair above Tsurface<<Tair above
Meteorological EXTREMELY UNSTABLE NEUTRAL STABLE EXTREMELY
conditions UNSTABLE STABLE
Monin-Obukhov
Length [m] -100< L<O0 -500< L<-100 500<|L| 50< L <500 0< L<50
) Cool Air vean
Vertical Lack of
mixing is vertical
prevalent

- Cool Air mixing

Figure S7: Atmosphere stratifications effects on the dry deposition a) Monin-Obukhov length classification for
atmospheric stability®?, b) Two schematic diagrams illustrating the concept of atmospheric stratification (illustration
created with latent diffusion model®® and modified with Adobe Photoshop)
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Section S3: Wet deposition

Section S3.1: Below-cloud scavenging

The time-dependent removal of MNPs by below-cloud scavenging (BCS) can be described as a first-order
decay process:>*

dc

— =—A\,C Eg. S29
dt p a

BCS

where C is the atmospheric concentration of MNPs (ug m>) and A, is the scavenging coefficient (in s™)
The scavenging coefficient can be calculate as (see developments in 4°):

1, = f = (0, + )" (V(D,) + v(dy)) E(dy, DN (D), Eq. 530
0

where Dy and d, are the raindrop and MNP diameter respectively (m), V(D,) and v(d,) the raindrop and
the particle terminal velocities, respectively, E(d,, Dp) is the collision efficiency of an MNP with a
raindrop, and N(Dp) the raindrop size distribution

For a monodispersed representative droplet diameter Dp, Eq. S30 becomes:®

1 _3E RI
v =25 op2)

where RI the rainfall intensity (mm s). Eeff is the collection efficiency.

Eq. S31

The classical Slinn model®® was the first approach to calculate the dominant size-dependent processes
governing E for BCS which include scavenging due to Brownian diffusion, interception and inertial
impaction of particles by raindrops. The following secondary processes have since been added to correct

for the underprediction in collision efficiency: thermophoresis, diffusiophoresis and electrophoresis.

Calculated values of A, should integrate the full range of collection efficiencies (from low for larger
raindrops to high for smaller raindrops: Loosmore and Cederwall®” 2004) over the range of raindrop
diameters in any given storm. Despite the sensitivity of A, to the raindrop size distribution *® a uniform
raindrop size is a reasonable simplification if an appropriate representative diameter is chosen (e.g. the

median diameter for a gamma raindrop size distribution: 8,

Dp = 1.94 RI0158 Eq. S32
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379

380
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383

384
385

with Dp expressed in mm and Rl in mm h. In the present work, tested four different RI categories: (1)
drizzle with RI < 0.5 mm h™!, (2) moderate rain with 0.5 mm h™' <Rl <4 mm h', (3) heavy rain with 4 mm

h™' <RI <8mm h'!, (4) very heavy rain with RI> 8 mm h™'.

Collision efficiency:

a) Brownian diffusion

Collision efficiency with Brownian diffusion for ultra-fine particles (< 0.1 mm), that move unpredictably

against the air flow around the raindrop:

4
Epy(dp, Dp) = —- [1+ 0.4Re,*/2Sc/3 + 0.16Re,*/?Sc'/?] Eg. S33
r

Where Re; the raindrop Reynolds number:

_ pyedy

Re, = —— Eq. S34
1
Where Sc the particle Schmidt number:
Ha
Sc=—F—— Eq. S35
PgDaifr Br q
The particle Brownian diffusivity coefficient :
kBTa‘Cc
Daifr gr = 3mn,d, a, Eq. S36
The Cunningham correction factor :
22 dp
Ce=1+7(1.257 + 0.4exp( —0.55—= Eq. S37
14

With 4 the mean free path of air molecules ,u, the air viscosity , p. the air density, T, the air temperature
(K), d, the particle diameter , D, the rain drop diameter , kz the Boltzmann constant , VV(Dj,)the raindrop

terminal velocity

b) Interception

Interception occurs when coarse particles are directly within a collection area of the falling raindrop and is

thus independent of the particle’s mass or inertia:
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dp |Ha

d
Ejn(D,, dy) = 4 + D—p(1 + 2Re, %) Eq. S38

Dy ltw Dy
C) Impaction

Inertial impaction collects coarse particles with large masses that are unable to move with the streamlines
around the falling raindrop:

St—Stt  \*/?
Where:
2t(V(D,) —v(d
St = T( (D) = o ”)) Eq. S40
Dy
_ (pp = pa)diCe Eq. S41
18u,
12+iln(1+Re )
PR V) r Eq. S42

1+ In(1+ Re,)

d) Thermophoresis

Thermophoresis, which is caused by uneven heating of particles in ambient temperature gradients, drives
particles towards evaporating and sublimating hydrometeors. Thermophoresis efficiency term needs the

thermal conductivity k, of the particles as parameter.

4aey (2 +0.6Re; B (T, = Ty)

Eq. S43
V(Dy)D,p

Eep (dp: Dp: ) =

Where
B 2C.(kq + 51/Dyky kg
" 5P(1+61/D,)(2k, + k, + 104/D,k;)

Aen Eq. S44
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408

C
P. = Z—”a Eq. S45
a

ka and kj are the thermal conductivity of the air and the particle, respectively, T. and Ts the temperature of
air and the raindrop surface, Cp the specific heat capacity of air, P the atmospheric pressure
For amorphous polymers, this constant is low (< 0.5 W/m K at T=25 °C on the different examples):>®

Table S7: Thermal conductivities and densities of some polymers, data from 59-61

Material Thermal Conductivity Density

25°C (W-m™-K™) (kg.m™)
Low-Density Polyethylene (LD-PE) 0.30 920
High-Density Polyethylene (HD-PE) 0.44 980
Polypropylene (PP) 0.11 910
Polystyrene (PS) 0.14 1071
Poly methylmethacrylate (PMMA) 0.21 1187
Nylon-6 (PA) 0.25 1130
Nylon-6,6 (PA66) 0.26 1166
Polyethylene terephthalate (PET) 0.15 1380
Poly butylene terephthalate (PBT) 0.29 1300
Polycarbonate (PC) 0.20 1200
Poly acrylonitrile-butadiene-styrene copolymer (ABS) 0.33 1100
Poly etheretherekitone (PEEK) 0.25 1260
Polyethylene sulfite (PPS) 0.30 1350
Polysulfone (PSU) 0.22 1250
Polyphenylsulfone (PPSU) 0.35 1300
Polyvinyle chloride (PVC) 0.19 1580
Polyvinylidene difluoride (PVDF) 0.19 1800
Polytetrafluoroethylene (PTFE) 0.27 2200
Polyethylene vinyl acetate (EVA) 0.34 930
Polyimide, thermoplastic (PI) 0.11 1300
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e) Diffusiophoresis

Diffusiophoresis moves particles towards diffusional-growing hydrometeors due to water vapour

concentration gradients:®2

0 0
4apn (2 + 0.6Re} 563 ) (F - 420 )

T T Eq. S46
Edph(Dp: dp) = > = g
V(Dy)Dy
Where
TaDdiff Water Mw
Bin =——7— |— Eq. S47
th P M,
Sey = ——2 Eq. S48
Pa DdiffWater

Duift water - Water vapour diffusivity in air (m?.s™!), RH relative humidity (%),

f) Electrophoresis
Electrophoresis (electric charge effect) occurs when raindrop with a charge Q; attracts a particle with an

opposite charge gp. This process enhances the capture efficiency.®®

16K(C.Qrqp
3mu,V(Dy)D3d,

Eec(Dp'dp) = Eqg. S49

where K =9x109 (in N.m2.C2), Q;and ¢, are the mean charges on the raindrop and on the aerosol particle
(in Coulomb, C) assumed to be of opposite sign. A parameterization, with respect to size, has been proposed
for the mean raindrop and particle charges:

Q; = aaDj Eg. S50
qp = aad} Eqg. S51

Here, a=0.83%10—6 and a (C m—2), an empirical parameter, spans the range from 0, indicating neutral

particles, to 7, indicative of highly electrified clouds linked with thunderstorms. 5364
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Figure S9: The efficiency probability of scavenging a particle as function of its size and the raindrop size
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Figure S10: Variation of MNPs total and detailed collection efficiencies with a raindrop diameter of 2 mm. Contribution

to the collection efficiency with T=283.65K, P=850hPa. The importance of considering phoresis and charge is

emphasized for particles of diameters of around 1 um.
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Section S3.2: In-cloud scavenging

Photoaging

Table S8: Photoaging impact on the wettability of seven plastics, data from Huang et Wang.®> A contact angle between 90° and
180° is classified as having a low wettability. A contact angles between 02 and 902 correspond to a high wettability (in bold), and
a contact angle of 02 a perfect wetting.

Plastics Contact Angle 0 | Contact Angle 0
Before Photoaging | After Photoaging
PVC Polyvinyl chloride 93.40° 92.10°
ABS Acrylonitrile butadiene styrene plastic 96.50° 94.54°
PMMA  Polymethyl methacrylate 88.38° 83.87°
PC Polycarbonate 91.64° 81.71°
PET Polyethylene glycol terephthalate 98.40° 69.50 °
PE Polyethylene 100.51° 64.30°
PS Polystyrene 98.70° 57.90°

As shown in Figure S1, in the MNPs length scales (from 1um to 5 mm), no insoluble particles with a wetting

contact angle higher than 12° can condense water at their surface in the typical range of supersaturation S

in natural clouds (between 1.0 and 1.01, with a probable absolute maximum value of S in natural clouds of
1.03 (RH=103%)). For the studied plastics by Huang et Wang in Table S9, by applying Eq. 9 of the main

article, the photoaging process alone does not allows these MNPs to become a CCN.

29



450

451
452
453
454
455

457
458

459
460

T LB L | LA R LA | T LA T
Critical Saturation Sc
]_02_- 1.1 % 100 6 = 50° -
1.08 x 10°) 9 = 60°
m— g = 70°
1.06 x 10° —_— 0 = 80°
— 0 = 90°
wn
1.04 x 10°
1.02 x 10°)
wn 10! ol -
[ N e | B ]
{Dianﬁter(“m)
100----------------------------------------------------.-
1072 107! 10° 10! 107 103 10%

Dry Particle Diameter (um)

Figure S11. Variation of Critical Saturation (Sc) curves for spherical insoluble particles is presented
as a function of particle diameter and contact angle (wettability). These curves are calculated using
Eq. 9 at a temperature of 0°C. The figure illustrates that at the maximum supersaturation (S=1.03,
represented by the red dashed line) typically found in Earth's atmosphere, none of the photoaging plastics
in pure forms (with no aggregates, exterior molecules on the surface) can act as condensation nuclei for
water. In the inset, contact angles (wettability) leading to the formation of water condensation nuclei are
depicted for a supersaturation of 1.001, 1.01, and 1.03 (to facilitate the comparison with McDonald 196456).
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