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Abstract

Raindrops impacting water surfaces such as lakes or oceans produce myriads of tiny droplets which are ejected into
the atmosphere at very high speeds. Here we combine computer simulations and experimental measurements to
investigate whether these droplets can serve as transport vehicles for the transition of microplastic particles with
diameters of a few tens of um from ocean water to the atmosphere. Using the Volume-of-Fluid lattice Boltzmann
method, extended by the immersed-boundary method, we performed more than 1600 raindrop impact simulations
and provide a detailed statistical analysis on the ejected droplets. Using typical sizes and velocities of real-world
raindrops — parameter ranges that are very challenging for 3D simulations — we simulate straight impacts with various
raindrop diameters as well as oblique impacts. We find that a 4 mm diameter raindrop impact on average ejects more
than 167 droplets. We show that these droplets indeed contain microplastic concentrations similar to the ocean water
within a few millimeters below the surface. To further assess the plausibility of our simulation results, we conduct a
series of laboratory experiments, where we find that microplastic particles are indeed contained in the spray. Based on
our results and known data — assuming an average microplastic particle concentration of 2.9 particles per liter at the
ocean surface — we estimate that, during rainfall, about 4800 microplastic particles transition into the atmosphere per

Volume-of-Fluid, GPU

square kilometer per hour for a typical rain rate of 10 % and vertical updraft velocity of 0.5 %
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Introduction

Large water basins such as oceans or lakes are commonly
considered as sinks where microplastic produced on land
surfaces will accumulate over time [1-4], especially in
coastal waters [5]. Atmospheric winds, on the other hand,
can act as efficient transporters of microplastic leading
to long-range, in fact even global, redistribution of atmo-
spherically suspended microplastic [6—9]. Taken together,
these two observations suggest that a mechanism trans-
porting microplastic from the hydro- to the atmosphere
might contribute significantly to the global spreading of
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microplastic. Indeed, hydrodynamic processes such as
bursting bubbles [10-13] or breaking waves eject myri-
ads of small water droplets into the air thus constituting
an important mechanism for the transport of sea salt [14],
organic material [15, 16] or particles [17, 18] which can
have sizes up to 100 um [19]. It is to be expected that
these processes are most relevant for particles near the
ocean surface [20-23] and especially those that accumu-
late directly at the surface due to hydrophobicity, low
density and/or bubble scavenging [24] as is very often
the case for microplastic [25-27]. Indeed, evidence has
recently been provided that these transport mechanisms
could be relevant for microplastic as well [7, 28].

Another droplet-producing mechanism that has
received much less attention is the impact of raindrops
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onto ocean or lake surfaces. Upon contact of the rain-
drop with the water surface, a thin wall of fluid around
the impact site shoots upward at high speed. Due to
hydrodyncamic instabilities, any distortion in this ring
of fluid amplifies, leading to an uneven breakup into
small droplets that resembles a crown in appearance.
Depending on the raindrop diameter which is between
1 and 7mm [29-33], each impact can eject more than
hundred droplets during the initial splash. Quantifying
this process is therefore crucial to understand if and
how raindrop impacts can act as a possible pathway for
microplastic transition from the hydro- into the atmo-
sphere. While there are many experimental observations
on various types of drop impacts into water [34—44] —
some even investigating particle transport [45] — signif-
icantly fewer works study raindrop impacts at terminal
velocity [46—48]. This may be due to the fact that the
drop height required to reach terminal velocity is several
meters [30, 49]. Similarly, numerical simulations treating
impact scenarios in the parameter range relevant for
raindrops are also limited [50].

Here, we use a novel state-of-the-art GPU implemen-
tation of the Volume-of-Fluid lattice Boltzmann method
(LBM), combined with the immersed-boundary method
[51-53]. The LBM is a powerful tool for simulating fluid
flow in countless fields such as microfluidics for med-
ical applications and engineering; we use it due to its
exceptional computational efficiency on graphics process-
ing units (GPUs). We simulate more than 1600 impacts
of raindrops with different diameters and impact angle,
an amount unfeasible with other computational methods.
We include microplastic of varying densities into the sim-
ulations to examine the potential for ejection. For each
setting, we determine the size, altitude and airborne time
distribution of droplets and ejected microplastic particles.
In addition, we conduct laboratory experiments demon-
strating the presence of microplastic particles in splash
droplets after the impact of an artificial “raindrop” in good
qualitative agreement with our simulations.

Based on our observations for single raindrops of dif-
ferent diameters, the raindrop size distribution [31, 33],
typical microplastics concentrations in sea surface water
[3, 54], precipitation data [55, 56] and typical vertical wind
speeds close to the ground [57], we estimate the amount of
microplastics that transition from the global oceans into
the atmosphere annually due to raindrop impacts.

Methods

Fluid solver

The lattice Boltzmann method

For solving the Navier-Stokes equations, we use the sim-
ulation software FluidX3D [51-53], a full (multi) GPU
implementation [53, 58—65] of the lattice Boltzmann
method [66-68] which we thoroughly validated in-house
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(see SI section S2 and [51]). We use the single-relaxation-
time collision operator [66], as both two-relaxation-time
[66, 69] and multiple-relaxation-time [70-72] turned out
to be unstable at such high Reynolds numbers in combina-
tion with Volume-of-Fluid. Gravity is incorporated using
the Guo forcing scheme [66, 73]. The simulations are done
in single-precision (FP32) floating-point.

The Volume-of-Fluid model

FluidX3D contains a full GPU implementation of the
Volume-of-Fluid (VoF) model [51, 52, 74—79]. VoF intro-
duces three flag types for LBM lattice points: fluid, inter-
face and gas. The fluid phase is computed with regular
LBM, the interface is kept sharp (width of a single lattice
point) at any time and the gas phase is not calculated at all.
On the interface layer, surface tension is handled based on
the Young-Laplace equation and surface curvature, which
is calculated using the paraboloid fit method [51, 74, 80],
built upon the full analytic solution to the piecewise linear
interface construction (PLIC) problem [52, 80-83].

Hardware and illustrations

Simulations are performed in parallel on up to four AMD
Radeon VII GPUs (16 GB video memory each) as well as
on a Nvidia Titan Xp GPU (12 GB video memory). With
our efficient GPU implementation, the compute time for
one impact simulation at L, = 464 on a single Radeon
VII is between 5 and 15 minutes depending on data
acquisition.

For grahpical illustrations, we use an OpenCL imple-
mentation of the marching-cubes algorithm [51, 84] that
has direct read-only access to the raw simulation data
in video memory. This way, rendering is fully paral-
lelized on the GPU. On multiple GPUs, each one renders
its own simulation domain and the individual images
are stitched together based on their accompanying z-
buffer. Lines in the images indicate the multi-GPU domain
boundaries.

Microplastic particles

The immersed-Boundary method

The immersed-boundary method (IBM) [51, 85, 86] cou-
ples particles to the fluid and is implemented fully paral-
lelized on the GPU using trilinear velocity interpolation
[87] (no-slip condition) and floating-point atomic addi-
tion [88]. IBM ensures proper two-way coupling between
particles and fluid, whilst allowing particles to move freely
between LBM lattice points. Each IBM particle corre-
sponds to one microplastic particle.

Particle properties

The individual IBM particles have no coupling forces
among each other, but they are buoyant and also prohib-
ited from leaving the water and getting into the air. This
is realized with a hard potential perpendicular to the local



Lehmann et al. Microplastics and Nanoplastics (2021) 1:18

surface normal for particles between interface and gas VoF
lattice points.

The particles are mathematical points without an intrin-
sic size. However there is a length scale of hydrodynamic
interaction — the distance between two neighboring LBM
lattice points converted back into SI-units — providing an
upper bound for the particle diameter. Since the physical
grid distance is adjusted to the diameter of the impact-
ing raindrop, this upper limit for the microplastic particles
dp is directly proportional to the raindrop diameter & and
varies between d, < 22pum and d, < 151 um for the
1mm and 7 mm raindrops, respectively. This represents
a realistic scenario as particles between 50 — 80 um are
especially abundant in nature [3]. More details are given
in S1.1.

Analysis

Droplet detection

Whenever a droplet touches the ceiling of the simu-
lation box (i.e. in the uppermost lattice layer at least
one lattice point becomes either interface or fluid), a
Hoshen-Kopelman tracking algorithm [89] is triggered
and all droplets in the simulation box are indexed. The
droplets touching the ceiling are identified, measured and
removed. Then the simulation continues until the next
trigger event is detected.

Velocity o and radius Ry are provided by the track-
ing algorithm for each droplet individually at the moment
when the droplet touches the ceiling. For all fluid and
interface lattice points belonging to a droplet, we average

the velocity and calculate Ry = J % from the volume V5.

Estimating time of droplet separation from crown and cut-off
altitude hcyt

Our droplet detection algorithm delivers the time at which
a droplet touches the ceiling of the simulation box. The
physically relevant quantity, however, is the actual time
of separation from the crown splash which we compute
from the velocity and time at the moment of detection as
described in the SI in section S1.2.

Because our simulations only cover the initial 10 ms of
the splashing, only the droplets within this time frame
are detected. It is an important observation that the first
droplets that separate from the crown are the fastest,
and later separating droplets are slower (Figure S3 (b)).
We thus from our data define a cut-off altitude /¢yt in
Figure S3 (b). After the simulated time frame, we expect
only insignificant numbers of droplets to be ejected above
heyt- This gives us a threshold of confidence: below Ay,
almost all droplets are counted whereas above /¢, some
droplets could turn up after the simulation has finished.
In the cumulative distributions of maximum altitude in
this work, we mark /¢, with a colored asterisk *, and
we mark the regime of incomplete data, for that the
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cumulative distribution is considered the lower bound and
the upper bound is undefined, as shaded areas.

Trajectory of spray droplets: maximum altitude, airborne
time and pickup by wind

An impacting raindrop can eject a multitude of small
droplets into the air, each of which may contain
microplastic particles dispersed in the ocean water. If the
microplastic particles are to be transported further into
the atmosphere, pickup of these droplets by wind as well
as their subsequent evaporation are essential. While we
cannot simulate the maximum altitude of ejected droplets
directly in our LBM simulation, since this would require
very large simulation boxes, we can nevertheless calcu-
late their 3D trajectories based on the initial position and
velocity, initial drop radius Ry at the moment of droplet
detection as well as air properties. Although the droplets
are tiny in size (with the minimum size resolvable in our
simulations being (=~ 233 um)), their velocity is several
meters per second, so Reynolds numbers are in the range
20 — 400 (see Figure S4) and simple Stokesian friction
does not apply in the first part of the trajectory [90] (see
Figure S5). We therefore use the more general drag force
model [91, p.116; 92]

> 1 oL oL
Fdrag = —3 pa ACplulu=—pBCplulu 1)

with p, being the air density and A = 7 R? being the cross-
section of a (spherical) droplet with radius R. #z = u(¢) is
the 3D velocity of the droplet. The parameter § and the
droplet mass m can be written as functions of R:

1
ﬂ(R)zgpaAzpagR2 @)
mmzp%m3 (3)

Cp = Cp(Re(|u|,R)) is the drag coefficient for a viscous
droplet with dynamic viscosity contrast as provided by
Feng [92] (see section S1.3 in the SI). Re is the Reynolds
number
- 2R p, |u
Re(ji, Ry = X2 1] 4)

Ha

and 4, is the dynamic viscosity of air. Combining drag and
gravity forces, the total force F on an airborne droplet is

mii = E(t) = Fg + Farag
= —(m—my) geé; — B Cp(Re(|ul)) |u| i (5)
with m, being the mass of air the droplet displaces (buoy-

ancy) and g being the gravitational acceleration. The
equations of motion for an airborne droplet are
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On top of this basic trajectory model, we consider two
additional effects: (i) evaporation and (ii) updraft. While
the droplet is airborne, its radius decreases due to evap-
oration. To include this effect in our model, we assume
[90, eq. (36)]

Kt
R(t) ~ |RE — — 9
(®) 07 16 )
with Ry being the initial radius and

2
K=qoAT (14241 Ro) = 262810710
S

(10)

being the evaporation constant [90, eq. (46)]. The param-

eters go = 90.63 - 10712 % q1 = 0.004225 - 10° L and
AT = 2.9 Kare interpolated from [90, table 5] at 20°C and
75% relative humidity, the approximate conditions at the
ocean surface [93]. This model is a simplification of the
model presented in [90] in that it does not account for the
evaporation rate depending on droplet velocity. It directly
yields the lifetime [90, eq. (52)]
4 2 (2q1Ro — log (1 + 241Ry)) (11)
ife = —5—— —lo .
life G2 AT q1Ko g q1Ko
Note that we also ignore solute effects on the evaporation
rate in this simplified equation.
In order to include the effect of updraft into our model,
an additional vertical wind velocity offset #ypdraft is intro-

duced in Eq. 1

Fdrag =—-BCp |1_'2 — Uypdraft el (Zl — Uuypdraft €;) (12)

with Cp = Cp(Re(|h — uypdraft €2])). Assuming con-
stant updraft velocity instead of considering turbulent air
movement of course is a simplification and in nature the
process is more complicated.

We integrate (6) together with the effects of evaporation
and updraft numerically using Runge-Kutta-4 with a step-
size of At = 0.1 ms (without updraft) At = 10 ms (with
updraft) for each one of the approximately 17000 spray
droplets per 100-impact-data-set. As initial conditions,
we use the position and velocity from the droplet detec-
tion algorithm in section “Droplet detection” From the
integration we obtain the maximum altitude and airborne
time. From the airborne time we derive a clear criterion
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of microplastic uptake into the atmosphere. Two uptake
scenarios are possible: either the airborne time diverges
due to high updraft in combination with small droplet size
or the airborne time remains finite (i.e. the droplet would
eventually fall back onto the surface) but larger than the
droplet life time. In this latter case, we also consider the
microplastic particles to be taken up by the atmosphere.
For our setup (sea water and air, temperature 7 = 20°C)
we have g = 9.81%, p = 1024.8103 %, p, = 1.204 X%

[94] and i, = 1.813- 1075 X& [95],

Simulation setup and parameters
Raindrops in nature are limited in diameter 4 to approx-
imately 1 — 7 mm. If they are too small, they are mainly
advected by winds, and if they are too large, they split
into smaller droplets [33]. Depending on diameter and
local air pressure, the terminal velocity (Table 1) is fixed
[29, 30, 32].

For simulating sea water, we use the kinematic shear vis-
cosity v = 1.0508-107° %2, density p = 1024.8103 % and

surface tension o = 7.381 - 1072 % at standard tempera-

ture 7 = 20°C and standard absolute salinity S = 35 é
[96, 97]. The standard gravitational acceleration is g =
9.81 sz The raindrop fluid possesses the same parameters
as sea water.

The depth of the liquid pool must be sufficient to
approximate a ‘deep’ pool in that, during impact, the cavity
expansion is not limited by the bottom wall of the sim-
ulation box. For a box deeper than a few times the drop
diameter, there is no significant change in impact dynam-
ics. In the simulation, the overall box size is limited by
(video) memory, so a larger box size compared to the drop
size will lower the resolution. We use a box of the size 10d
by 10d by 8.5 d with a pool depth of 4d as a compromise.
The lateral boundaries are periodic and the very bottom
lattice layer is a no-slip bounce-back boundary.

Table 1 Terminal velocity curve for raindrops at mean sea level
pressure [29]

d/mm u/ Re We Fr Ca Bo

1 4.50 4282 281 454 0.0657 0.136
2 6.80 12943 1284 486 0.0992 0.545
3 8.10 23125 2733 47.2 0.1182 1.226
4 8.80 33498 4301 444 0.1284 2179
5 9.20 43776 5876 415 0.1342 3405
6 9.40 53673 7361 388 0.1371 4.903
7 9.55 63618 8864 364 0.1393 6.674

The terminal velocity u is a function of the drop diameter d. The dimensionless
Capillary

u

I

numbers Reynolds Re = dT“, Weber We = d‘;ﬁ, Froude fr =

2
Ca = “£2 and Bond Bo = % are also given
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The microplastic particles are initialized at (repro-
ducible) pseudo-random positions in the liquid pool with
a concentration of 5000 particles per cubic centimeter —
several orders of magnitude higher than typically found
in nature (& 1 — 7 particles per liter)!. If we chose typ-
ical particle concentration as found in contaminated sea
water, there would be a single or no particle at all in the
volume of the simulated domain. A particle concentra-
tion much higher would severely decrease computational
efficiency as the buoyancy force of multiple nearby IBM
particles would have to be atomic-added to each lattice
point. Since our particles do not directly interact with
each other and buoyancy effects are negligible at short
time scales, the number of ejected particles per raindrop
impact can be scaled down linearly with the initial particle
concentration. The raindrop initially is devoid of particles.

During unit conversion from SI-units to lattice units,
the density p = 1 in lattice units is fixed and the length
scale Ly is limited by memory capacity. The impact veloc-
ity u in lattice units however is a free parameter that does
not change physics, but has large impact on both com-
pute time (proportional to %) and accuracy. Tests with
Poiseuille flow in a cylindrical channel showed that for
FP32 floating-point accuracy, # should be in the range
0.0003 < u < 0.5 and especially # < 0.5 anywhere in the
simulation box [51]. In Figure S12 in S3.1 we show that
simulations with # €[ 0.005, 0.15] run stable. Outside of
this interval, instabilities propagate from the first unsta-
ble lattice point through the simulation box. We thus use
u = 0.05 for all of our simulations.

We also show simulations for varying lattice resolution
L, € {64, 128, 256, 464, 636, 748} in S3.2 and observe
that L, < 400 is insufficient to resolve details.

Simulations are run for a time span of 10 ms. In nature,
around 10ms after impact low air pressure behind the
falling droplet contracts the crown to a canopy or sur-
face seal [46]. Since in our simulation we do not model
the gas phase, we do not observe surface seal forma-
tion and thus for longer simulation periods our results
would significantly divert from experimental findings.
However only in the initial splash phase of the impact
do ejected droplets have sufficiently small size and high
velocity to be relevant for atmospheric pickup. Droplets
ejected later are slower and more likely to fall back to
the surface instead of contributing to transport across the
interface. The later occurring jet in the experiment also
does not significantly contribute to ejected high-velocity
droplets [41, 46].

I Measurements of microplastic concentration on sea surface water greatly
vary with time, location and measurement method, ranging from 0.0018 [20]
over 0.04 [21] to 0.406 [22] microplastic particles per m? in trawl
measurements. [54] provide an average volumetric value of 2.9 particles per
liter at 5 m depth and [3] provide measurements of between 0.99-7.00
particles per liter across the Atlantic Ocean at 10 m depth.
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Simulation results

Validating our simulations by comparison with experiment
To begin our investigations, we validate the employed
simulation model by comparing it to high-speed images
of a raindrop impact in sea water. Further validation is
provided in S2. Murphy et al. [46] studied oily marine
aerosol production when raindrops impact oil slicks on
the ocean. As a control, they conducted and documented
a 4.1 mm diameter raindrop impact on pure seawater at
an impact velocity of 7.2 — a bit less than terminal
velocity. The fluid properties used in [46] (see Table S2
of the SI) coincide almost exactly with the ones used
in our microplastic simulations as detailed below. This
allows for a direct experimental validation of our simula-
tion setup in the relevant parameter range. In Fig. 1, we
compare the simulation results to the experiment find-
ing excellent agreement for the cavity size and crown
breakup. A deviation between experiment and simula-
tion is only seen at ¢ = 8ms where the crown in the
experiment contracts and begins to form a canopy. This is
due to the lower air pressure behind the falling raindrop
(Bernoulli effect) that pulls the crown inwards in what is
commonly called a surface seal [98, 99]. Since air flow is
not explicitly included in our simulations, we do not see
the crown contracting. In this work, however, we focus on
the generation and ejection of small droplets which pri-
marily happens in the beginning of splash formation and
thus will not be significantly affected by the entraining
air flow.

Simulation of raindrop impacts on pure sea water

We next illustrate our 4 mm diameter raindrop impact
reference system in Fig. 2 for pure sea water without
microplastic particles. The corresponding parameters are
given in Table 2. Shortly after impact, the perimeter of the
impact site shoots upward. It forms a thin wall of fluid
— called crown — that quickly breaks up into lots of tiny
droplets due to surface tension. Crown droplets initially
are small and fast with a velocity inclined by approxi-
mately 53° from the vertical axis radially outward. As
time progresses, they gradually become larger and slower
(with less velocity inclination). Shortly after the raindrop
and pool surfaces touch (time of impact), the upper half
of the raindrop initially retains its convex shape which
now forms the bottom surface of the impact cavity while
displaced fluid exits upward at the perimeter. Once the
raindrop fluid plunges further in — about 1 ms after impact
— the cavity center flattens and becomes concave there-
after, steadily expanding while more and more fluid is
pushed into the crown. The fluid of the raindrop spreads
into a thin sheet around the cavity. During the simulated
10 ms, the cavity and crown continuously expand while
the gravitation-driven cavity collapse followed by the well-
known vertical fluid jet [41, 46, 100] happen only at a
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Fig. 1 Our simulation compared to the experiment from Murphy et al. [46], Fig. 3 (a)-(d), at times t € {—2, 1, 3, 8} ms. In both experiment and
simulation, t = 0 ms is defined as the time the droplet touches the water surface. The raindrop diameter is 4.1 mm. The asterisk marks the tracked
crown rim position in the experiment
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t € {0.0,05,1.0, 20, 3.0, .., 10.0} ms and lattice resolution is L, = 464

(b) Orthogonal side view.

Fig. 2 Visual representation of the 4 mm diameter raindrop impact simulation without microplastic particles. Time stamps (left to right) are

later stage. The fastest droplets that reach the highest alti-
tude in the air are ejected within the first few milliseconds
after impact. Previous research has suggested that the sec-
ondary jet after cavity collapse does not contribute greatly
to ejection of droplets [41, 46] so for this study we have
not included it.

Impacts of raindrops on sea water with microplastic
particles

We now include microplastic particles in the simula-
tion. To obtain sufficient statistics of ejected droplets and
particles, we run the simulation 100 times for each set
of parameters, with the microplastic particles each time
being initialized at different random positions, resulting in
slightly different random crown breakup. We choose the

highest possible lattice resolution for our IBM-LBM sim-
ulations (L, = 464) and run each simulation for 10 ms.
Droplets that touch the top of the simulation box are
measured and then deleted from the simulation box as
described in section “Droplet detection” above. The upper
bound for the microplastic diameter is 86 um as deter-
mined in S1.1 and their density is 1.05 % (polystyrene).
In Figure S23 we provide data on the velocity inclina-
tion from the vertical axis of the ejected droplets for
the 4mm diameter raindrop reference data set. In S4.7
we provide simulations over the entire range of com-
mon plastics densities from 0.92 % (polypropylene) to
2.17 % (polytetrafluoroethylene) and demonstrate that
buoyancy effects are negligible during the simulated time
frame. Figure S27 demonstrates how small the run-to-run

Table 2 Overview on the simulation parameters before and after unit conversion

Sl-units LBM units
drop diameter d 1 —7mm 464
impact velocity u 450 —-9551 0.05 (fixed)
impact angle o 0° — 40° 0° — 40°
simulation box dimensions Ly, Ly, L, 10d,10d,85d 464, 464, 394 (fixed)
pool height h 4d 185.6

kinematic shear viscosity v

water density p

surface tension o

gravitational acceleration g
(hydrodynamic) particle diameter djp,

number of particles N,

1.0508 - 1076 1
10248103 X4
7381107249
98113
<2215 um
2000 — 686000

5417 -10~* (1 mm) — 3.647 - 10~° (7 mm)

1 (fixed)

4126-10~% (1 mm) — 1.309 - 107> (7 mm)
2610-1078 (1 mm) — 4.057 - 10~8 (7 mm)

~ 0.6 — 1.0 (fixed)
2000 — 686000
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variation is in the simulation results, giving us confidence
about the accuracy of our data. In section S3.2 we provide
data on the influence of lattice resolution on the droplet
distribution.

Microplastic transport during 4 mm diameter raindrop
impacts

Figure 3 shows how the ejected droplets of 100 raindrop
impact simulations are distributed in diameter (x-axis),
ejection altitude (y-axis) and time of detection (color).

We observe that droplets at later points in time have
more volume, but less velocity, so maximum altitude is
lower. After ¢t = 5ms almost no droplets are ejected
beyond half a meter in amplitude. This gives us confi-
dence that our simulations capture all droplets with a high
ejection velocity which are relevant to microplastic trans-
port. The vertical velocity of the small droplets ejected at
an early stage reaches up to about 10 7, while the veloc-
ities of larger droplets ejected at later times are below
3 % In Figs. 4 and 5, we present histograms to reveal the
size distribution of droplets and the cumulative ejected
fluid volume as well as the distribution of how many
particles are present in droplets and the particle concen-
tration depending on droplet diameter. The bin width in
all histograms is 0.02 mm.

We observe that, by number, the majority of ejected
droplets has a diameter below 0.6 mm with the peak cen-
tered at 0.4 mm. In reality, there are likely to be more
smaller droplets because we cannot resolve droplets below
0.23mm diameter in our simulation. Between 0.6 and
1.0 mm, we observe a relatively flat plateau. These larger
droplets are less numerous, but contribute more than dou-
ble to cumulative ejected fluid volume than the small
droplets as can be seen in Fig. 4 (b). Comparing Figs. 4 (b)
and 5 (a), we find good proportionality between cumu-
lative ejected fluid volume and the number of particles
in the ejected droplets. Larger droplets with more fluid
carry more particles. The particle concentration in ejected

1.0

|
|
|

S

w
initial vertical velocity / m/s

s o
0 L~ : ‘ 0
0.0 0.5 1.0 1.5
droplet diameter / mm

maximum altitude / m

approximate time of separation
from crown / ms

-~

~
o

Fig. 3 Diameter and maximum altitude of droplets detected within
10 ms after impact of 100 4 mm diameter raindrops. The size of the
circles indicates the number of microplastic particles enclosed in each
droplet. The lines indicate constant initial vertical velocity. Tiniest
droplets below 0.23 mm diameter (gray area) cannot be resolved in
the simulation. The color represents the approximate time the
droplet separated from the crown rim. The maximum altitude of
ejected droplets decreases over time

Page 8 of 19

i2] 10 T
8 i
5 L
o -
S L
5 S5F -
_qo‘j L
2 L
5 L
c 0 a1

0.0 0.5 1.0 1.5 2.0

droplet diameter / mm
(a)
21-5:""|""|""| ]
~ - i
g 10F ]
=] r
S C
= C
9 t ||I|||||"""||||| |||I|I Mool
8 00 0.5 1.0 1.5 2.0
v droplet diameter / mm
(b)

Fig. 4 Properties of ejected droplets: (a) The size distribution and (b)
the distribution of ejected fluid volume by droplet diameter

droplets is on average 87% compared to the initial concen-
tration in the pool, meaning that the raindrop fluid makes
up approximately 13% of the ejected fluid. Only for the
smallest droplets, the particle concentration appears to be
a bit lower, closer to 70% which most likely is an effect of
numerical resolution and a larger uncertainty, as in this
region there is very little total fluid volume to divide the
particle number by.

To conclude this section, we find that a single 4 mm
diameter raindrop ejects about 167 droplets (> 0.23 mm
diameter?) during the first 10ms after impact. These
droplets contain a total of 136 microplastic particles for
an initial concentration of 5000 microplastic particles per
cm? in the sea water.

How raindrop diameter affects microplastics transport

The diameter of raindrops, which determines their termi-
nal velocity according to Table 1, strongly affects the num-
ber of ejected droplets and microplastic particles. Figure 6
shows the distribution of size, altitude and microplastic
load of ejected droplets similar to our 4mm reference sys-
tem in Fig. 3, when the raindrop diameter varies between
2 and 7 mm. Snapshots of the corresponding simula-
tions are shown in Figure S28. From these visualizations
we conclude that raindrops with diameters below 2 mm,
although frequently occuring in nature, do not eject a sig-
nificant number of droplets into the air. Raindrops with
diameters above 7 mm are very rare in natural rain events
and are therefore not considered further. Note that the

2smaller droplets cannot be resolved in the simulation
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Fig. 5 Properties of microplastic particles in ejected droplets: (a) The
distribution of particles in droplets and (b) particle concentration
depending on droplet diameter

minimum resolvable droplet size is larger for simulations
of larger raindrops and thus the gray area in Fig. 6 where
no droplets can be resolved, increases.

For a more quantitative description, Fig. 7 (a) provides
histograms of the droplet size distribution for different
raindrop diameters. We observe that with increasing rain-
drop diameter, the average size of produced droplets
increases simultaneously. Figure 7 (b) shows a similar
trend for the number of microplastic particles ejected by
droplets of various sizes: for larger raindrops the contri-
bution of the larger droplets increases. We furthermore
note that similar to the 4 mm reference case of the previ-
ous section, within the droplets we find a constant particle
concentration of on average 85% the bulk value regardless
of raindrop diameter (data not shown).

In the SI in Figure S3 we provide the maximum altitude
of ejected droplets as function of the time the droplets
separate from the crown rim. We see that — despite the
impact velocity being larger for bigger raindrops — the
overall time scale of the impact increases with droplet
size. Figure S3 furthermore shows that the maximum alti-
tude of the ejected droplets decreases monotonically over
time. This illustrates an important limitation of our simu-
lations: since we only consider the first 10 ms after impact,
droplets after this time are missing in our statistics. For
small raindrops with sizes up to 4mm, Figure S3 shows
that the amount of missed droplets can be expected to be
small and, more importantly, the maximum altitude of the
missing droplets will not be larger than a cut-off of around
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Fig. 6 Diameter and maximum altitude of ejected droplets after
impact of terminal velocity raindrops of various diameters. The lines
indicate constant initial vertical velocity. The circle size indicates the
number of microplastic particles in each droplet. Tiniest droplets in
the gray marked areas on the left cannot be resolved in simulation

heyt = 0.19m. This picture changes for raindrops with
diameters above 4mm, where a substantial amount of
droplets are missed. Nevertheless, Figure S3 allows us to
determine /.y depending on raindrop size. For the largest
raindrops of 7mm, /¢y = 0.48 m, meaning that the vast
majority of droplets ejected to altitudes above 0.48 m are
counted, and some droplets with ejection altitudes below
0.48 m are missed.

In Fig. 8 we show the number of ejected droplets and
number of particles in ejected droplets as a function of
maximum altitude. The droplets from the initial phase of
the impact are very small and therefore carry less parti-
cles than droplets with larger volume from the later phase
of the impact, so the cumulative distribution of maximum
altitude of the particles drops steeper than that of the
droplets.
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Fig. 7 (a) Size distribution of ejected droplets and (b) distribution of
particles in ejected droplets depending on droplet size for various
raindrop diameters. In the SI, we show these histograms as separate
plots for each raindrop diameter in Figures S21 and S22
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Fig. 8 Cumulative distribution of maximum altitude of resolvable
droplets (a) and microplastic particles in droplets (b). The graphs
indicate the number of droplets / particles ejected above a specified
altitude depending on raindrop diameter. Above the cut-off altitude
heur marked by the asterisk, all droplets are detected by our
simulations (solid line). Below hcyt, our simulations only provide a
lower bound for the number ejected droplets (dashed line) due to
limited simulation time as explained in section “Estimating time of
droplet separation from crown and cut-off altitude hc¢"
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How oblique impacts affect microplastics transport

Due to influence of wind, it may be expected that most
raindrops will not fall perfectly straight and will impact
the water surface at an angle. Such oblique impacts have
an inclined and asymmetric crown geometry as illustrated
in Fig. 9 and in Figures S29 and S30 in the SI. This affects
how the fluid of the raindrop, which is initially devoid
of microplastics, is distributed in the bulk fluid during
impact. For the straight impact, the raindrop water is
spread around the bottom of the cavity as a thin film
and not ejected into the air as demonstrated by the high
microparticle concentration in the droplets in Fig. 5 (b).
This behavior changes for oblique impacts. As shown in
Fig. 10 (a), here the raindrop fluid is partly redirected into
the crown, thus slightly reducing the overall particle con-
centration in the ejected droplets from 87% of the pool
concentration (o = 0°) to 77% (o = 40°).

Besides this, there is a second, equally interesting
effect emerging: For the straight impact, the fast droplets
directly after impact are ejected radially outward with
their velocity inclined from the vertical axis as can be
seen in the first frames of Fig. 2. Thus, on one side the
trajectory of the small droplets becomes more vertical,
resulting in more droplets being ejected to higher altitude
as shown in Fig. 10 (b). In addition, the total amount of
ejected droplets during our simulated 10 ms time frame
also increases. For this reason, the initial fast droplets
carry microplastic particles to higher altitudes for oblique
impacts. Nevertheless, since the water from the raindrop
itself is partly deflected into the crown later on, the total
amount of ejected particles is actually smaller for oblique
impacts as shown in Fig. 10 (c).

Origin of ejected microplastic particles

Using our simulations, we can also detect from which
region of the bulk fluid (relative to the impact location)
the microplastic particles originate that are ejected into
the air. For this, we assign a unique ID number to each
microplastic particle in the bulk fluid and then store the
IDs of those particles that are ejected into the air dur-
ing the impact simulation of 10 ms. The initial position
of those particles is marked in red in Fig. 11. We find
that only particles from the very top layer of the pool are
ejected in the crown. The initial positions furthermore
form a ring around the impact site.

Figures S28 and S30 illustrate particle origin for various
raindrop diameters and impact angles. In all cases only
particles directly on the water surface or a few millimeters
below the surface are relevant for consideration.

Experimental demonstration of microplastic
transport

In addition to the detailed simulations, we conduct a series
of laboratory experiments demonstrating microplastic
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Fig. 9 lllustration of a & = 20° inclined raindrop impact at times t € {1,5} ms
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Fig. 10 Simulation results for oblique impacts: (a) Distribution of
particle concentration in ejected droplets depending on droplet size
and impact angle & as well as (b) number of resolvable droplets and
(c) particles in droplets ejected above a specified altitude depending
on impact angle «. In (b) and (c), for altitudes lower than h¢¢
(asterisks), the distributions are considered the lower bound (dashed
lines) and the upper bound is undefined as indicated by the shaded
areas (see section “Estimating time of droplet separation from crown

and cut-off altitude hey”)

transport by impacting drops. An image of our experi-
mental setup is shown in Fig. 12 (a). The setup consists of a
timer-controlled magnetic valve (eltima electronic) which
allows us to adjust the size of the falling drop by changing
the opening time of the valve. A Mariotte’s bottle con-
taining desalinated water is connected to the valve with
a nozzle below. The surface tension of desalinated water
(72.75 %N) only insignificantly differs from that of sea
water (73.39 — 76.67 %N depending on salinity) at 20°C.
We note that natural surfactants in the ocean surface
microlayer, enriched by for example bubble scavenging
[24], may slightly decrease surface tension compared to
pure salt water. In our experiments, microplastic parti-
cles could, in principle, reduce surface tension in a similar
fashion. However, the volumetric ratio of microplastics to
water is &~ 107 and thus small enough that this effect can
safely be neglected regarding both viscosity® and surface
tension. The drop falls into a water reservoir which is filled
with desalinated water and spherical polystyrene particles
with a diameter of 6 um (Polysciences). The particle con-
centration in the reservoir is 25000 ﬁ When opening
the magnetic valve for 20 ms, we obtain falling drops with
a diameter of approximately 5.0 — 5.5 mm. Similar to the
simulation, the water height in the reservoir is about 4
times the drop diameter. The distance between the water
body and the nozzle exit is approximately 2.5 m, based on
which we estimate the impact velocity to be 6.8 i [49], i.e.
about 74% of terminal velocity [29]. The splash droplets
released after impact are caught on a 76 mm x 26 mm glass
slide mounted 20 cm above the reservoir. The glass slide
is placed such that the inner 26 mm edge is 65 mm (posi-
tion A) and 141 mm (position B) radially outward from the
impact center (Fig. 12 (c)).

After the impact, the glass slide is transferred to a micro-
scope immediately. Although the glass slides are carried
openly to the microscope located in the same room and

3Einstein suspension viscosity [101, 102] is 0.0007% larger than without
particles.
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Fig. 11 lllustration of the origin of ejected particles. All particles in ejected droplets by t = 10 ms are colored in red. At t = 0 ms (left column) these
particles are located on a ring around the impact site directly under the surface. They are the first to enter the crown and to get into separated
droplets during crown breakup (right column at t = 5 ms). We provide this figure animated as an additional video file (figure-11R1.mp4) in the

supplementary files

thus a small contamination by particles from room air
is possible, it would be highly unlikely that contaminant
particles coincidentally possess the same uniform diam-
eter (6 um) as our microplastic particles. The size and
spherical shape of the counted particles thus clearly shows
that the observed particles on the glass side are indeed
microplastic ejected from the liquid reservoir. Indepen-
dent of the rain drop experiments we control the shape

and size of our polystyrene particles by attenuating the
suspension containing the particles and assessing them
under the microscope to confirm the spherical shape and
the diameter of 6 um.

Using the microscope we clearly observe the presence of
microplastic particles in the splash droplets (Fig. 12 (b)).
For positions A and B we conduct 10 drop impacts each.
We then count the number of droplets on the glass slide
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Fig. 12 (a) The experimental setup with timer-controlled magnetic valve for the creation of individual drops, connected to a Mariotte’s bottle above
and a nozzle below. Released drops impact on a reservoir filled with desalinated water and 6 um spherical polystyrene particles. Ejected droplets are
captured on a glass slide. Note that for illustration purposes, valve and reservoir are shown together, while in our experiments the falling distance is

2.5m. (b) Splash droplets carry particles to a glass slide placed above the reservoir. The droplets evaporate, leaving the microplastic particles behind.
(c) Sketch of the glass slide placement (positions A and B) above the reservoir. The radial symmetry of the impact splash allows to only cover a circle
segment with the glass slides and extrapolate to the annular cross-section areas around the A and B placements (gray rings) through which ejected
droplets may pass. We provide high-speed video of the experiment in subfigure (a) as an additional video file (figure-12aR1.mov) in the

supplementary files

that have not yet evaporated, measure their approximate
diameter, their position on the slide and the number
of particles inside. The number of tested splash drops
depends on the number of drops found on the glass slide
and how many of the drop positions could be clearly iden-
tified under the microscope. Some of them evaporated
before their location on the slide was noted down. Some
of the ejected droplets do not contain any plastic particles.
In some cases, we could test all droplets for microplastic
particles if there were only between 1 and 3 droplets on
the slide.

We find that for a single drop impact, the average num-
ber of droplets on the glass slide at position A is 4.2 and
on position B is 2.4. The average number of particles per
detected droplet is 16 and 3 for positions A and B, respec-
tively. The difference in particles per droplet for positions
A and B is due to the smaller average size of the droplets
at B. This is in full agreement with the numerical simula-
tions: as can be seen in Figure S23, the initially released
small droplets have a higher velocity inclination from the
vertical axis and thus are more likely to land on the glass

slide at position B, whereas larger droplets released at later
times have a smaller velocity inclination and are more
likely to land at position A.

In order to obtain the total number of ejected droplets
by a single drop impact, we first extrapolate the area of
the glass slides at A and B to the two cross-sectional
rings around positions A and B (Fig. 12 (c)). In addi-
tion we re-scale the particle concentration to 5000 ﬁ to
be able to directly compare with the simulation. Adding
the two cross-sectional rings A and B, we find that 208
droplets containing 398 particles are ejected to an alti-
tude of 20 cm or higher. The number of droplets is in very
good agreement with the simulations (approximately 1.3
times larger) as can be seen in Fig. 8 (a) when looking at
the lower bound of the shaded area for the 5 mm curve at
0.2 m altitude. The number of particles, on the other hand,
is approximately 2.5 times larger in the experiment than
in our simulations (Fig. 8 (b), lower bound of the shaded
area for the 5mm curve at 0.2m altitude). This points
to a certain surface-activity of the employed microplastic
particles: particles sticking to the reservoir surface would
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enrich the local concentration at the surface, thus result-
ing in a higher particle concentration within the splash
droplets as well.

Discussion: estimating the annual amount of
microplastics transitioning from global oceans into
the atmosphere due to impacting raindrops

Based on our simulation results, we can provide an order-
of-magnitude estimate for the global annual amount of
microplastics transitioning from the oceans into the atmo-
sphere due to raindrops. To guarantee reproducibility,
our model assumes single, isolated raindrop impacts on
a perfectly flat ocean surface. For this approximation, we
use straight impacts only. We are aware that this repre-
sents an idealized scenario compared to what would be
observed in field experiments. Given the robustness of
our results even for oblique impacts as shown in Fig. 10,
we are confident that this does not represent a major
limitation.

We will proceed in three steps: in the first step, we
obtain the number of raindrops as function of their size
depending on the rain rate based on known experimen-
tal data. In the second step, using our simulations, we
can predict the number of microplastic particles ejected
into the air per square kilometer per hour, again depend-
ing on the rain fall rate and wind speed. In the final
step, we provide an estimate of the global annual amount
of microplastic transported into the atmosphere due to
impacting raindrops.

How many raindrops of which size are present in nature?
As shown in section “How raindrop diameter affects
microplastics transport”, the amount of transported
microplastic strongly depends on the diameter of the
impacting raindrop. As a first step, it is therefore neces-
sary to understand how the total amount of precipitation
water is distributed across different raindrop sizes for
different rain rates. We approximate the distribution by
the Marshall-Palmer model [31, 33]: By number, small
raindrops are exponentially more frequent than large rain-
drops, following

N@d) = Ae 2 (13)

whereby A = 4.1 (m) %21 L
b

om is a parameter depending
on the rainfall rate R in " and d is the raindrop diameter
in mm. Equation (13) is normalized. In order to reason-
ably estimate how the total precipitation volume splits up
upon differently sized raindrops, we discretize the rain-
drop size distribution (13) to discrete raindrop diameter

ranges. The probability to find a raindrop in the interval
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Fig. 13 The (normalized) raindrop size distribution by volume,
depending on the rain rate R. For moderate rain, T mm diameter
raindrops make up the largest part while 2 mm diameter raindrops
dominate for heavier rain. 3 — 5 mm raindrops only become
important for very heavy rain, while 6 — 7 mm raindrops only carry a
tiny fraction of precipitation water even for violent rain rate

[d — 0.5mm, d 4+ 0.5 mm)] then is:

d+0.5 mm
= [ N@) dd (14)
d—0.5mm
d+0.5 mm
_ [ -ad
_[ ¢ ]d—0,5mm (15)
“Ad . A
=2e sinh | — mm (16)
2

Using p(d), we estimate how a given precipitation vol-
ume Ve splits up upon differently sized raindrops with
d € {1,2,3,..,7} mm. The volume of a single raindrop is
denoted as V(d) = % d3. Computing the products p(d) -
V(d) and normalizing results yields the volume fractions
associated with the raindrop diameters*:

p(d) - V(d)
> d=12,..7mmP(@d) V(d)

pv(d) is plotted in Fig. 13 and used to calculate the pre-
cipitation volume for every raindrop diameter interval.
We then divide by the volume V(d) of a single rain-
drop and this way obtain the number of raindrops N(d)
for each raindrop diameter interval separately. The size
distribution of raindrops is key for the estimate because
raindrops of different size have different impact dynamics
and generate vastly different amounts of spray droplets.

pv(d) ~ (17)

Local estimate for the number of transitioning microplastic
particles

In the second step, we determine the airborne time of
spray droplets based on atmospheric updraft by integrat-
ing their 3D trajectories with an additional vertical wind
velocity offset uypdraft as detailed in section “Trajectory
of spray droplets: maximum altitude, airborne time and

4This assumes that the entire precipitation volume Ve is within the diameter
range d€[0.5 mm, 7.5 mm].
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pickup by wind” above. Figure 14 (a) shows that without
updrafts, airborne time is less than 1s and atmospheric
uptake is considered negligible. Although the typical mean
surface wind speed over the ocean is in the order of 8+4 7
[103, figure 2], the vertical updraft velocity close to the
ground is 5 1 = [57]. At this vertical wind velocity, all
droplets smaller than 0.26 mm diameter have diverging
airborne time (Fig. 14 (b)), i.e. they are taken up by the
atmosphere. Alternatively, if the airborne time remains
finite, but droplets evaporate before falling back to the sur-
face, we also consider the contained microplastic particles
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(¢) Number of particles with diverging airborne time
which are consequently picked up by wind and transfered
to the atmosphere.

Fig. 14 (a) Airborne time of spray droplets without updraft is in the
order of half a second. No droplets are picked up by the atmosphere.
(b) With 1 2 vertical updraft velocity, all droplets smaller than

0.26 mm diameter have diverging airborne time (capped at finite
values so that the data points are visible in the diagram). The black
curve represents the lifetime (time until full evaporation, Eq. (11)) of
droplets depending on diameter. If the airborne time is larger than
the lifetime, the droplets are considered picked up by the
atmosphere. (c) The number of picked up microplastic particles per
raindrop impact increases with vertical updraft velocity. Numbers are
given for an initial concentration of 5000 microplastic particles per
cm? in the sea water as used in our simulations. Additional figures

and data in Figure S24 and Table S3

Page 15 of 19

as being taken up by the atmosphere. Together, these two
criteria provide a very clear threshold for which droplets
are picked up or fall back down, because all droplets above
the lifetime curve have diverging airborne time as a func-
tion of updraft velocity (Fig. 14 (c)). Again, we emphasize
that assuming constant updraft velocity is a simplified
model and in nature the turbulent air movement is much
more complicated.

The number of ejected particles per raindrop impact
is rescaled with the concentration of microplastics at the
surface, from the 5000 particles per cm? in our simula-
tions to a realistic value for the global average microplas-
tic concentration in ocean surface waters, for which we
choose 0.0029 particles per cm? (2.9 particles per liter)
as measured at a depth of 5m [54]. This value is in
line with other measurements across the Atlantic Ocean
which gave concentrations between 0.99 — 7.00 particles
per liter at a depth of 10m [3]. Coincidentally, the size
of the microplastics detected by [54] is in the range of
10 — 600 um and the size detected by [3] is between
32 — 651 um with a mean of 81 um, very close to the
particle sizes used in our simulations. However these mea-
surements likely undercount particles smaller than 10 um
as these are increasingly difficult to detect.

Direct trawl measurements of the microplastic concen-
teration at the sea surface [20—-22] are not suitable here
for two reasons: Firstly, these are measurements per area
and to convert to a volumetric concentration, one would
have to make an assumption about the mean submer-
sion depth. Secondly and more importantly, the trawls
have a mesh size of ~ 330 um, which is insufficient to
detect the much more numerous tiny particles. How-
ever these trawl measurements give a good indication
about the large local and temporal variation in concentra-
tion, spanning across more than two orders of magnitude
3, 20-22].

Next, we multiply the number of raindrops N(d) by the
number of ejected particles per raindrop impact N, (d)
to obtain the number of ejected particles for every rain-
drop diameter. Summing over all diameters between 1 and
7 mm, we obtain the amount of transitioning particles per
square kilometer per hour as function of the rain rate
which is shown in Fig. 15. We find that both local rain rate
and wind speed strongly affect particle uptake (Fig. 15).
It is interesting that 2 — 3 mm diameter raindrops con-
tribute the vast majority to the transitioning particles with
larger raindrops only having very minor contribution at
violent rain rate (Fig. 15 (a)). During heavy storms, any-
thing detached from the sea surface may be carried across
vast distances by wind, including droplets, particles [17,
18] and even various sea creatures [104, 105]. During mild
weather conditions on the other hand, most spray droplets
may fall back to the surface before significant atmospheric
transport has happened.
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(a) Contribution of different raindrop diameters to par-
ticle uptake for 1% vertical updraft velocity.
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(b) Number of microplastic particles depending on rain
rate for various vertical updraft velocities.

Fig. 15 (a) The number of microplastic particles transitioning from
the oceans into the atmosphere per km? per hour depending on rain
rate for 1 T vertical updraft velocity. The contribution of different
raindrop sizes to particle transport is illustrated by the colored areas.
With rising rain rate, the number of transitioning particles increases as
both the number of raindrops and the fraction of larger raindrops
become larger. (b) Different vertical updraft velocity strongly affects
the number of transitioning particles. For less than 0.5 T, no particles
get picked up by the atmosphere

Global estimate for the number of transitioning
microplastic particles

In the final step, we use the above considerations to pro-
vide a rough estimate for the global annual amount of
microplastic transferred to the atmosphere by impacting
raindrops.

We first observe that the rain rate itself follows an expo-
nential distribution, where low rain rate is much more
frequent and high rain rate is much less frequent. We use
the (normalized) Rice-Holmberg model [56]

Pru(R) =

(0.03¢7003R (18)

1.80273

+ 1 ; ﬁ (670.25872 +1.86 61.6372))

with 8 = 0.2. According to [55], the average precipitation
on the ocean is 2.89+0.29 '%r/‘. Global oceans cover a sur-
face of 3.619 - 10'* m?, so the total annual precipitation
volume on the oceans is Ve total = 3.82- 10" m3. For esti-
mating the annual global amount, we set this value as Ve
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in our calculations detailed above (Figure S25). We then
weight the curves in Figure S25 with the Rice-Holmberg
rain rate distribution (Eq. (18), numeric integration with
trapezoidal rule). Finally, we assume that vertical wind
direction is upward and downward half of the time and no
particles transition for downward wind velocity, giving us
another factor 1/2. We then find that, depending on which
vertical updraft velocity we assume, 7.0 - 1013 (0.50 ?),
1.0- 10 (0.752), 2.0 - 10"° (1.00 2), 7.3 - 10'> (1.25 )
or 1.2 - 10'® (1.50 %) microplastic particles may transi-
tion from global oceans into the atmosphere every year.
Because 0.50 — 0.75 % is already rather large for vertical
updraft velocity close to the ground [57], our estimation
gives us a clear value for the upper bound, a hundred
trillion (10'%) microplastic particles per year. For vertical
updraft velocities below 0.50 %, based on our definition
of atmospheric suspension, no particles transition, so we
cannot confidently provide a lower bound for the estimate.

The uncertainties of this estimate are located in the
local sea surface microplastic concentration, but also in
other simplifications of our model such as assuming mean
updraft velocity instead of turbulence. In future research,
we envision to use more precise spatially resolved wind
and microplastic distribution data using for example satel-
lite measurements [106], such as currently investigated
in the TOPIOS project [5, 107, 108], to further narrow
down this estimate. This refinement should also include
the effect that microplastic particles right after transition
to the atmosphere may collide with subsequent raindrops
and therefore may be washed out of the atmosphere again
leading to a reduction of total transport.

Conclusions

We investigated and quantified microplastic particle
transport across the water-air interface during raindrop
impacts on sea water in great detail using numerical
simulations and laboratory experiments.

Depending on raindrop size, each impact ejects in the
order of 100 splash droplets into the air with typical ver-
tical velocities of up to 10 ¢, allowing them to reach
altitudes of up to about 80 cm above the sea surface.

Our key result is that the particle concentration in these
ejected droplets is about 85% of that in the sea water.
This means that there is no ‘filter effect’ holding parti-
cles back and that the fluid from the raindrop, even if
it is devoid of particles, is mainly engulfed into the sea
while the ejected fluid mainly consists of sea water. We
further found that the particle density has negligible influ-
ence on the impact dynamics, since gravity-related effects
only play a minor role during the short time scale of the
impact. The origin of the ejected particles has been iden-
tified as a circular region around the impact site very close
to the sea surface. No particles are ejected from regions
deeper than approximately half the radius of the raindrop.
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For raindrops impacting the surface at an angle, e.g. due to
wind, part of the raindrop fluid is redirected into the spray
and droplets can reach slightly higher altitudes. The over-
all mechanism of microplastic transport is nevertheless
operative also for oblique drop impacts.

Our laboratory experiments of artificially produced
raindrops with a well-defined size and velocity on a reser-
voir filled with high concentrations of microplastic par-
ticles are in good agreement with the simulation predic-
tions. The experiments clearly confirm that microplastic
particles are contained in the ejected spray droplets.

Based on our simulations of a single raindrop event,
assuming an average microplastic particle concentration
of 2.9 particles per liter at the ocean surface, we esti-
mate that a realistic upper bound for the annual number
of microplastic particles transitioning during rainfall from
global oceans into the atmosphere is a hundred trillion
(10'%). This estimate contains a number of uncertainties
such as microplastic concentration at the ocean surface,
calling for additional research to narrow this range further
down.
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