nature portfolio

https://doi.org/10.1038/s41586-025-09998-6

Supplementary information

Atmospheric microplastic emissions from
land and ocean

In the format provided by the
authors and unedited



Atmospheric microplastic emissions from
land and ocean

Ioanna Evangelou!”, Silvia Bucci! and Andreas Stohl*

"Department of Meteorology and Geophysics, University of Vienna,
Josef-Holaubek-Platz 2, Vienna, 1090, Vienna, Austria.

*Corresponding author(s). E-mail(s): ioanna.evangelou@univie.ac.at;
Contributing authors: silvia.bucciQunivie.ac.at;
andreas.stohl@Qunivie.ac.at;



1 Supplementary Methods
1.1 Supplementary Text 1

Estimation of traffic-related bottom-up BU emissions and size distribu-
tions of emission sectors. The traffic-related BU emissions include microplastic
(MP) emissions from tire wear, brake wear, road markings, and polymer-modified bitu-
men (PMB) road wear. Emission factors were collected from literature to calculate the
annual emissions per capita, and the resulting total global emissions were disaggre-
gated based on the paved road length (GRIP4 global road database [35]). We assume
that 0.81 kg of tire wear per person per year is emitted based on Kole et al., 2017 [36].
This means that 6350 kt tire emissions are occurring globally, and assuming that 50%
of it is plastic, this corresponds to 3175 kt MP emitted into the environment per year.
Brake wear is estimated to be 175 kt per year based on the study of Evangeliou et
al. [37]. For road markings, the value of 63 grams MP per person per year (median of
studies for different countries: Norway, Sweden, Denmark, Finland, Iceland, Europe,
OSPAR countries [Belgium, Denmark, Finland, France, Germany, Iceland, Ireland,
Luxembourg, Netherlands, Norway, Portugal, Spain, Sweden, Switzerland, UK], Aus-
tria, Germany, Latin America, Croatia, Poland) [38, 39] was used. This leads to 494
kt of MP emitted per year globally. Regarding asphalt, it is reported that 73,950 kt
of bitumen per year is used in roads around the globe [40]. Around 15% of it is PMB,
thus, 11,092.5 kt per year of PMB is used. Assuming that the PMB contains 5 wt%
plastic, then 555 kt of plastic is contained in this type of asphalt. Assuming that the
plastic is abraded 100%, we estimate that 555 kt of MP are emitted per year from
PMB asphalt. Thus, the total traffic emissions into the environment are estimated to
be 4400 kt annually. We assume that 10% of these emissions can be suspended in the
atmosphere, which results in annual global MP emissions into the atmosphere of 440
kt or 0.44 Tg.

One unique emission weighting size distribution is selected for each emission source
sector, which is thought to represent the respective emission process best. The total
mass emissions of the sector are weighted with the selected mass size distribution.
After weighting, the mass emissions of each size bin are converted to number emissions.
The resulting normalized number size distribution is shown in Supplementary Fig. 1.

Regarding the MP resuspension from bare arid soils, the size distribution of Evan-
gelou et al. [41] (0-70 pm) is used. It is based on the mineral dust size distribution
from the literature, as it is plausible that the MP resuspension size distribution is
rather similar.

MPs emitted from agricultural soil surfaces are expected to have the same size
distribution as the MPs in arid regions. Thus, for the agricultural sector, Evangelou
et al.’s size distribution (0-70 pm) is used.

For the resuspension from oceans, the emission size distribution of Bucci et al.
[42] is used. The emission estimation in the aforementioned study is based on pro-
cess modeling of the resuspension, taking into account the MP measurements and a
measurement-based MP size distribution at the ocean surface, and a sea salt emission
scheme.



Regarding the population source, Evangeliou et al. [43] is the only study that
reports MP emissions from population activities, which we also use. The size bins in
their study correspond to the length of fibers, which we convert to volume-equivalent
particle diameters based on their reported fiber length and diameter.

For the traffic-related particles, it is reported that the dominant modal sizes
are less than 100 pum [44-47]. Therefore, the size distribution of Brahney et al. [48]
covering 0-100 um is selected in this case.

1.2 Supplementary Text 2

Particle mass to number conversion for measurements. To calculate the num-
ber concentrations and depositions for those studies that reported mass-based values,
we first calculate the mass of one particle based on the available information. For the
particle density (p) we choose the value of 1200 kg m~3, a common value for MPs
[49]. The shape selected for the conversion is the most abundant shape reported in
the study or, when the percentages of different shapes are stated, all shapes are taken
into consideration. If particulate matter (PM) is reported, then the selected shape is
a sphere.

Regarding the particle size, we use the average reported size wherever it is available.
In any other case, the geometric mean is used for the reported size range (e.g., [s1, s2],
s = /5183). For fibers and fragments, if not mentioned, the particle diameter D
is calculated from the reported size (i.e., the longest dimension) assuming that the
particle has an aspect ratio AR (longest dimension to diameter ratio) of 40 and 2,
respectively. For spheres, the reported size is considered as the particle diameter D.
Films are treated as thin squares characterized by their three dimensions L (long),
I (intermediate), and S (small). The L dimension is set to the reported size. The
S dimension is set to 5 pm [50]. Lastly, the I dimension is calculated to be L/\/?,
corresponding to the side of a square with a diagonal equal to L.

The volume of one particle is calculated based on its dimensions and then multi-
plied by p to calculate its mass m.

4 D
Msphere = pgﬁ(§)3

D
Myfiver/ fragment — pﬂ(5)2(AR)D

S
Mfilm = PW(§)2L

Finally, to calculate the respective number concentration or deposition, the mea-
sured mass equivalent is divided by the mass m of one particle.



1.3 Supplementary Text 3

Alignment of simulated values. One simulated value sim; is calculated for each
one of the 5-10, 10-25, 25-50, and 50-100 pum particle size bins with bin widths Ax;.
We first fit a power law y = aD?, where D is the particle size, to the simulated values.
Then the integral of the fitted distribution for the measured equivalent diameter size
range [deq1, deq2] is calculated and divided by the respective integral for the 5-100 pm
range. To align from the 5-100 pm range to the measured size range, the resulting
fraction is multiplied by the total simulated value:

de
fd 2 oD dD
SiMaligned = eal g sim;Ax;
a 100
f5 aDbdD <

1.4 Supplementary Text 4

Uncertainty calculation of emission scaling factor. The standard error of the
ratio R = £ using the error propagation method, assuming independence between the
numerator and the denominator, is:

- {52 (352

where z and y are the means of numerator and denominator, respectively, and
SE(z) and SE(y) are their standard errors.
The 90% two-sided confidence interval of R is then:

(R — 1.64SE(R), R + 1.64SE(R))



2 Supplementary Tables
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Supplementary Table 5: Median global values for
observed and simulated MP concentrations (in particles
m~?) and bulk depositions (in particles m~2 s~!) for the
three emission estimates and the scaled emissions. The val-
ues are for the base scavenging case.

measured TD-B  TD-E BU scaled BU
Concentration
global 0.03 4.9 326.2 11.8 0.02
land 0.08 105.4 1,506.4 401.2 0.6
ocean 0.003 0.8 13.9 0.2 0.0005
Bulk deposition
global 0.0004 0.05 7.0 0.2 0.0003
land 0.0006 0.04 12.3 0.2 0.0002
coast 0.0001 0.1 2.4 0.5 0.0007

Supplementary Table 6: Mean global values for observed
and simulated MP concentrations (in particles m~2) and bulk
depositions (in particles m~2 s~1) for the three emission esti-
mates and the scaled emissions. The values are for the base

scavenging case.

measured TD-B TD-E BU scaled BU
Concentration
global 31 59,280 160,730 24,220 31
land 65 82,350 357,540 51,470 65
ocean 3 100 570 220 0.3
Bulk deposition
global 0.005 105.2 73.1 2.4 0.008
land 0.007 130.8 69.3 2.6 0.005
coast, 0.001 38.3 82.9 1.9 0.02
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Supplementary Table 7: Statistical metrics (Methods 2.4) for
agreement of simulated and observed values for the three emis-
sions estimates and the scaled emissions. The values are for the

base scavenging case.

TD-B TD-E BU scaled BU
Concentration (n = 925)
r 0.09 0.09 0.33 0.34
FB 1.6 1.9 1.7 0.4
FOEX (%) 41.7 48.2 43.7 9.0
RMSE (particles m~—3) 4.1x10% 1.4x10% 1.4x10% 3.7x10?
FAC10 (%) 12.1 5.8 1.7 35.2
Deposition (n = 1857)
r -0.001 -0.003 -0.003 -0.003
FB 1.9 2.0 1.9 0.3
FOEX (%) 48.9 49.3 49.3 8.8
RMSE (particles m~2 s~1) 1.4x10* 5.9x10® 5.3x10%2 2.2
FAC10 (%) 8.5 0.9 2.7 53.3

11



3 Supplementary Figures

Population = Traffic = Agriculture " Arid soils # Ocean

100 S
(%]
c
kel
9 80 -
€
)
& 60 4
o
£
c 40 -
IE
o
o 20 4
15}
L

0_

1
5-10 10-25 25-50 50-100
Particle diameter (um)

Supplementary Figure 1: Number emission size distributions. Normalized
size distributions used for each emission source of the top-down TD-B, TD-E and
bottom-up BU emission cases.
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Supplementary Figure 2: MP atmospheric concentration and deposition
measurement locations around the globe. The marker color corresponds to the
year of sampling. The circles show concentration measurements and the triangles
deposition data. The nine rectangles correspond to the different regions used for the
analysis.
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a TD-B b TD-E BU d scaled BU
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Supplementary Figure 3: Scatter plots of observed (obs) and simulated
(sim) atmospheric concentrations and bulk, wet and dry deposition values
globally for the three emission cases (TD-B, TD-E, BU) and the scaled
emissions (scaled BU). a-d, MP concentrations for the TD-B, TD-E, BU and scaled
BU cases and e-h, MP deposition for the TD-B, TD-E, BU and scaled BU cases.
The green, blue, and orange crosses correspond to the base, minimum, and maximum
scavenging cases, respectively. The bold dashed line corresponds to the 1:1 line, while

the dotted lines correspond to the 100:1 and 1:100 lines.
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Supplementary Figure 4: Emission scaling measurements. Measurements used
for the scaling of the land emissions (brown circles) and the oceanic emissions (blue
circles) of the bottom-up BU case.
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Supplementary Figure 5: Frequency distributions of measured and simu-
lated microplastic concentrations and depositions. a, Box-and-whiskers plots
representing the frequency distributions of measured (blue boxes) MP concentrations
and the corresponding simulated values at the measurement locations (white boxes)
for the top-down TD-B emissions for the nine regions. The green triangles represent
the mean values. n is the number of data points. The boxes extend from the first quar-
tile (Q1) to the third quartile (Q3) of the data, with a line at the median. The whiskers
extend from the box by 1.5 times the interquartile range (IQR). b, Same as a but for
MP depositions for the TD-B emissions. ¢, Same as a but for MP concentrations for
the TD-E emissions. d, Same as a but for MP depositions for the TD-E emissions.
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Supplementary Figure 6: Comparison of measured and simulated values
for the region of Europe (EUR). a, Comparison for the bottom-up BU. Concen-
trations are represented with circles and deposition with triangles. In each symbol,
the inner color filling corresponds to the measured value, while the outer color fill-
ing shows the simulated value. The symbols correspond to data averaged over 5°x5°
regions. The number to the top right of each symbol indicates the number of points
averaged. b, Same as in a, but for the scaled BU emissions.
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Supplementary Figure 7: Same as Supplementary Figure 6, but for the region of
Atlantic (ATL).
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Supplementary Figure 8: Same as Supplementary Figure 6, but for the region of
North America (NAM).
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Supplementary Figure 9: Same as Supplementary Figure 6, but for the region of
South America (SAM).
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Supplementary Figure 10: Same as Supplementary Figure 6, but for the region of
West Asia (WAS).
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Supplementary Figure 11: Same as Supplementary Figure 6, but for the region of
East Asia (EAS).
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Supplementary Figure 12: Same as Supplementary Figure 6, but for the region of
Antarctica (ANT).
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Supplementary Figure 13: Same as Supplementary Figure 6, but for the region of
Australia (AUS).
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Supplementary Figure 14: Same as Supplementary Figure 6, but for the region of
South Asia (SAS).
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