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ABSTRACT: We developed a regional atmospheric transport model for
microplastics (MPs, 10 #m to S mm in size) over Asia and the adjacent Pacific
and Indian oceans, accounting for MPs’ size- and shape-dependent aerodynamics.
The model was driven by tuned atmospheric emissions of MPs from the land and
the ocean, and the simulations were evaluated against coastal (n = 19) and marine
(n = 56) observations. Our tuned atmospheric emissions of MPs from Asia and

Land MP emission: 310 Gg y!
Pellets: 280 Gg y-'
Fragments: 8.1 Ggy!
Lines: 17 Ggy"!

Marine MP emission: 60 Gg y-!
Pellets: 56 Gg y-'
B Fragments: 1.6 Gg y!
Atmospheric transport Lines: 3.4 Gg y
Land to ocean: 4.2 Gg y!
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Ocean to land: 0.35 Gg y!
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the adjacent oceans were 310 Ggy ' (1 Gg = 1 kton) and 60 Ggy", respectively.
MP lines and fragments may be transported in the atmosphere >1000 km; MP
pellets in our model mostly deposited near-source. We estimated that 1.4% of the
MP mass emitted into the Asian atmosphere deposited into the oceans via
atmospheric transport; the rest deposited over land. The resulting net
atmospheric transported MP flux from Asia into the oceans was 3.9 Gg y !,
twice as large as a previous estimate for the riverine-transported MP flux from
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Asia into the oceans. The uncertainty of our simulated atmospheric MP budget was between factors of 3 and 7. Our work
highlighted the impacts of the size and morphology on the aerodynamics of MPs and the importance of atmospheric transport in the

source-to-sink relationship of global MP pollution.
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B INTRODUCTION

Microplastics (MPs) are small plastic particles <5 mm in size.'
MPs may be released to the environment from primary or
secondary sources.’ Primary MPs are purposely manufactured
for specific uses (e.g, abrasive agents).' Secondary MPs are
formed by the wear and tear or fragmentation of larger plastic
objects, both during their use and following their loss to the
environment." MPs have been detected in a variety of natural
environments, including the air, soil, fresh waters, surface
oceans, sediments, biota, and human tissues.”~> The environ-
mental and health risks associated with these MP exposures are
still uncertain,® with research findings ranging from no effects
to mortality of biota.” "' Nevertheless, the global sources and
the potential adverse impacts of MPs are expected to grow
with the increasing use of plastic materials unless effective
mitigation measures are implemented."

The transport pathways of MPs from their anthropo%enic
sources to remote environments are not well understood."*~"°
Previous studies mostly attributed MPs in the surface ocean to
the riverine outflow of larger plastic debris, which then breaks
down in the surface ocean."> > However, recent studies have
observed MPs over remote lands or water bodies lacking local
discharge sources or riverine inputs,”' including remote
mountain catchments,">**** Arctic and Antarctic snow,”**
deep-sea polar ecosystems,”””” and in the surface air over the
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remote Pacific and Indian oceans.”®*” These observations
indicate that MPs may be transported by the atmosphere over
long distances.

To date, only a few model studies have investigated the
characteristics of the atmospheric transport of MPs and the
extents to which atmospheric depositions contribute to MPs’
presence in ecosystems.’”*" A critical aspect of complexity is
that MPs are present in the environment in a wide range of
sizes, shapes, and densities.”*> These physical properties can
affect MPs’ aerodynamics and deposition from the atmosphere.
For example, heavy MPs quickly settle from the air and may
not be transported far from their sources.”’ In comparison,
MPs that are lighter or with larger surface-to-volume ratios
(e.g, lines, films, and fragments) may settle more slowly,
allowing them to be transported in the atmosphere over longer
distances. A Lagrangian model study estimated that 30% of the
global MPs produced by road traffic were transported by the
atmosphere to deposit into the oceans.”’ However, that study
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focused on spherical MPs in a limited size range of 0.5—9.5
um, and the simulated results were not evaluated due to a lack
of relevant observations. Brahney et al.*’ simulated the
atmospheric transport of MP spheres and fibers (0.3—70 ym
in effective diameter) in a general circulation model,
constrained by the observed deposited atmospheric MP fluxes
at 11 sites in the Western U.S. That study estimated the
atmospheric residence times of MPs to be between 0.04 and
6.5 days. Brahney et al.’’ suggested that marine MP sources
may dominate the global atmospheric deposition of MPs and
that most continents were net importers of atmospheric MPs
from the global oceans. However, their model did not explicitly
simulate the aerodynamics of MPs of different shapes. Also, the
regional measurements used to constrain their model mainly
represented atmospheric MPs in the Western U.S., such that
extrapolations to world regions were uncertain.

We present here a regional atmospheric transport model of
MPs (~10 ym to S mm) over Asia and the adjacent areas of
the Pacific and Indian Oceans (40°E to 170°E, 12°S to 55°N;
domain shown in Figure 1). We simulated the size- and shape-
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Figure 1. Tuned atmospheric emissions of MPs over Asia and its
adjacent areas of the Pacific and Indian oceans for the year 2018. The
annual total atmospheric MP emission over the domain was 370 Gg
y L. Colored dots indicate the locations of the suspended atmospheric
MP measurements from Liu et al:*® near-shore (yellow), pelagic
(green), and remote (red). Also shown are the locations of the other
suspended atmospheric MP>*?**7%% (triangles) and deposited
atmospheric MP measurements™ ® (squares) used for model
evaluation.

dependent aerodynamics of MPs, which affected their
emissions into the atmosphere and subsequent transport and
deposition efficiencies. We tuned and evaluated our model
using regional measurements of atmospheric MPs over Asia
and the adjacent oceans, with the goal of quantifying the
source-to-sink relationships of MPs between land and oceans

in this region.
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B DATA AND METHOD

Measurements of Atmospheric MPs over Asia and
the Pacific and Indian Oceans. As a guide to our model
construction and for tuning the atmospheric emissions of MPs
in our model, we used the measurements of suspended
atmospheric MPs (MPs suspended in the air at the time of
sampling) over the Northwestern Pacific Ocean during
November 24, 2018 to January 2, 2019 by Liu et al.** The
measurements were taken on board a ship cruising from
Shanghai to the Mariana Islands. A total of 89 air samples were
collected at 42 locations; each location was categorized as
near-shore, pelagic, or remote, based on its distance from the
Asian coast (Figure 1). From these samples, 206 MPs (16—
2086 um in length) were identified. The observed MPs showed
four distinct shapes, which the researchers described as
microbeads (i.e,, spherical MPs), granules (slightly irregular
spherical MPs), fragments, and fibers.”® To reduce confusion
arousing from inconsistent terminology, we referred to these
shapes as pellets (combining microbeads and granules),
fragments, and lines, following the recommendations from
the Joint Group of Experts on the Scientific Aspects of Marine
Environmental Protection.' MP lines were the most abundant,
followed by fragments and pellets.”® To the best of our
knowledge, Liu et al*® was one of only two published
measurements that reported the abundances of suspended
atmospheric MPs at near-source and remote locations while
also providing size/morphology information. This information
should help manifest the impacts of size/morphology on the
atmospheric transport of MPs.

We evaluated our simulations against additional measure-
ments of suspended atmospheric MP concentrations®* > and
deposited atmospheric MP fluxes (fluxes of MPs deposited
from the atmospheres)*”***"*% at 19 East Asian coastal sites
and 56 locations in the Indian Ocean and the South China Sea
(Figure S1 and Table S1). The deposited MP fluxes were
measured between October 2016 and June 2019 by four
different research groups using generally consistent sampling
and analytical methods.**™*° The suspended MP concen-
trations were measured between October 2018 and July 2020
by two research groups using consistent analytical methods but
with different sampling instruments and sampling dura-
tions. ¢ At Lianyungang and Tianjin, measurements of
suspended atmospheric MPs and deposited atmospheric MP
fluxes were both available. However, the measurements were
not sampled concurrently and analyzed with different
methods””** (Figure S1 and Table S1). All measurements of
suspended and deposited atmospheric MPs used in this study
found MP lines to be the dominant shape by both number and
mass (Table S1). Polyethylene terephthalate®®>***35373% and
cellophane® were the main polymer types in the observed
MPs.

Development of the WRF-MP Model and Simulation
of MPs’ Atmospheric Transport. We constructed an
aerodynamics module for MPs and coupled it online to the
Weather Research and Forecasting (WRF) model. This new
model, hereafter referred to as WRF-MP, simulated the
atmospheric processes of MPs, including their emissions,
transport (advection, convective, and turbulent mixing) (Text
S1), and removal (dry deposition and wet scavenging). WRE-
MP was developed based on the framework of the WRF-Dust
model,*”** which has been used extensively to simulate the
atmospheric transport of dust.*' ™" MPs were represented in
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WRE-MP as size-segregated, insoluble aerosols, similar to the
treatment of dust in WRE-Dust.*

The aerodynamics of an MP particle depends on its size,
shape, and density. Guided by the observations of Liu et al.,**
we represented MPs in WRF-MP with 8 particle bins of
different shapes and sizes (Table S2): P, and Py, (pellets with
diameters <50 and >S5S0 pm, respectively); Fq, Fiso, and Fyq
(fragments with lengths along the longest dimension <100,
100—200, and >200 pm, respectively); and L0, Ly,0, and Lggg
(lines with lengths <200, 200—500, and >500 um,
respectively). The subscript denoting each particle bin
indicated its characteristic dimension (diameter or length in
micrometers), taken from the mean observed values from Liu
et al.”® (Table S2). Pellets were treated as spherical particles.
Fragments and lines were treated as cuboids and cylinders,
respectively.

Similar to dust,” MPs in the atmosphere are efficiently
removed by gravitational settling due to their large sizes. The
gravitational settling velocity of MPs (V,) was calculated as

Lo 0 - Dgd,

s 3-Gy (1)

where p’ was the particle-to-air density ratio; g was the
acceleration of gravity. (d, = 3/6-V/x) was the equivalent

spherical diameter with the same volume V as the particle, and
C4 was the drag coeflicient. We iteratively determined C4 and

V, using a parameterization dependent on the Reynolds
number (R,)**°
2/3
24K, R,Ky
C, = 1+ 0125 | =N
Re KS
0.46-Ky
1 + 5330/(R.-Ky/Ky) (2)
K = [(f-el'3)1/3 + (f_el.3)—1/3]/2 3)
Ky = 10%7os¢" oY (4)
paxr.vvg.de
Re =
H )
a = 045 + 10/[exp(2.5-log p’) + 30] (6)
p=1—37/[exp(3-log p’) + 100] )

where Ky and Ky were the shape-dependent parameters of
Stokes’ and Newton’s drag corrections, respectively, calculated
from the flatness (f = S/I) and elongation (e = I/L) of the
particle. L, I, and S were defined as the longest, intermediate,
and shortest lengths of the garticle, receptively, taken from the
measurements of Liu et al.”**® (Table S2). The thickness of
MP fragments was set to 3 um (S for Fyy, Fyso, and Fag),"* and
the average transect diameter of MP lines was set to 10 ym (I
and S for L;30, Lyyg, and Logg). Py, and p were the density and
dynamics viscosity of air, respectively."’ We assumed that all
MPs in a particle bin were of the same effective size and mean
density (Table S2).* For the atmospheric MPs considered
here, Re ranged from 0.021 to 0.1S. The drag coeflicient (Cy)
calculated from eqs 2—7 has an average error of approximately
109,445
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We assumed MPs to be hydrophobic and that wet
scavenging of MPs involved only the washout by precipitation
(Text S1). MPs may become slightly hydrophilic after
prolonged UV-aging.48 However, our simulations showed
that wet scavenging contributed <2% of the total atmospheric
removal of MPs and thus had only minor effects on the
atmospheric transportability of MPs. The spatial pattern of
MPs’ wet deposition was similar to that of precipitation, with
strong monsoonal variations (Figure S2).

We used the WRF-MP model to simulate atmospheric MPs
over Asia and the adjacent areas of the Pacific and Indian
oceans (40°E to 170°E, 12°S to S5°N; domain in Figure 1).
The model horizontal resolution was 36 km. Meteorological
initial and boundary conditions are from the National Centers
for Environmental Prediction 1° reanalysis data set' and
updated at the model boundary every 6 h. We assumed that
the concentrations of suspended atmospheric MPs at the
model boundaries were zero because of the low suspended
atmospheric MP concentrations (<0.001 MPs m™) observed
over the remote Pacific and Indian oceans.”” We first
conducted a trial simulation during November 17, 2018 to
January 2, 2019 for emission-tuning using the observations by
Liu et al;*® the model results were sampled at the times and
locations of the observations. We then conducted monthly
simulations for January, April, July, and October of the year
2018 (each with 7-day spin-up) for evaluation against other
atmospheric MP measurements; the model results were
sampled at the location of the measurements during the
month closest to the measurement time.

The effective size range of MPs represented in our model
was determined by the size range of MPs detectable in the
measurements used to tune/evaluate the model. Most
measurement studies identified MPs as plastic particles <$
mm (Tables S1 and S3). However, the lowest detectable MP
sizes varied by experimental protocol, ranging from ~10 to 300
um (Tables S1 and S3). As such, the size range of MPs
effectively represented in our model was between 10 ym and §
mm. Most measurements (1) found MP lines to be the
dominant MP shape,”**”**™* (2) MP lines were generally
>100 pm in length and thus detectable,”®*”*”*% and (3) the
numbers of detected MPs tapered off at large sizes.”"*”*"*
Our model should therefore represent the bulk of the
atmospheric MPs’ mass. However, the number of small MPs
(<10 ym) might be underestimated in the measurements and
in our simulations.

Environmental Emission of MPs from Asia. As a
starting point to estimate the Asian atmospheric emissions of
MPs, we scaled a Chinese environmental MP emission
inventory.”® This inventory (0.25° resolution, Text S2)
estimated the annual total environmental release of MPs
from nine primary and secondary sources in Mainland China
in 2015 to be 737 Gg (estimated range between 486 and 1160
Gg due to uncertainties associated with emission factors and
activity levels).”

We estimated the environmental MP emissions from all of
Asia for the year 2018 as follows: for each country/region
other than Mainland China, we multiplied its population
density (0.5° resolution)®" in 2015 with the regional annual
environmental MP emission per capita estimated by Boucher
and Friot"” (Figure S3). We then apportioned the resulting
environmental MP emissions to the nine sources using the
average source profiles from China.”® Finally, we scaled the
annual total environmental MP emissions for Asia from the
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year 2015 to the year 2018, using the global total plastic
production for the years 2015 (322 Tg) and 2018 (359 Tg).52
Our estimate for the total environmental MP emission over
land within the simulation domain (Figure 1) was 2400 Gg
yr~! in 2018 (uncertainty range 1600—3800 Gg yr~' scaled
from the uncertainty of Chinese environmental MP
emissionsso).

We allocated the environmental MP emissions from each of
the nine land sources to the eight particle bins in the WRF-MP
model (Table S4). There were no quantitative constraints for
this allocation; we relied on anecdotal characteristics of the
MPs associated with each source activity (Text S3). For
example, we assumed that the MPs associated with personal
care and cosmetic products were 100% small pellets (P,,)”
and that the MPs associated with tire dust were 10% small
pellets (P,,) and 90% large pellets (P;) by mass. Table S4
summarizes the MP mass allocated to each of the eight particle
bins from the anthropogenic land sources (f;, i = 1 to 8). By
mass, 53% of the emitted MPs were allocated to large pellets
(P5p), mostly as tire dust; 26% of the emitted MP mass was
allocated to MP lines (Lyy), associated with synthetic fibers
from clothing and artificial turf.’® Only 5.9 and 4.1% of the
emitted MP mass were allocated to small MP pellets and MP
fragments, respectively.

Marine MP Emission Potential. MPs in the surface ocean
may be aerosolized into the air through wind or wave actions,
similar to the emission process of sea salt aerosols.”* We
defined a marine MP emission potential (P,,,, unit: kg m™>s™")
as

P = CyKyE, (8)

where E, was the wind-dependent flux of sea salt aerosols™
(unit: kg m™ s7'). K, was a global distribution of MP mass
concentrations in the surface ocean,>® normalized to range
between 0 and 1 (Figure S4a). C, (0.25%) represented the
ratio of the §lobal marine MP emission estimated from
Brahney et al.’” (8.6 Tg yr™!, uncertainty range between 0 and
22 Tg yr~! based on limited observational constraints) to the
estimated global sea salt (in size range of 0.02—10 pm)
emission (3500 Tg yr™').”>” The morphologies of MPs emitted
from the surface ocean into the atmosphere are not well
known. We assumed that the f; of MPs emitted from land also
applied to the MPs emitted from the surface ocean, that is, the
MP emission potential for the ith particle bin was P, = f; P,

Tuning the Effective Atmospheric Emissions of MPs
with Observations. The fraction of MPs entering the
atmosphere relative to their total release into the environment
is yet unknown and likely varies by the sources, sizes, and
shapes of MPs. We defined «;, the domain-averaged effective
fraction of MPs in the ith bin released into the atmosphere
relative to their total environmental release

E + E, N,

i,sea,atm i,0bs

Pisea B (M)
' 5% ©

where E;;,,q was the total environmental emission of MPs in
the ith bin over land, and P, was the marine emission
potential of MPs in the ith bin. E;j, q.m and Ejg,am the
effective atmospheric emissions of MPs in the ith bin from land
and marine sources, respectively, could be estimated with the
values of @, To tune the values of @; (eq 9, Text S4), we
conducted a trial simulation, arbitrarily assuming that 5% of

the total environmental emissions entered the atmosphere.

i,land,atm

Ei,land +

a, =

i
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N 5o was the trial-simulated number of suspended atmospheric
MPs in the ith bin at the times and locations of Liu et al’s
measurements over the Northwestern Pacific.”® N ops Was the
total number of suspended atmospheric MPs in the ith bin
observed by Liu et al.** We pooled all samples from Liu et al.*®
without distinguishing the distances of the sampling locations
to the Asian coast. We did so because the ratios of suspended
atmospheric MPs between coastal, pelagic, and remote sites
should be dependent only on the aerodynamics of MPs, which
was represented in our model (Text S4 and Figure SS).
Table S5 shows the tuned values of @; and the resulting
estimated atmospheric MP emission for our research domain.
The values of ; were effective and compensated for potential
uncertainties associated with many factors, including the
environmental MP emission estimates, the shape/size
allocation of MPs from different sources, the deposition of
MPs from the atmosphere within the model grid of emission,
and the atmospheric transport of MPs in our model. In
particular, «; implicitly accounted for some additional
secondary emissions of MPs and the re-suspension of MPs
previously deposited to the surface by assuming their spatial
distributions to be identical to those of the primary sources.

B RESULTS

Atmospheric Transportability of MPs of Different
Morphologies. MPs in the atmosphere were removed almost
entirely by gravitational settling due to their large sizes, such
that the gravitational deposition timescales determined the
lifetime of atmospheric MPs. Table S2 shows the gravitational
settling velocities (Vg) of MPs and compares them against the
V, of typical dust particles.*' For the eight sizes/shapes of MPs
represented in our model, the V, of MP pellets (5.4 cm s~! for
P, and 14 cm s~ for P,;) were much larger than those of MP
fragments (1.1 to 1.2 cm s™") and MP lines (1.4 to 2.1 cm s™").
In comparison, the Ve of dust particles 1.4, 2.8, 4.8, 9.0, and 16
um in diameter are 0.04, 0.15, 0.44, 1.6, and 5.0 cm s,
respectively. Despite their larger sizes, the atmospheric
transportability of MP fragments and lines were comparable
to those of coarse dust particles 9.0—16 ym in diameter. This
was mainly due to the larger surface-area-to-volume ratios of
MP fragments and lines, which increased their drag in the air.
Also, the densities of atmospheric MPs (980—2200 kg
m~3)*** were approximately 37—83% of the density of dust
particles (assumed to be 2650 kg m™).>" The atmospheric
transportability of MP pellets was limited due to their smaller
drag in the air. We derived independent, order-of-magnitude
estimates for the deposition rate of bulk atmospheric MPs
using the ratio between the measured fluxes of deposited
atmospheric MPs and the concentrations of suspended
atmospheric MPs at Lianyungang and Tianjin, respectively
(Table S1). These measurements were not made concurrently
at each city and were analyzed using different methods.
Nevertheless, these measurements indicated a bulk deposition
velocity of atmospheric MPs of 0.6—S cm s™, consistent with
our aerodynamic calculations of V, in terms of the order of
magnitude.

If lifted to a 2 km altitude (approximate boundary layer top)
and assuming a typical wind speed of 10 m s™', MP fragments
and lines may be transported in the air for 1.1 to 2.1 days and
over long distances of 970 to 1800 km before they
gravitationally settle to the surface. In contrast, the MP pellets
represented in our model may be transported for 0.17—0.43
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days and over 150—370 km downwind, such that they mostly

deposit near their point of emission (Table S2).
Atmospheric Emissions of MPs from Land and

Marine Sources. Figure 1 and Table 1 show the tuned

Table 1. Annual Budgets of Atmospheric MPs over Asia and
Adjacent Oceans (Domain Shown in Figure 1) for the Year
2018

total
MP shapes pellets fragments  lines MPs
Atmospheric emissions (Gg y™*)
from land 280 8.1 17 310
from ocean 56 1.6 34 60
Suspended MP burden (Gg) 1.1 0.40 0.64 2.1
from land 0.93 0.34 0.55 1.8
from ocean 0.16 0.058 0.093 0.31
Deposited MP flux (Gg y™") 340 9.3 20 370
over land 280 6.9 15 300
from land 280 6.8 15 300
from ocean 0.097 0.10 0.15 0.35
over ocean 57 2.3 4.5 64
from land 2.0 0.88 1.3 4.2
from ocean SS 14 3.1 60

annual atmospheric emissions of MPs for our research domain
for the year 2018. By mass, 12.5% of the total MPs (19.3, 8.0,
and 1.9% of pellets, fragments, and lines, respectively) released
to the continental Asian environment effectively entered the
atmosphere (Table SS). Our tuned estimate for the annual
atmospheric MPs emission from Asian land surfaces (within
the domain of Figure 1) was 310 Gg for 2018, including 280,
8.1, and 17 Gg of MP pellets, fragments, and lines, respectively.
The atmospheric emissions of MP pellets were the largest due
to their emissions from tire dust (Figure S6 and Table SS).

Our tuned estimate for the annual atmospheric MP emission
from the Northwestern Pacific and Indian oceans (within the
domain of Figure 1) was 60 Gg for 2018, including 56, 1.6, and
3.4 Gg of MP pellets, fragments, and lines, respectively (Table
1). The marine emissions of MP pellets were largest due to our
assumption that the MPs emitted from the ocean surface had
the same morphology composition as the MPs emitted from
land. Marine emissions of MPs into the atmosphere were
highest in January (7.2 Gg) and lowest in April (3.0 Gg),
modulated by seasonal wind speed variations (Figure S4 and
Table S6).

Evaluation of Simulated Atmospheric MPs against
Measurements in the Study Area. We evaluated our
simulated atmospheric MP abundances against observations
over Asia and its adjacent oceans (Figure 1). Figure 2a
compares the observed and simulated deposited atmospheric
MP fluxes at nine Asian coastal sites (Figure S1 and Table S1).
The simulated deposited atmospheric MP fluxes at eight
Chinese coastal cities ranged from 26 to 210 MPs m™> day/,
comparable to the observed fluxes of 36—245 MPs m™
day™'.%7*° The simulated annual deposited atmospheric MP
fluxes at Ho Chi Minh City, Vietnam, were 275—578 MPs m™
day™!, comparable to the observed fluxes at that location
(383—537 MPs m™> day_l).36 The correlation coefficient (r)
between the observed and simulated deposited atmospheric
MP fluxes was 0.92; the normalized mean bias (NMB) of the
simulated fluxes was —8.7% (Figure S7a).
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Figures 2b—e and S7b compare the observed and simulated
suspended atmospheric MP concentrations at 9 Chinese
coastal cities and 56 locations over the South China Sea and
the East Indian Ocean. The observed suspended MP
concentrations at the nine Chinese coastal cities ranged
between 0.022 and 0.43 MPs m™3,** with the highest
concentrations at Shanghai and Nantong (both in the Yangtze
River Delta megacity cluster). Our simulated suspended MP
concentrations at the nine Chinese coastal cities ranged
between 0.024 and 0.39 MPs m™ and were also highest at
Shanghai and Nantong, in good agreement with the
observations. The simulated suspended MP concentrations
over the South China Sea and the Indian Ocean ranged
between 0.0002 and 0.078 MPs m™>, consistent with the
observed ranges (0 and 0.077 MPs m~>).*>*73% The simulated
suspended MP numbers were generally consistent with
measurements over Chinese coastal cities (r = 0.96, NMB =
—1.0%; r = 0.35, NMB = —5.1% if excluding two extreme
values, Figure S7b) and over the East Indian Ocean and the
South China Sea (sites I1 to 121 in Figure 2e, r = 0.71, NMB =
—33%). However, the simulated MP concentrations were less
consistent with the near-shore measurements over the South
China Sea (r = 0.27, NMB = 33%, Figure S7b). This lack of
agreement may be partially due to the different sampling and
analytical methods used by individual measurement teams.
Our simulated suspended MP concentrations agreed better
with measurements by Ding et al.”>” (sites S1 to S12 in Figure
2¢c, r = 0.71, NMB = —44%) but were higher than the
measurements by Wang et al.*® (sites S13 to S35 in Figure 2d,
r = —0.24, NMB = 310%). Our simulation indicated that
approximately 80% of suspended atmospheric MPs over the
East Indian Ocean and the South China Sea were MP fibers,
while the rest were MP fragments, consistent with the
observations of Wang et al.”’

Atmospheric Transports and Depositions of MPs
over Asia and Adjacent Oceans. Our analyses above
showed that the WRF-MP model generally reproduced the
observed abundances and morphologies of atmospheric MPs
over Asia and adjacent oceans. On that basis, we assessed the
atmospheric transports and depositions of MPs over this
region to quantify the regional source-to-sink relationship of
MPs between lands and oceans.

Figure 3a—h shows our simulated annual mean surface
suspended atmospheric MP concentrations from continental
and marine sources. Over land, the simulated annual mean
surface suspended atmospheric MP concentrations ranged
from <0.001 MPs m™ over the remote continental areas to >1
MPs m™* over major cities. The simulated annual mean surface
suspended MPs over Asia mostly consists of MP pellets (51%
by mass), followed by MP lines (30%) and fragments (19%).
Despite their dominant emissions (92% by mass), MP pellets
only constituted half (51%) of the surface suspended
atmospheric MPs over Asian lands and were rarely transported
beyond the coastal waters. This discrepancy was because the
MP pellets represented in our model were relatively large and
quickly settled to the surface after emission. Continental-origin
MP lines and fragments may be transported >1000 km into the
marine atmosphere, where these continental-origin MPs
became comparable in concentrations to the marine-origin
MPs. Over the Northwestern Pacific and Indian oceans, the
simulated annual mean surface suspended atmospheric MP
concentrations ranged from 0 over the remote oceans to >0.05
MPs m™> over polluted surface oceans (e.g., the Yellow Sea,
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Figure 2. Comparison of the observed (blue bars) and simulated (red bars) (a) deposited atmospheric MP number fluxes at coastal locations™>

—36

as well as the observed and simulated suspended atmospheric MP number concentrations (b) at Chinese coastal cities,** (c) and (d) over the
South China Sea,””*® and (e) over the East Indian Ocean and the South China Sea.””

the East China Sea, the Sea of Japan, and the waters east of
Japan). Marine-origin MPs, particularly MP lines, might be
transported up to 500 km inland and comparable in
concentrations to continental-origin MPs at very clean coastal
land areas, such as Hokkaido, Japan, and Eastern Malaysia
Peninsula.

Figure 3i—p shows the simulated annual mean surface
deposited atmospheric MP fluxes from continental and marine
sources. Over land, the simulated annual mean deposited
atmospheric MP fluxes over densely populated areas exceeded
500 MPs m~> day~!, mostly reflecting the deposition of MP
pellets near their sources. In comparison, the deposition of
MPs from marine sources over land was insignificant. Over the
oceans, the simulated annual mean deposited atmospheric MP
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fluxes ranged from O at remote locations to >200 MPs m™2

day™! over polluted waters, mostly reflecting the local emission
and deposition of MP pellets. However, MP fragments and
lines from Asia were transported in the air and deposited as far
as 170° E, >2000 km away from the Asian coast. Over the
Asian coastal waters (<500 km from the coast), the deposited
MP fluxes from continental sources may exceed 10 MPs m™>
day™!, comparable to the marine contribution to the local
deposited MP fluxes.

We found that the monsoonal climate modulated the
emission and transport of MPs between Asia and its adjacent
oceans (Figures S4 and S8). In January, MPs emitted from
East and South Asia were effectively transported by the strong
Asian winter monsoon to the Northwestern Pacific, the
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Figure 3. Simulated annual mean surface number concentrations of suspended atmospheric MPs (a—d) from continental and (e—h) marine
sources; simulated annual mean surface deposited atmospheric MP fluxes (i—1) from continental and (m—p) marine sources. Both suspended
atmospheric MP concentrations and deposited atmospheric MP fluxes are shown for MPs of all shapes and for MP pellets, fragments, and lines,

respectively.

Equatorial Western Pacific, and the Equatorial Indian Ocean.
In July, the prevailing southerly winds led to less transport of
continental MPs from Asia to the oceans, while marine-origin
MPs were more effectively transported toward Asia.

Table 1 summarizes the annual budgets of atmospheric MPs
from Asia and adjacent oceans for the year 2018. The annual
mean atmospheric burden of MPs in our simulated domain
was 2.1 Gg, half of which was associated with MP pellets (1.1
Gg). The annual deposited atmospheric MP flux over Asian
land surfaces was 300 Gg y~', almost entirely from continental
sources. The annual deposited MP fluxes over the Northwest-
ern Pacific and the Indian Oceans (within the domain of
Figure 1) were 64 Gg y ', including 4.2 and 60 Gg y~' from
continental and marine sources, respectively. We estimated
that 1.4% of the total atmospheric MP emissions by mass
(0.70% for pellets, 11% for fragments, and 7.8% for lines) from
land surfaces deposited to the ocean via atmospheric transport.
A previous Lagrangian model study estimated that 15—16% of
the mass of MP lines emitted into the global atmosphere was
transported to the open ocean,”® comparable with our
mechanistic calculations for MP fragments and lines.

Comparison with Brahney et al.>° We compared our
simulated atmospheric deposition fluxes of MPs with those
simulated by Brahney et al.”® over our research domain (Figure
S9). The annual atmospheric deposition fluxes of MPs
simulated by us (370 Gg y™') and Brahney et al.”® (440 Gg
y ') were within 20% of each other. However, the attribution
of the deposited MPs was very different: we attributed 310 Gg
y ! of deposited MP flux to continental sources, while Brahney
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et al.’” attributed the bulk of their deposited MPs to marine
sources (340 Gg y~'). The reason for this discrepancy may be
threefold: (1) Brahney et al.’® constrained their atmospheric
MP emissions with observations at 11 remote sites in the
Western U.S. According to the calculated atmospheric
residence times of MPs in both studies (0.43—2.1 days in
this study and 0.04—6.5 days in Brahney et al.’’), these
Western U.S. measurements would mostly reflect emissions
over the Western U.S. and Northeastern Pacific, where
continental MP emissions might be smaller than those over
East and South Asia. (2) The deposition samples at
mountainous Western U.S. may be enhanced in MPs that
were long-range-transported due to the stronger winds at high
altitudes. (3) Finally, the size range of MPs represented in
Brahney et al.’® (0.3—70 um) was much smaller than that
represented in this study (~10 to 5000 ym). They may have
underestimated the atmospheric transport of larger MPs,
particularly those of MP lines and fragments. For these
reasons, and because the observed suspended atmosphere MP
concentrations showed a sharp decline from the Asian coast to
the remote marine locations (Figure 2), continental-origin
MPs more likely dominated the deposition fluxes of MPs over
Asia and its adjacent oceans.

B DISCUSSION

Given the exploratory nature of this study, it was difficult to
quantify the uncertainty of our simulated atmospheric MP
budget and the simulated land—sea MP flux. The uncertainty
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of the total environmental MP release was a factor of 2.'%°

However, the atmospheric MP emissions in our model were an
effective mixture of primary, secondary, and re-suspended
sources. We did not explicitly represent breakdown/aging
processes of primary MPs in terrestrial and aquatic environ-
ments. These uncertainties were effectively represented by the
uncertainty associated with @, which we tuned to a mean value
of 12.5% (Table SS).

We roughly estimated the uncertainty of our simulated
atmospheric MP budget to be between factors of 3 and 7,
based on the following “top-down” and “bottom-up”
considerations. First, our simulated suspended MP concen-
trations and deposited MP fluxes were within a factor of 3 of
the available observations (Figure S7). Second, Wang et al>®
estimated that one-sixth of the environmental MP emission
over land entered the aquatic environment. Assuming that the
rest of the MPs all entered the atmosphere, we estimated an
upper-limit for a; of 83%, resulting in a factor of 7 uncertainty
in the value of a;.

Our estimated net flux of MPs from the Asian continent
(domain in Figure 1) to the oceans via atmospheric transport
was 3.9 Gg y . A previous estimate for the annual riverine
source of MPs from East and South Asia to the oceans was 20
Gg y~.>® However, 90% of that estimated riverine source was
in the form of transported macroplastics (plastic debris > S
mm), which fragmented into MPs in the ocean. The riverine
transport of actual MPs from East and South Asia to the
oceans was estimated to be 2 Gg y~'.°* Therefore, our study
indicated that atmospheric transport was the major pathway by
which MPs were transported from land to oceans over our
domain of interest. Because atmospheric transports are
strongly linked to weather and large-scale atmospheric
circulations, the atmospheric transport of MPs is likely a
more dynamic and variable migration pathway of MPs from
their source to other parts of the world. More measurements
and experimental studies are needed to constrain the sizes,
morphologies, and fluxes of MPs in the atmosphere, the aging
and breakdown of MPs in terrestrial and aquatic environments,
and the retention and re-suspension of MPs from land and
ocean surfaces, to construct a more complete mechanistic
understanding of the global MP cycle and its impacts on the
ecosystems.
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