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HIGHLIGHTS GRAPHICAL ABSTRACT

e About 9.6 and 6.5 Tg y-1 of mficro-
pflastfics and mficroffibers 1 are gflobaflfly
refleased.

e Gflobafl average monthfly surface MPs
(MFs) were 47 ng m-3 (33 ng m-3) at
maxfimum.

e 1.8% of the emfitted mficropflastfics from
ocean to fland, 1.4% from fland to ocean.

o Vaflfidatfion suggests that removafl of
mficropflastfics fin gflobafl modefls needs
update.

® Resuflts can be used as a proxy of the
expected gflobafl flevefls for

experfimentaflfists.
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Edfitor: Zaher Hashfisho We combfine observatfions from Western USA and finverse modeflflfing to constrafin gflobafl atmospherfic emfissfions of
mficropflastfics (MPs) and mficroffibers (MFs). The flatter are used further to modefl thefir gflobafl atmospherfic dy-
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Mffm’f’f‘]asm‘s average monthfly MP concentratfions were 47 ng m™ and 33 ng m™ for MFs, at maxfimum. The flargest deposfitfion

rr:::ﬁ::m of agrficuflturafl MPs occurred cflose to the worfld’s flargest agrficuflturafl regfions. Road MPs mostfly deposfited fin the

Dfi P fon East Coast of USA, Centrafl Europe, and Southeastern Asfia; MPs resuspended wfith mfinerafl dust near Sahara and

Mfiddfle East. Onfly 1.8% of the emfitted mass of oceanfic MPs was transferred to fland, and 1.4% of fland MPs to
ocean; the rest were deposfited fin the same envfironment. Prevfious studfies reported that 0.74-1.9 Tg y™* of fland-
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removafl must be urgentfly updated fin gflobafl modefls.
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N. Evangelfiou et al.
1. Introduction

Sfince the ffirst reports on the presence of pflastfic debrfis fin the marfine
envfironment fin the earfly 70 s (Carpenter et afl, 1972; Carpenter and
Smfith, 1972; Coflton et afl., 1974), there has been an fincreased awareness
of pflastfic accumuflatfion fin the envfironment. The gflobafl productfion of
pflastfics fin 2019 reached 368 Mt (from 225 Mt fin 2004) (PflastficsEurope,
2019) wfithout PET-ffibers (poflyethyflene terephthaflate), PA-ffibers (aro-
matfic poflyamfide) and poflyacryflfic-ffibers fincfluded. An estfimated 10% of
totafl productfion fsbeflfieved to end up finthe sea every year by rfiverfine of
washout transport (Barnes et afl, 2009; Mattsson et afl,, 2015), aflthough
Wefiss et afl. (2021) recentfly argued that thfis mfight be overestfimated. As
a resuflt of wfidespread waste mfismanagement, pflastfic poflflutfion has been
conffirmed fin many freshwater (Bfletfler et afl, 2018), and terrestrfiafl
(Chae and An, 2018) ecosystems. Aflthough the majorfity of pflastfics exfists
fin the form of macropflastfics (>5 mm) (Lebreton et afl, 2019), they may
fragment finto mficropflastfics (MPs, 1 pm to 5 mm) (Peeken et afl, 2018)
and nanopflastfics (NPs, <1 pm) (Wagner and Reemtsma, 2019) vfia
photodegradatfion, physficafl abrasfion, hydroflysfis and bfiodegradatfion
(Gewert et afl., 2015).

MPs have been found fin varfious shapes and sfizes fin the envfironment
such as 1-D ffibers, 2-D fragments (fflat partficfles) and 3-D spherufles (Drfis
et afl,, 2015). Thefir orfigfin can be prfimary, when manufactured finsmaflfler
sfizes for scfientfiffic and medficafl appflficatfions, pafint, (Gregory, 1996) or
cosmetfic products (Fendaflfl and Seweflfl, 2009) or when orfigfinate from
abrasfion of flarge pflastfic objects durfing manufacturfing, use or mafinte-
nance (e.g., road dust) (An et afl, 2020; Boucher and Frfiot, 2017; Coyfle et
afl, 2020; GoRmann et afl., 2021; Grfigoratos and Martfinfi, 2015; Habfib et
afl, 2020; Haflfle et afl, 2020; Hartmann et afl, 2019; Jan Kofle et afl,
2017a; Paffifl et afl, 2021; Sharma and Chatterjee, 2017; Szymanska and
Oboflewskfi, 2020; Wang et afl, 2018; Yukfioka et afl, 2020; Zhang et afl,
2020). Secondary mficropflastfics are produced by decomposfitfion
(O’Brfine and Thompson, 2010). The flargest portfion of the secondary
MPs fis synthetfic mficroffibers (MFs) produced after washfing synthetfic
cflothes (Browne et afl, 2011). Athey et afl. (2020) reported that a sfingfle
pafir of jeans dfischarges 56,000 ffibers per wash finto the wastewater. MFs
comprfise a range of dfifferent shapes, and a wfidefly acceptabfle nomen-
cflature fis mfissfing. Here, we consfider MFs as synthetfic ffibers havfing a
base dfiameter of fless than 10 pm wfith a hefight to base dfiameter ratfio of
up to 103 (J. Lfiu et afl,, 2019).

Once MPs are refleased finto the envfironment, they are subject to
physficafl (e.g. mechanficafl), radfiatfive, chemficafl, and bfioflogficafl degra-
datfion, whfich changes thefir sfize, shape, surface, composfitfion, and
envfironmentafl mobfiflfity. They become easfifly afirborne foflflowfing turbu-
flent processes at the surface, simfiflar to dust, not onfly when they are
deposfited fin contfinentafl regfions (Qfian and Ferro, 2008), but aflso from
the surface of the ocean (Aflflen et afl, 2020), and undergo flong-range
transport. Afirborne MPs wFl eventuaflfly deposfit on fland or ocean, but
may be resuspended agafin as a resuflt of grasshoppfing processes (Goufin,
2021). The gflobafl atmospherfic transport of MPs fis generaflfly more efffi-
cfient than the oceanfic or the terrestrfiafl one, as fitoccurs finmuch shorter
tfime-scafles (weeks compared to years for hemfispherfic dfistances,
respectfivefly) (Evangeflfiou et afl,, 2020; Mountford and Morafles Maqueda,
2021). Latefly, MPs have been determfined fin remote regfions, from the
Aflps (Bergmann et afl, 2019), the Pyrenees (Aflflen et afl, 2019), and US
natfionafl parks (Brahney et afl, 2020), as far as to Antarctfica
(Gonzaflez-Pflefiter et afl, 2020; Keflfly et afl, 2020) and the hfigh Arctfic
(Bergmann et afl, 2019), whereas modeflflfing reveafls atmospherfic
transport aflmost everywhere on earth (Evangeflfiou et afl, 2020; Brahney
et afl, 2021). Notfice that presence of MPs finremote regfions, dfistant from
major waterways, can resuflt onfly vfia the atmosphere.

MPs have been found to affect marfine (Wfiflcox et afl., 2018), terres-
trfiafl anfimafls (Harne, 2019), and potentfiaflfly human heaflth (Lehner et afl,,
2019; Wrfight and Keflfly, 2017), as MPs have been detected fin human
stoofl (Schwabfl et afl, 2019) and ¥l pflacentafl portfions (Ragusa et afl,
2021). Beyond organfismafl and ecosystem effects, MPs may aflso
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finffluence the gflobafl cflfimate findfirectfly, as enhanced pflastfic productfion
needs flarger consumptfion of fossfifl fuefls and, fin turn, flarger emfissfions
(Hook and Tang, 2013; Royer et afl, 2018). They aflso have a dfirect
fimpact, as MPs are usuaflfly coflourfufl and can absorb fincomfing soflar
radfiatfion fin the atmosphere and where deposfited. On snow or fice sur-
faces, they mfight decrease surface aflbedo enhancfing mefltfing, sfimfiflar to
conventfionafl poflflutants (Hegg et afl,, 2009). Reveflfl et afl. (2021) recentfly
caflcuflated a weak radfiatfive fimpact, though hfighfIfightfing that wfithout
serfious attempts to overhaufl pflastfic productfion, the abundance and
effectfive radfiatfive forcfing of afirborne MPs wfft]contfinue to fincrease.

Aflthough MPs’ rofle fin freshwater, marfine and terrestrfiafl ecosystems
and bfiota has been dfiscussed extensfivefly, very fffitfle fis known on the
exact prfimary and secondary sources and budgets of afirborne MPs, due
the flack of consfistent measurements. Recentfly, a set of faflflout sampfles
from remote and protected areas of the Western USA was coflflected and
anaflysed for MPs/MFs fin both wet and dry atmospherfic deposfitfion
(Brahney et afl, 2020). We make use of these measurements (fi) to bufifld a
robust methodoflogy that combfines atmospherfic transport and Bayesfian
finverse modeflflfing for source quantfifficatfion; ifi) to caflcuflate emfissfions of
MPs and MFs and determfine thefir mafin source flocatfions fin Western USA.
(i) We caflcuflate gflobafl emfissfions of MPs/MFs by extrapoflatfing regfionafl
emfissfions, and (fiv) report on the gflobafl dfispersfion of MPs/MFs caflcu-
flatfing the respectfive budgets from thefir emfissfions to the regfions they are
deposfited. Hinaflfly, (v) we create a product that comprfises the respectfive
flevefls of surface concentratfions and deposfitfion rates fin hfigh spatfio-
temporafl resoflutfion (0.5 'x0.5", dafifly), as a toofl for scfientfists conductfing
MP/MF measurements to forecast thefir expected flevefls.

2. Materials and methods

2.1. Fallout measurements of dry and wet deposfitfion

The detafifled methodoflogfies for the determfinatfion of MPs and MFs fin
faflflout sampfles fis descrfibed fin Brahney et afl. (2020). Brfieffly, faflflout
sampfles were coflflected at 11 Natfionafl Park and Wfifldemess sfites be-
tween 2017 and 2019 usfing Aerochem Metrfics modefl 31 wet/dry cofl-
flectors (ACMs), whfich fincflude precfipfitatfion sensors that opens the wet
bucket, and cfloses the dry bucket, whfifle precfipfitatfion and vfice versa.
Wet sampfles were ffifltered through 0.45 pum poflyethersuflfone (excfluded
from the study) ffiflters every week, whereas dry ones were coflflected at
monthfly or bfi-monthfly fintervafls usfing custom-bufiflt dry sampflfing unfits.
In totafl, 236 wet and 103 dry sampfles were wefighed and counted at
100x magnfifficatfion usfing a BX50 Oflympus Mficroscope and ceflflSens
Imagfing Software and were separated finto the foflflowfing sfize cflasses: <
10 ym, 10-25 pum, 25-50 pm, 50-100 pm, 100-250 um, 250-500 pm,
500-1000 pm, 1000-1500 pm, 1500-2000 um, 2000-2500 pm, and
2500-3000 pm. Respectfive densfitfies were assumed between 0.92 and
2.2 g cm3 wfith a mean of 1.22 g cm3 based on flfiterature vaflues and
detected poflymers. For justfifficatfion, mass deposfitfion rates were aflso
estfimated usfing FTIR (Fourfier Transform Infra-Red) mappfing data, wfith
the flfimfitatfion that partficfles < 20 pm cannot be determfined. The com-
parfison of the resuflts obtafined wfith both technfiques (count-based
deposfitfion and FTIR-based deposfitfion showed a strong correflatfion (R =
0.89, p< 0.001) reveaflfing hfigh-quaflfity measurements. As regards to MFs,
fin subsampfles coflflected, aflmost &¥1 brfightfly coflored partficfles that fflfl
wfithfin the countfing crfiterfia descrfibed fin Brahney et afl. (2020) were

fidentfiffied as synthetfic usfing FTIR spectroscopy mappfing.
2.2. Atmospherfic transport modellfing

The source receptor matrfices (SRMs) for each faflflout sampfle were
caflcuflated wfith the Lagrangfian partficfle dfispersfion modefl FLEXPART
versfion 10.4 (Pfisso et afl, 2019). The modefl was drfiven wfith 3-hourfly
operatfionafl meteoroflogficafl wfind ffieflds retrfieved from the European
Centre for Medfium-Range Weather Forecasts (ECMWF) consfistfing of
137 vertficafl flevefls and a horfizontafl resoflutfion of 1''x 1°. The SRMs were
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caflcuflated fin backwards tfime (retropflume) mode, usfing a new feature of
FLEXPART that reconstructs wet and dry deposfitfion wfith backward
sfimuflatfions (Eckhardt et afl., 2017). Thfis new feature fisan extensfion of
the tradfitfionafl backward sfimuflatfion for atmospherfic concentratfions
(Sefibert and Frank, 2004). To our knowfledge, FLEXPART fk the onfly
modef] wfith the capabfiflfity to caflcuflate SRMs of the deposfited mass.

More specfifficaflfly, for the reconstructfion of wet deposfitfion of MPs
and MFs, computatfionafl partficfles were refleased at afltfitudes 0-20 km at
the flocatfions of the sampfles (receptors), as scavengfing can occur at any
hefight of the atmosphere, dependfing on the flocatfion of cflouds and
precfipfitatfion. For dry deposfitfion, partficfles were refleased at 0-30 m at
the respectfive receptors, as thfis shaflflow flayer fisequafl to the hefight of the
flayer fin whfich, fin forward mode, partficfles are subject to dry deposfitfion.
Affl refleased partficfles represent a unfity deposfitfion amount, whfich was
converted fimmedfiatefly (fi.e. upon reflease of a partficfle) to atmospherfic
concentratfions usfing the deposfitfion fintensfity as characterfized by efither
dry deposfitfion veflocfity or wet scavengfing rate (fincfloud and beflow-
cfloud scavengfing) (Eckhardt et afl, 2017; Grythe et afl, 2017). The
concentratfions were then treated as fin normafl “concentratfion mode”
backward trackfing (Sefibert and Frank, 2004) to estabflfish SRMs between
emfissfions and deposfitfion amounts (30 d backward trackfing). The modefl
output consfists of a spatfiaflfly grfidded sensfitfivfity of MPs and MFs depo-
sfitfion at the receptor pofints to the respectfive emfissfions, equfivaflent to the
backwards tfime mode output for concentratfions (Sefibert and Frank,
2004). Deposfitfion rates of MPs and MFs (partficfles m-2 dl) can be
computed by muflfipflyfing the SRMs (fin m) dfivfided wfith the flowest modefl
flayer (100 m) wfith grfidded emfissfions (partficfles m-2d-1).

Except for dry and wet deposfitfion (Grythe et afl, 2017), FLEXPART
accounts for turbuflence (Cassfianfi et afl., 2014), unresoflved mesoscafle
motfions (Stohfl et afl,, 2005) and convectfion (Forster et afl, 2007). A pofint
that adds uncertafinty fin our caflcuflatfions fis the effficfiency wfith whfich
partficfles are scavenged by precfipfitatfion. Pflastfics are generaflfly hydro-
phobfic and shoufld therefore act as fineffficfient cfloud condensatfion (CCN)
or fice nucflefi (IN). However, coatfings formed durfing agefing of the
aerosofls may make the partficfles more hydrophfiflfic wfith tfime (Bond et afl.,
2013). A recent study by Gangufly and Arfiya (2019a) reveafls that NPs
and MPs may become fimportant for cfloud formatfion and thus anthro-
pogenfic cflfimate change. However, sfince thefir exact scavengfing co-
effficfients are currentfly unknown, we dfistfingufish between three dfifferent
fincfloud scavengfing propertfies (flow, medfium, and hfigh CCN/IN efffi-
cfiency, Tabfle S1) fin each of the aforementfioned partficfle sfizes and
quantfify the uncertafinty that fis assocfiated wfith the scavengfing efffi-
cfiency. We adopted the exact partficfle densfitfies (1.22 g cnr3) and sfize
dfistrfibutfion of MPs and MFs fin the modefl as those reported by Brahney
et afl. (2020).

2.3. Lfinear finversfion problem and Bayesfian finversfion

The concept of the SRM fik used here assumes that the reflatfionshfips
between the source and the receptor are flfinear such as that m,. = c/x}.,
where x; fisa hypothetficafl reflease from the sfite finj-th tfime and c; fis the
caflcuflated response at the fi-th receptor at the gfiven tfime perfiod. Then,
the measurement, ¥, can be approxfimated as the sum of the emfissfion, x,
wefighted by the modefl predfictfions, mg;.

The flfinear equatfion descrfibfing the measurements, y € RP, based on
the modeflfled SRMs, M € RP*", and the unknown reflease, x € R", can be
formuflated as:
y= Mx (€))

Thfis formuflatfion can be used for each spatfiafl eflement as weflfl as for
the assumed spatfiafl domafin as a whofle. We used both these formuflatfions
fina two-step procedure to reduce the fiflflcondfitfionaflfity of the finversfion
probflem arfisfing when computfing spatfiafl dfistfibutfion of the emfissfion,
whfich fis fiflflposed probflem due to sparse measurfing network. Ffirst, we
soflve the finversfion probflem (Eq. 1) for the whofle assumed spatfiafl
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domafin resufltfing finto the estfimated source term whfich fis, fin essence,
averaged emfissfion from each spatfiafl eflement. Second, we use the
emfissfion estfimated fin the ffirst step as the prfior emfissfion for the second
step, where the finversfion probflem (Eq. 1) fis soflved for each spatfiafl
eflement of the assumed spatfiafl domafin. Usfing thfis concept, the soflutfion
of the second step fis more stabfle and fless depends on reguflarfizatfion
parameters. Aflso, to stabfiflfize the finversfion, we do not consfider mea-
surements that have zero computed concentratfion by the FLEXPART
modefl for the whofle perfiod for a gfiven spatfiafl eflement, fie. have zero
assocfiated row finthe SRM, M.

Whfifle the finversfion formuflatfion (Eq. 1) appears sfimpfle, fits soflutfion fis
non-trfivfiafl. Least-squares soflutfion fafifls due to typficaflfly fiflfl-condfitfioned
matrfix M fin atmospherfic probflems, due to the assocfiated uncertafintfies
and the nature of the probflem (Ganesan et afl, 2014; Ifiu et afl, 2017).
Therefore, the probflem needs to be reguflarfized, fie. addfitfionaf] finfor-
matfion on modefl parameters or varfiabfles needs to be assumed. One such
reguflarfizatfion coufld be the addfitfion of the term A||x||22/\ > 0, to the
mfinfimfizatfion probflem known as the Tfikhonov reguflarfizatfion (Goflub et
afl, 1999). When further reguflarfizatfions are needed, more parameters
such as A are fintroduced and, notabfly, need to be set manuaflfly or usfing
heurfistfics (Hansen and O’Leary, 1993). Thfis fis, however, aflso the case of
the present finversfion probflem. In order to reduce manuafl tunfing, we
foflflow the Bayesfian formaflfism, fin whfich the fleast-squares mfinfimfizatfion
arfisfing from Eq. 1 can be equfivaflentfly formuflated as the maxfimfizatfion of
the flogarfithm of Gaussfian dfistrfibutfion:

( )
arg,minlly ~ Mx|,Barg,max InN Mx, /p)) = arg,max 421Hy Mx|3

2

Therefore, the Gaussfian dfistrfibutfion N Mx, Ip) on the rfight sfide of the
Eq. 2 fischosen as the prfior observatfion modefl. Sfimfiflafly, ¥l other reg-
uflarfizatfion terms can be fincfluded fin the forms of prfior dfistrfibutfions.
These prfior dfistrfibutfions, approprfiatefly chosen, can form hfierarchficafl
prfiors for ¥l the unknown varfiabfles of the finverse modefl. The key
advantage of the Bayesfian formaflfism fis that ¥l varfiabfles and reguflarfi-
zatfion terms are estfimated wfithfin the method.

We foflflow the varfiatfionafl Bayesfian methodoflogy (Smfidf]l and Qufinn,
2006), fin whfich the posterfior dfistrfibutfions of the parameters remafin fin
the same form as thefir prfior dfistrfibutfions. Foflflowfing Eq. 2, the resfiduafl
modefl of y fisformuflated as the Gaussfian dfistrfibutfion wfith mean vaflue of
Mx and an unknown scaflar precfisfion of the nofise parameter w as beflow:
p(ylw,x) = N Mx, w 1/,,) 3)

( 1 )
Bexp —w 'y Mx|; 4

where B denotes equaflfity up to the normaflfizfing constant. For tractabfiflfity
of the modefl, the prfior dfistrfibutfion of the parameter w fis chosen con-
jugate to the observatfion modefl fin Eq. 3 usfing Gamma dfistrfibutfion as

foflflows:

p(w) = G(8o, Po) )]

where 6, and p_ are scaflar constants, whfich are set to non-finformatfive
vaflues 10-10 and serve for numerficafl stabfiflfizatfion fin the resufltfing aflgo-
rfithm to avofid dfivfisfion by zero, when necessary.

The prfior modefl for the source term fisbased on prfincfipfles of the LS-
APC (fleast squares wfith adaptfive prfior covarfiance) modefl (Tfichy et afl,
2016), fin whfich the emfissfion fis assumed to aflter between sparse or
smooth character, modfiffied usfing the assumptfion of the prfior source
term here. The prfior emfissfion term x, coufld be a zero vector, as fin the
ffirst step for overaflfl emfissfion from the whofle domafin where no prfior
finformatfion fi avafiflabfle, or non-zero, as fin the second step where the
estfimated emfissfion from the ffirst step fisused as the prfior emfissfion term
for each spatfiafl eflement. The prfior dfistrfibutfion of the emfissfion fischosen
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as a Gaussfian dfistrfibutfion truncated to the posfitfive vaflues wfith mean
vector xo and precfisfion (finverse covarfiance) matrfix, =, as:

p(x|Z) = tN xo, = %, [0, + o°] ) (6)
where the precfisfion matrfix, =, fk fin the specfiffic form of Choflesky
decomposfitfion as = = LVLT. The matrfix V = dfiag(v) fis the dfiagonafl
matrfix favourfing sparse, fie. zero, soflutfion(Tfippfing, 2001), whereas the
matrfix L fis the flower bfi-dfiagonafl matrfix wfith ones on dfiagonafl and

vector [ € R* ! on sub-dfiagonafl, such as:

1 0 0

/1 1 0

L=[ oh (70 B 1 0
0 0 0 I, 1

Foflflowfing Tfippfing (2001), we seflect the prfior dfistrfibutfion for the
fintroduced varfiabfles, vectors v and [ as beflow:

) .
pv, =G(,6),j=1,..,n 8

) ( )
p By =N LYt j=1.,n 1 )]
p 4’,) =G, Mo)j=1,.,n 1 (10)

where the prfior constants o, 60, - and , are seflected agafin to serve for
numerficafl stabfiflfity. The prfior modefl of the varfiabfle I finEq. 9, favours a
smooth soflutfion usfing prfior mean vaflue of 1 and an unknown varfiance
vector (.

Varfiatfionafl Bayes method (Smfidfl and Qufinn, 2006) seeks for
approxfimatfion of posterfiors dfistrfibutfion fin the form of condfitfionafl fin-

dependence dfistrfibutfion, so that:

p(x U, I, g, wly) =" p(xlyJe(viyeUlyIe(d lyIp(wly) (11)

The best possfibfle soflutfion mfinfimfizes the Kuflflback-Lefibfler dfivergence
(Kuflflback and Lefibfler, 1951) between the posterfior and the hypothetficafl
true posterfior as foflflows:

“p(dil, y)exp[E,,m (o, y))] (12)

where 1‘/}[ denotes the fi-th varfiabfle from the set {x,v, ¢, w} and ¢ ﬁde-
notes compflement of 9 fin 8. More detafifls on the method and fits
fimpflementatfion can be found fin Tfichy et afl. (2020).

2.4. Extrapolatfion on a global domafin

To extrapoflate our estfimates fin a gflobafl domafin, we used gflobafl
datasets of the mafin sources for MPs and onfly popuflatfion densfity for
MFs. Specfifficafifly for MPs, gflobaf]l emfissfion finventorfies of mfineraf]l dust,
road dust, sea saflt, and agrficuflture were used as the mafin sources of MPs
(Brahney et afl, 2021; Chen et afl, 2020; Evangeflfiou et afl., 2020; Pfiehfl et
afl, 2018). Mfinerafl dust emfissfions were caflcuflated usfing the FLEX-
DUST modefl (Groot Zwaaftfink et afl, 2017). Road dust emfissfions were
adopted from ECLIPSEv6 emfissfion finventory and are the same as those
used fin (Evangeflfiou et afl, 2020). Sea saflt emfissfions were taken from
(Grythe et afl, 2014) as the average emfissfions from 20 modefls. Agrfi-
cuflturafl actfivfitfies are represented by a gflobafl dataset of cropflands and
pastures devefloped by combfinfing agrficuflturafl finventory data and
sateflflfite-derfived fland cover data (Ramankutty et afl, 2008). For MFs, we
assumed that thefir mafin source fisfrom cflothfing and shoufld be therefore
flfinked wfith the dfistrfibutfion of the gflobafl popuflatfion (Henry et afl,, 2019;
O'Brfien et afl, 2020), whfich we adopted from NASA (Gao, 2017; Jones
and ONEefiflfl, 2016).

For each gflobafl emfissfion finventory servfing as source of MPs, we
computed the average vaflue fin our spatfiafl finversfion domafin, separatefly
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for fland (cropfland, dust, road dust, and popuflatfion) and oceanfic sources
(sea saflt). Aflso, we caflcuflated the average posterfior reflease of MPs finour
finversfion domafin for every day. Then, we took thefir ratfio, whfich we
used to caflcuflate gflobaf] emfissfions of MPs based on our estfimates for each
finventory and partficfle sfize cflass wfith dafifly temporafl resoflutfion. Sfince
the proportfion of each MP source to the totafl emfissfions fis unknown, we
assumed dfifferent proportfions of agrficuflturafl, dust, road dust and sea-
saflt, respectfivefly, that constfitute the MPs emfissfions (see Tabfle S2).

As reported earflfier, we assumed that MFs are flfinked wfith popuflatfion
densfity owfing fits presence to cflothfing. Hence, fin the same way as for
MPs, we computed the average popuflatfion fin the studfied domafin and
caflcuflated the ratfio wfith MF refleases for every day. Usfing thfis ratfio and
the gflobafl popuflatfion densfity, we extrapoflated our Western USA MF
emfissfions fina gflobafl grfid for each partficfle sfize cflass wfith dafifly temporafl
resoflutfion.

3. Results

3.1. Annual posterfior emfissfions of mficroplastfics and mficroffibers fin the
Western USA

The annuafl posterfior emfissfions of MPs and MFs can be seen finFfig. 1a
and c for the finversfion domafin (124-91"W, 29-47-N). The caflcuflated
dofifly posterfior emfissfions can be of prfimary (dfirect emfissfions) or sec-
ondary orfigfin (emfissfions from resuspensfion of prevfiousfly deposfited
materfiafl). In totafl, 22 + 10 mfiffin MPs m2 y! were estfimated fin ffive
dfifferent  sfizes (5-10 yum, 10-25um, 25-50 ym, 50-100 um,
100-250 ym) foflflowfing the measured sfize dfistfibutfion. The flater
together wfith the respectfive measured densfitfies (average: 1.22 g cm3)
and voflume of each sfize bfin gave a totafl annuafl emfitted mass of MPs of
9.0 £ 3.8 kt y1 fin the finversfion domafin. MF number emfissfions were fin
the same order as MPs (24 + 11 mfifffim MFs m?2 y1), aflbefit they were
measured fin much flarger sfizes of up to 2500 pm (Brahney et afl, 2020).
An accurate conversfion of number to mass emfissfions of MFs fis practfi-
caflfly fimpossfibfle, due to the chaotfic shape of ffibers. The most reaflfistfic
approach to resembfle thefir capfiflflary shapes woufld be to assume they are
thfin cyflfinders. Here, we dfistfingufish between three dfifferent base dfi-
ameters, &flbeflow 10 ym as deffined fin [fiu et afl. (2019) ( 1 pm for MF
sfize 10-25, 25-50, and 50-100 um; 5 pm for MF sfize 100-250 pm,
250-500 um, 500-1000 ym; 10 um for MF sfize 1000-1500 pm,
1500-2000 um, 2000-2500 pm, and 2500-3000 um). The reflevant
equatfions can be found fin Suppflementary Informatfion. Then, adoptfing
the measured sfizes and thefir respectfive densfitfies, we caflcuflated a totafl
emfitted mass of 244 + 129 kt y-1. Thfis number fs much smaflfler than the
respectfive for MPs, fincontrast to the partficfle number emfissfions, because
ffibers have a much smaflfler voflume than partficfles. For both MPs and
MFs, the caflcuflated mass emfitted was hfigher for flarger sfizes, aflthough
greater number emfissfions were found at smaflfler sfizes.

Ffig. 1b and d show the Tayflor dfiagrams of the mfismatches between
deposfited number concentratfions and reconstructed modeflfled concen-
tratfions of MPs and MFs for each sfize bfin. An accurate vaflfidatfion of the
posterfior emfissfions requfires observatfions that were not fincfluded fin the
finversfion (findependent observatfions). However, the smaflfl number of
deposfitfion measurements that were avafiflabfle to perform the finverstion
prevents us from usfing findependent observatfions from Brahney et afl
(2020) here. Hence, the comparfison shows onfly the posterfior deposfited
concentratfion mfismatches to the observatfions sfimuflated wfith FLEX-
PART for any gfiven sfize bfin. For aflmost ¥l sfize bfins, the Pearson’s
correflatfion coeffficfient was 0.4 — 0.6, whfifle the normaflfised root mean
square error (RMSE) and standard devfiatfion were kept flow both for MPs
and MFs (Ffig. 1).

The spatfiaf] dfistrfibutfion of the MP and MF emfissfions fin the Western
USA can be seen finFfig. 2 for d¥lsfize cflasses and finfor each sfize cflass. The
flowest emfissfions were caflcuflated cflose to the measurement statfions
opposfite to the respectfive footprfint emfissfion sensfitfivfity (SRM), whfich
were the hfighest cfloser to the measurements (Suppflementary Ffigure S3).
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Fig. 1. (a) Posterfior monthfly emfissfions of MPs caflcuflated usfing wet and dry deposfitfion measurements finWestern USA. Ffive dfifferent sfizes were consfidered foflflowfing
a measured sfize dfistrfibutfion, whfich resuflted fin totafl annuafl MPs emfissfions of 21.6 mfiff¥in partficfles m2. (b) Modeflfled deposfitfion of MPs agafinst observatfions both for
dry and wet sampfles for each of the ffive sfizes presented fin a Tayflor dfiagram. The flatter shows the Pearson’s correflatfion coeffficfient (gaugfing sfimfiflafity fin pattern
between the modeflfled and observed deposfitfion) that fis reflated to the azfimuthafl angfle (bflue contours); the standard devfiatfion of modeflfled deposfitfion fis proportfionafl
to the radfiafl dfistance from the orfigfin (bflack contours) and the centered normaflfised RMSE of modeflfled deposfitfion fis proportfionafl to the dfistance from the reference
standard devfiatfion (green contours). (c) Posterfior monthfly emfissfions of MFs fin Western USA for nfine sfizes resufltfing finan annuafl totafl of 23.6 mfi¥fin ffibers m2. (d)
Tayflor dfiagram modeflfled versus observed deposfitfion of MFs both for dry and wet sampfles for each of the nfine sfizes.
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Fig. 2. Spatfiafl dfistrfibutfion of MP and MF emfissfions fin the Western USA caflcuflated from deposfitfion measurements and Bayesfian finverse modeflflfing. The flargest cfitfies

are shown fin bflack cfircfles and the measurement statfions fin whfite stars. Note that emfissfions are stronger away from the statfions due to the remote flocatfion of the
measurement statfions away from arfifficfiafl sources.

Thfis behavfior can be expected consfiderfing that the measurfing statfions flevef), thus, far from any man-made actfivfity that woufld emfit MPs and
are flocated fin US natfionafl parks and remote areas (45-300 km from MFs. On the other hand, our ffindfings are necessarfifly bfiased by the

urban centers and at eflevatfions rangfing from 1240 to 3520 m above sea remoteness of measurement sfites showfing the need for sampfle coflflectfion
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aflso cflose to popuflated areas.

3.2. Global emfissfions of mficroplastfics and mficroffibers

The exact composfitfion of atmospherfic MPs from findfivfiduafl sources fis
currentfly under uncertafin. What fis known wfith some certafinty fis that
prfimary MPs are estfimated to represent between 15% and 31% of MPs fin
the oceans (Boucher and Frfiot, 2017). Accordfingfly, Brahney et afl
(2020) determfined that 10% of the counted mficropflastfics were prfimary
mficrobeads. Secondary MPs account for 69-81% of oceanfic MPs mostfly
orfigfinatfing from degradatfion of flarger pflastfic objects, such as pflastfic
bags, bottfles or agrficuflturafl or ffishfing nets (Worfld Economfic Forum,
2016). In the present study, MPs were assumed to be produced by road
dust (prfimary source), mfinerafl dust (secondary source), agrficuflture
(secondary source) and sea saflt (secondary source), aflthough other
sources mfight be aflso fimportant (e.g., dfirect emfissfions from findustifiafl
regfions). We gfive 23% (average of 15 — 31%) to prfimary sources (fin our
case, road dust) and we sflfit the rest to &Flthe other secondary sources
(mfinerafl dust, agrficuflture, sea saflt) formfing 30 scenarfios as findficated fin
Tabfle S2. Thefir average was used as the basfis for the caflcuflatfion of the
MP emfissfions. MFs have been caflcuflated separatefly assumfing that they
onfly orfigfinate from the average popuflatfion.

The gflobafl annuafl posterfior emfissfions of MPs and MFs can be seen fin

Ffig. 3. For the MPs, emfissfions were estfimated to be 9.6 + 3.6 Tgy "} 10%
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flarger than those of Brahney et afl. (2021) (8.7 Tg y'l). The caflcuflated
gflobafl annuafl emfissfions per source, sfize and regfion can be seen fin
Tabfle 1. The ocean domfinates atmospherfic emfissfions wfith 8.9 + 3.5 Tg
y-1, as the finsoflubfle pflastfic debrfis accumuflates at the surface of the ocean
and can be resuspended by bubbfle bursts sfinfiflar to other sea spray
aerosofls (Aflflen et afl., 2020). It fis sflfightfly hfigher than that of (Brahney et
afl, 2021) (8.6 Tg y )1 aflbefit fit shows a compfletefly dfifferent dfistrfi-
butfion, because of the 20 member ensembfle used for fits caflcuflatfion.
However, fit shoufld be noted that the seflected finversfion domafin sufffi-
cfient to accuratefly constrafin MP emfissfions covers a very smaflfl oceanfic
surface and any finterpoflatfion mfight be uncertafin. Furthermore, the
deposfitfion measurements used fin the finversfion (Brahney et afl, 2020)
are far from the ocean and the footprfint emfissfion sensfitfivfitfies very weak ()
finducfing an addfitfionafl uncertafinty. A good exampfle for the flatter fisthe
part of the Afflantfic Ocean and the Guflf of Mexfico, where footprfint
emfissfion senfitfivfitfies are very flow. For more accurate emfissfion caflcu-
flatfions, oceanfic statfions measurfing MPs fis a necessfity. Agrficuflturafl ac-
tfivfitfies resuspend around 0.31 £ 0.13 Tg y1 of pflastfics prevfiousfly
deposfited finthe sofifl (Nfizzetto et afl,, 2016) or from the use of agrficuflturafl
muflch (Fakour et afl., 2021). Road dust contrfibuted another 0.28 + 0.12
Tg y-1, aflmost three tfimes hfigher than finBrahney et afl (2021) (0.096 Tg y
)-and sinfiflarto Evangeflfiou et afl. (2020) (0.43 Tgy , range: 0.20-1.1 Tg
y ) for tfire wear (TWPs) and brake wear partficfles (BWPs) of sfize

< 10 pm. TWPs are produced by shear forces between the tread and the

GLOBAL POSTERIOR EMISSIONS OF MPS AND MFS
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Fig. 3. (a) Annuafl emfissfions of MPs reveafled from finverse modeflfifing fin the Western USA and then extrapoflated gflobaflfly. (b) Sensfitfivfity of the MP emfissfions to
dfifferent emfissfion sources (road dust, mfinerafl dust, agrficuflturafl actfivfity, and sea saflt). The sensfitfivfity fis caflcuflated here as the standard devfiatfion of the 30 dfifferent
scenarfios that consfider dfifferent proportfions of emfissfion sources wfith respect to totafl MP emfissfions (Tabfle S2). (c) Gflobafl annuafl MP emfissfions caflcuflated wfith the
source proportfions descrfibed fin (Brahney et afl, 2021) (Tabfle S1). (d) Gflobafl annuafl MP emfissfions from (Brahney et afl,, 2021). (e) Annuafl emfissfions of MFs reveafled

from finverse modeflflfing fin the Western USA and then extrapoflated gflobaflfly.
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Table 1
Gflobafl annuafl emfissfions of MPs and MFs (fin Tg y*) per dfifferent source, sfize and regfion (accordfing to Suppflementary Ffigure $4).
Tg v! RD DU AG SS PO Total
MPs 0.28+0.12 | 0.10£0.052 | 0.31+0.13 | 8.9+£3.5 9.6+3.6
MPs 96x107 68x107 | 18x107°° 8.6 0.0 8.7
(Brahney
et al.,
2021)
MFs 6.5£2.9 | 6.5£2.9
Tg y? 5—10 pm 10-25 um 25-50 pm S0—-100 100-250 250-500 500-1000 1000- 1500- 2000-
pm pm wm pm 1500 2000 2500
pm wm pm
MPs 7.9+£3.1x1 | 0.11£0.05 0.50+0.23 2.04+0.92 7.3£3.0
0
MPs | 6.2x10 L4x107 1.1 7.4 -
(Brahn
ey of
al.,
2021)
MFs 3.94£1.5%1 2.9+0.91% 1.4+£0.5%1 | 6.7£2.8x1 1.4£0.6<1 | 3.1£1.5x1 | 2.9£1, | 1.9+41. | 1.6+0.
0° 10% 0~ 0~ 0 0+ 1 0 8
Tgy! Asia Russia Greenland Europe N. C S, Africa Oceania Antarcti Ocea Total
America America Americ ca n
a
MPs 0.25+0. 4420 0.18+£0.95 8R4 0.13+0. 15£7.8x% 4522 0.11£0. 1245.8% 9,046 8.9+3 9.6+3
12 10 *107 10° 055 10° 1 055 10° 107 5 6
MPs BEX10T | 2.3x 107 12107 | 49x107 | 24107 | 30107 | 7.ax100 | 93x107 | 3.9x<107 | 9.8x107 8.6 8.7
(Brahn 3 3 3
gy et
al.,
2021)
MFs 3.7+£1.3 0.44+0, 4,71 4= 0.46+0., 0.28+0. 0.18+0. 0.52+0. 0.97+0. 00510, 2.34+1.0= 0 6.5+2
25 0 14 12 067 25 45 024 1’ 9

*descrfibed as dustpop fin Brahney et afl. (2021).

road pavement (Rogge et afl, 1993) or by voflatfiflfizatfion (Wagner et afl,
2018), and the whofle wearfing process depends on the type of tfire, the
road surface, dfifferent vehficfle characterfistfics, the state of operatfion and
overaflfl condfitfion of the vehficfle (Grfigoratos and Martfinfi, 2014). BWPs
are produced vfia mechanficafl abrasfion and corrosfion (Penkata et afl,
2018; Sommer et afl, 2018). Jan Kofle et afl. (2017b) reported gflobafl
emfissfions of TWPs to be about 6.1 Tg y-1 (BWP emfissfions add another
0.5 Tg y-1) not specfifyfing any sfize range. However, they reported that
3-7% of the PM2.5 (1.2 - 2.8 Tg y-D, fsestfimated to consfist of tfire wear
and tear. The emfissfions reported here are one order of magnfitude flower.
MPs resuspended wfith mfinerafl dust are the fleast fimportant (0.10

+ 0.052 Tg y-1) fincflose agreement wfith Brahney et afl (2021) (0.068 Tg
y-1). If the proportfion of dfifferent sources to totafl are to be used from
Brahney et afl. (2021), as reported for deposfitfion (see Tabfle S2), the totafl
emfitted MPs are one quarter (~2.4 Tg y-D of those presented here (9.6
Tg y-1) (Ffig. 3¢).

As regards to MF emfissfions (Tabfle 1), the gflobafl annuafl mass emfitted
was 6.5 + 2.9 Tg y! assumfing that the onfly source was ffibers from
human cflothes. Emfissfions fincreased wfith ffiber sfize wfith a peak at
1000-1500 um (2.9 + 1.1 Tg). Gavfigan et afl. (2020) estfimated that 5.6
Tg of synthetfic MFs were refleased from apparef]l washfing between 1950
and 2016, haflf of fit durfing the flast decade, though not specfifyfing what
fractfion mfight become afirborne. Godfrey (2021) reported that about
0.12 Tg y -lof synthetfic MFs are refleased finto the envfironment annuaflfly at
the pre-consumer stage, or one shfirt for every 500 manufactured. Thfis
means that thfis number rfises after accountfing for the MF floss at the

consumer stage. The totafl atmospherfic emfissfions caflcuflated fin the pre-
sent study are at fleast an order of magnfitude hfigher.

The contfinentafl dfistrfibutfion of the caflcuflated MP and MF emfissfions
can be seen fin Tabfle 1 caflcuflated usfing contfinentafl masks as deffined fin.
Due to the flack of emfissfion data, the onfly comparfison can be performed
agafinst the emfissfions caflcuflated by Brahney et afl. (2021). The annuafl
totafl MP emfisstions fin Asfia were estfimated to be 0.25 + 0.12 Tg y -1(MF:
3.7 £ 1.3 Tg y-1), fin contrast to 0.089 Tg y-! fin Brahney et afl. (2021).
North Amerfica contrfibutes another 0.13 + 0.055 Tg y-1(0.024 Tg y -1fin
Brahney et afl, 2021) (MF: 0.28 + 0.12 Tg y-D), and Aftfica 0.11 £ 0.055
Tg y-1(0.093 Tg y-1 finBrahney et afl, 2021) on MP emfissfions (MF: 0.97
+ 0.45 Tg y-1). Europe (MPs/MFs: 0.088 + 0.042/0.46 + 0.14 Tg y -)
emfits twfice as much MPs as Russfia (MPs/MFs: 0.044 + 0.020/0.44
+ 0.25 Tg y-1) or South Amerfica (MPs/MFs: 0.045 + 0.022/0.52 + 0.25
Tg y-1), whfifle the rest of the contfinents have smaflfler shares finthe annuafl
emfissfions of MPs and MFs. Brahney et afl. (2021) caflcuflated MP emfis-
sfions fin Europe to be 0.048 Tg y-1, 0.0023 Tg y-lonfly fin Russfia and
0.0071 Tg y! fin South Amerfica.

3.3. Atmospherfic transport and deposfitfion

The gflobafl atmospherfic transport of MPs emfitted from agrficuflturafl
sources, wfith mfinerafl and road dust and wfith sea spray, as weflfl as MFs
from the gflobafl popuflatfion can be seen fin Vfideo 1 and 2. In the flatter,
transport fis shown fin dafifly temporafl resoflutfion for the year of the
finversfion (2018). The flarge sfize of the partficfles modeflfled (up to 250 pm
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for MPs and 2500 pm for MFs), foflflowfing the observatfions used fin the
finversfion, do not present flong-range transport characterfistfics. The flatter
fis refinforced by the assumptfion that the emfissfions took pflace at the
surface (Wfithfin the ffirst 10 m), thus they are not flofted sfignfifficantfly hfigh
enough to be transported over flonger dfistances, but they are rather
removed fast. Thefir flfifetfimes depend not onfly on the sfize, but aflso from
how fast they are scavenged by rafin dropflets and, finturn, removed from
the atmosphere (Evangeflfiou et afl, 2020). Here, we have assumed a
modeflfled CCN/IN effficfiency to be moderate (Tabfle S1). Hence, for the
smaflflest partficfles (<10 pm), the flfifetfime fis 8.3 + 1.0 days and drops
wfith fincreasfing sfize untfifl 2.5+ 1.1 days for the flargest sfize
(100-250 pm). The same characterfistfics are aflso seen for the MFs (Vfideo
2), whfich were modeflfled as partficfles. Aflthough thfis fis finaccurate, as
thefir shape fisrather capfiflflary causfing dfifferent aerodynamfic propertfies,
fit onfly gfives an findficatfion of how far from the mafin fland sources they
shoufld be expected. Thefir sfizes were somewhat hfigher than those of MPs
(15-5000 pm). Neverthefless, partficfles flarger than 2500 um were not
determfined, whfich means that they are removed from the atmosphere so
fast that cannot travefl at affl Thfis fis fin agreement wfith the caflcuflated
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modeflfled flfifetfimes for MFs that were found to be < 2 days for sfizes Pflafin (Ffig. 5f).

above 500 pm.

Gflobafl mean concentratfions of MPs and MFs at the surface of the
atmosphere can be seen finFfig. 4. Average monthfly mass concentratfions
of MPs ranged between 6 and 47 ng m-3or between 1 and 8 partficflesm -3
d1, fifdensfity and dfifferent voflume for each sfize bfinare to be consfidered.
MF surface monthfly mass concentratfions were sfignfifficantfly flower
(2.4-33 ng m-3) and defifly number concentratfions a few ffibers m -3 Both
for MPs and MFs, one can fimmedfiatefly notfice the very rapfid removafl
from the atmosphere, because of the extremefly flarge sfizes that were
consfidered fin the present. Aflthough flarger partficfles are rarer (Ffig. 1),
they are much heavfier and subsequentfly removed faster havfing flfifetfimes
< 1 day. Thfis fkshown by aflmost constant day-to-day varfiatfion of dafifly
concentratfions fineach month, whfich rather £fiflto accumuflate wfith tfime
finthe atmosphere. Consfiderfing that MPs/MFs emfissfions occur near the
surface and are characterfized by flarge sfizes, concentratfions decflfine
substantfiaflfly at hfigher afltfitudes of the pflanetary boundary flayer (PBL) or
fin the free troposphere. We caflcuflate that gflobafl average dafifly concen-
tratfions of MPs fin the PBL to be 1.7-13 tfimes flower (for partficfle dfi-
ameters of 5-10 um and 100-250 um) than at surface, whfifle fin the free
troposphere 8-400 tfimes flower (for partficfle dfiameters of 5-10 um and
100-250 um) than at surface. For MFs, PBL concentratfions are 2.5-16

The observed deposfitfion of MPs and MFs findfifferent contfinentafl and
oceanfic regfions (accordfing to Ffig. S 4) can be found fin Tabfle 2. The
deposfitfion fin dfifferent contfinents mafinfly orfigfinates from the fland-based
sources (agrficuflture, transportatfion, mfinerafl dust), whfifle those fin
oceanfic regfions mafinfly from sea spray. The flargest contfinentafl annuafl
MP deposfitfion occurred fin Asfia (267 + 121 kt y 1), foflflowed by North
Amerfica (160 + 71.1 kty1), Afifica (114ktyD) and Europe (102
+ 45.4 kt y1). The flargest contfinentafl deposfitfion of MFs occurred fin
Asfia (3792 + 1933 kt y-1), Afifica (801 + 372 kt y-1) and Europe (598
+ 253 kt y'1), whereas another 846 + 209 kt y -1 were deposfited over
the Amerfican contfinent. As regards to deposfitfion over the ocean, about
1718 + 899.5 kt y'! were deposfited fin the Atflantfic Ocean, 2751
+ 1225 kt y-! finthe Pacfiffic, 1435 + 765.5 kt y-1 finthe Indfian and 2289
+ 1185 kt y-1 fin the Southern Ocean, whfifle deposfitfion fin the Medfiter-
ranean Sea was one order of magnfitude fless (102 + 55.6 kty -). The
oceanfic deposfitfion of MFs was tfiny for two reasons, (a) MF emfissfions
were caflcuflated to be negflfigfibfle fin oceanfic regfions of the finversfion
domafin (see Ffig. 2b), hence no emfissfions from sea spray coufld be
assumed and, subsequentfly, no dfirect deposfitfion to the ocean was
sfimuflated; (b) the sfizes of MFs was very flarge (see Sectfion 2.1) and no
sfignfifficant transport from the fland coufld be expected.

tfimes smaflfler (for ffiber hefights between 10 and 25pm and
2000-2500 um) than at surface, and free tropospherfic concentratfions
between 9 and 1000 tfimes (for ffiber hefights between 10 and 25 pm and
2000-2500 pym) smaflfler than at surface.

The gflobafl annuafl deposfitfion for each MP source (agrficuflturafl

Daily number concentration

Fig. 4. Tfimeserfies of gflobafl mean dafifly number (bflue) and monthfly mass (red) concentratfions of MPs and MFs at the surface of the atmosphere (0-100 m). The flatter

(items m~—2)

o
)

w

IS

w

N

0

® ®
o o> Q
& @ B

GLOBAL MEAN SURFACE CONCENTRATIONS OF MPS & MFS

-
Nevysoy

N o oy o o o oW
M@ @ 0 @ @ 0 W

can be used as a proxy for the expected surface atmospherfic flevefls by researchers conductfing MP measurements.

N N w W & & w
o v o (6] o (6] o
Monthly mean mass concentration

[
w

=
o

actfivfitfies, road and mfinerafl dust, and sea spray) fi fiflflustrated fin Ffig. 5
together wfith the respectfive one for MFs. As expected, &Flthe emfitted
mass has been deposfited by the end of the sfimuflatfion year, whfifle
maxfimum deposfitfion occurred near the flargest sources findficatfing
flifimfited transport, because of the flarge partficfle/ffiber sfizes. The flargest
MPs deposfitfion orfigfinatfing from agrficuflturafl sources (annuafl deposfi-
tfion: 310 £ 131 kt y-1) was seen fin Centrafl USA, fin the Indo-Gangetfic
Pflafin and the North Chfina Pflafin (Ffig. 5a), whfich are weflfl-known re-

gfions of agrficuflturaf]l emfissfions and have been quantfiffied as the most
fimportant sources of agrficuflturafl ammonfia (Evangeflfiou et afl, 2021).
Road MP annuafl deposfitfion (mafinfly TWPs and BWPs) was equafl to 279

+ 125 kt y-1, wfith the flargest deposfitfion occurrfing fin the East Coast of
the USA, Centrafl Europe, and Southeastern Asfia (Ffig. 5b). Secondary
MPs were assumed to be resuspended wfith mfinerafl dust deposfited
mafinfly near Sahara and Mfiddfle East (Ffig. 5¢) wfith a totafl annuafl
deposfitfion to be 100 + 52.2 kt y-1. Sfimfiflar patterns were caflcuflated for
MPs remobfiflfized wfith sea spray, whfich deposfited mostfly fin the Ocean
(Ffig. 5d). The observed MF deposfitfion compflfies wfith the generafl pop-

uflatfion densfity, wfith maxfima fin Befijfing (Chfina) and the Indo-Gangetfic

(ng m~)
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ANNUAL GLOBAL DEPOSITION OF MPS & MFS

(a) Agricultural sources

90°N — e

60°N [EH—% A _"E: 2 ";:::':" '

30°N o SRR -
o Ayic

30°S \;@ /

60°S |-

90 1580" 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

(c) Mineral dust

90°N
60°N [

B i & §

T =

30°N

0° &Y \";. \{C}é
30°S 100"kt \é;,r }‘,J( 4 < T },
60°S S % ¢ L S

90°
1580° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

(e) Total microplastics

: My

90 30" 135°W00°W 45°W 0° 45°E 90°E 135°F 180°

1 2 4 8

Wet & Dry dep

(b) Road dust

90°N :
60°N [ EETT Q= e
30°N i SR e
: > '
0° S (fﬁa;‘ )
NP\~
30°S 279 Kkt ‘ ) S Mw )
60°S
I T | =

- 1580° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

90°N : (O!) Sea.‘

spray

60°N
30°N ™

0°

30°S et o O
60°S

1580°135°W90°W 45°W 0° 45°E 90°E 135°E 180°

(f) Microfibers

90°N :
et .
60°N PR~ Tk
30°N [ .
0° ‘ . ﬁ‘ : h > 4R -
30°S 0489 Kt - ' )
60°S

20 1580° 135°W90°W 45°W 0° 45°E 90°E 135°E 180°

[ = T >
16

32 64 128 256
osition (mg m~2)

Fig. 5. Annuafl gflobafl deposfitfion of MPs emfitted from agrficuflture, wfith road and mfinerafl dust and wfith sea spray. The annuafl gflobafl deposfitfion of MFs from the
gflobafl popuflatfion fis aflso gfiven fin the flower rfight panefl.

Table 2
Gflobafl annuafl deposfitfion of MPs and MFs (fin kt y™) fin dfifferent contfinentafl, mountafinous and oceanfic regfions (as deffined fin Suppflementary Ffigure $4).
kt Asia Russia | Greenla | Europe N. C. S. Africa | Oceani | Antarcti | Arcti
1 nd Americ | Americ | Ameri a ca c
a a ca
MP | 267+121 66=+29 5.842.5 | 102445 | 160+£71 | 18+7.8 | 57+29 114+5 | 6.8+3. R.6+4.4 | 6.1£3
s 4 1 9 2 .0
MF | 3792+£19 | 165485 3.54+1.3 598+25 | 337413 | 16094 | 349+1 RBO1+3 25341 47L25x% 41+1
s 33 5 3 3 9 31 72 16 107 3
. . e . Mediterrane i .
kt Alps Himalay Teeland Atlantic Pacitic Indian Southern Baltic Black China
y b as cetan Occan Occan Occan Occan :cr; Sca Sca Sca
MP 3.4=+1, 20411 174055 1718+899 275112 143547065 22894118 1094556 | 420,55 0.96+0.4 25412
s 5 .5 25 .5 5 5
ME Sacin | 79a30 | O200 | g0 R34 6 3201y | 2TELEH 19289 0.3920.1 1 071203 | 514
s 2 0 4 6 0
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4. Discussion

4.1. Uncertafinty of the posterfior emfissfions fin the Western USA

The caflcuflatfion of the uncertafinty of the posterfior emfissfions was
performed fin two dfifferent ways to show the robustness of the meth-
odoflogy used fin the present study. The ffirst method fis based on a
sensfitfivfity study wfith an ensembfle of finversfion aflgorfithms empfloyfing
dfifferent scavengfing characterfistfics for MPs and MFs; the uncertafinty
was caflcuflated as the standard devfiatfion of the dfifferent posterfior
emfissfions. The dfifferent members of the ensembfle were bufiflt from three
dfifferent finversfion aflgorfithms. The ffirst fis the one aflready descrfibed fin
Sectfion 2.3; the second aflgorfithm fis a modfifficatfion of the ffirst one wfith
the chofice of the mean vaflue of prfior emfissfions to be equafl to zero (x 3 0)
fin Eq. (7). Thfis chofice fleads to flower estfimates sfince zeros are assumed
when no finformatfion on refleases can be caflcuflated from the
observatfions, whfich may cause bfiased estfimates. The thfird aflgorfithm f&
another versfion of the ffirst one, where the prfior mean vaflue finEq. (6) fs
assumed agafin to be zero (’6 = 0). Moreover, we remove the assump-
tfion of not consfiderfing measurements that have zero computed SRM
sensfitfivfitfies (caflcuflated wfith FLEXPART) for the whofle studfied perfiod fin
each spatfiafl eflement. Thfis fis a very demandfing case, sfince these
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measurements do not contrfibute to the reconstructfion of the posterfior
emfissfions; however, they remafin fin the floss functfion (Eq. 2), whfich re-
suflts fina fless stabfle soflutfion wfith flarger emfissfions. For each of the three
finverstion aflgorfithms, three dfifferent MP and MF specfies were assumed,
each wfith a dfifferent CCN/IN effficfiency (Tabfle S1), whfich gfives a totafl of
nfine ensembfle members for each sfize of MPs and MFs.

The second method for cafleuflatfing uncertafinty of the posterfior
emfissfions fin the Western USA fis based on the reflatfion between mea-
surement and reconstructfion (Eq. 1). In Eq. (1) many types of un-
certafintfies affect the resuflts. For finstance, measurements are affected by
the spatfiafl and temporafl quaflfity of the monfitorfing network (fin addfitfion
to the uncertafinty of the measurement methodoflogy), fie, sparse
network can sfignfifficantfly bfias the resuflts (De Meutter et afl, 2020). On
the other hand, SRMs accumuflate #¥lthe bfiases of the respectfive atmo-
spherfic transport modefl parametrfizatfions and the uncertafintfies of the
meteoroflogficafl data used (Sgrensen et afl, 2020), as weflfl as the param-
etrfizatfion of the source term prfior modefl (Tfichy et afl, 2020). To
determfine the overaflfl posterfior emfissfion uncertafinty, varfiants of
flog-normaf]l modefls have been used recentfly (Dumont Le Brazfidec et afl,
2021; Lfiu et afl, 2017). Here, we use a Gaussfian modefl, due to fits trac-
tabfiflfity and finterpretabfiflfity of posterfior estfimates.

Specfifficaflfly, the uncertafinty quantfifficatfion of the estfimated posterfior

POSTERIOR EMISSION UNCERTAINTY (ALL SIZES)
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Fig. 6. Caflcuflatfion of the posterfior emfissfion uncertafinty of MPs and MFs (a, b) based on the sensfitfivfity of the emfissfions to dfifferent scavengfing coeffficfients, (c, d)
usfing a Gaussfian modefl (see Sectfion 4.1), and (e, f) the propagated (combfined) uncertafinty.
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emfissfions fis based on the form of posterfior dfistrfibutfion of the estfimated
emfissfions that fis Gaussfian wfith estfimated mean vaflue u and covarfiance
matrfix > . Therefore, the uncertafinty quantfifficatfion of the estfimated
reflease rate fis a dfirect output of the finversfion method. Hence, we can
caflcuflate the uncertafinty of each reflease eflement as:

T

Xi= Wit Iy 13)

where u ” fis fith eflement of the estfimated mean vaflue and . fis fith dfi-
agonafl eflement of the estfimated covarfiance matrfix, whose square root
represents the standard devfiatfion of the posterfior emfissfions. To fidentfify
the totafl reflease uncertafinty, we used propertfies of Gaussfian dfistrfibutfion
and caflcuflated the uncertafinty bounds of the posterfior refleases as fofl-
flows:

> e
U= Hxi £

i

22 i 14

The caflcuflated posterfior reflatfive uncertafintfies for MPs and MFs are
depficted finFfig. 6 for the ffirst (ensembfle) and the second (Gaussfian) case,
whfifle the combfined reflatfive uncertafinty fis a propagatfion of the flatter
two. The uncertafinty usfing the finversfion aflgorfithm ensembfle of nfine
members shows that uncertafintfies grow up to 50% as we move to the
eastern part of the finversfion domafin. In thfis part of the domafin the SRMs
were near zero (). The uncertafinty quantfifficatfion usfing Gaussfian prop-
erty of posterfior dfistrfibutfion (Ffig. 6¢ and d) depends on the estfimated
covarfiance matrfix wfithfin the LS-APC modefl (Sectfion 2.3) and fis, fin fits
essence, uncertafinty of the posterfior modefl caused by the sparsfity of
measurements rather than uncertafinty of estfimated emfissfions. The
prfincfipfle of the modefl fisto tfighten the vaflues of the covarfiance matrfix fin
spatfiafl eflements, where onfly few non-zero SRM are avafiflabfle (see on the
eastern part). That subsequentfly tfightens the estfimated emfissfions to the
prfior vaflue x, (see Eq. 6). However, thfis fleaves flow uncertafinty fin the
posterfior. On the other hand, fin spatfiafl eflements wfith strong SRM, the
estfimated vaflues of covarfiance matrfix are so flarge that the estfimated
emfissfions do not depend on the prfior vaflue X, but rather on the data
term. Thfis causes flarger varfiabfifIfity fin the covarfiance matrfix resufltfing fin
flarger uncertafinty fin Eq. (12).

Sfince the prfincfipfles fin uncertafinty quantfifficatfion fin the case of
ensembfle approach and fin the case of Gaussfian approach are not
consfistent, we caflcuflate a propagatfion of these two fin Ffig. 6e and f. We
end up wfith uncertafintfies reachfing 50% near the measurement statfions

and fin the easternmost parts of the finversfion domafin.

4.2. Sensfitfofity to dfifferent source fractfions

The extrapoflatfion of the posterfior emfissfions fin gflobafl scafle fis based
on the assumptfion of specfiffic sources for MPs and MFs. Whfifle for MFs
the mafin source fis mostfly cflothfing, thfis fs not the case for MPS, as they
are known to orfigfinate mafinfly from transportatfion (prfimary source),
mfinerafl dust (secondary source), agificuflturafl actfivfity (secondary
source) and sea spray (secondary source), but perhaps from other
sources not yet deffined. The mafin questfion fiswhat the exact fractfions of
these specfiffic sources constfitute totafl MPs. To tackfle thfis flack of
knowfledge, we accepted that prfimary MPs (here road dust) contrfibute
15-31% (average 23%), as seen finthe ocean (Boucher and Frfiot, 2017;
GoRmann et afl, 2021; Zhao et afl, 2019) and we perturbed the rest of the
sources bufifldfing 30 ensembfle members, each wfith dfifferent source
contrfibutfion scenarfios that can be seen fin Tabfle S2. We caflcuflate the
gflobafl emfissfion uncertafinty as the standard devfiatfion of the gflobafl re-
fleases that resuflted from thfis 30-member ensembfle.

The absoflute uncertafinty fis depficted fin Ffig. 3b, sfide-by-sfide wfith the
gflobafl annuafl refleases of MFs. Note that such an assessment fis not
posstibfle for MFs, as we onfly assumed that they orfigfinated from cflothfing
of the gflobafl popuflatfion. Uncertafinty reaches 80% where the flargest
oceanfic emfissfions were caflcuflated. Thfis fis a dfirect consequence of the

fact that oceanfic emfissfions caflcuflated here are the vast majorfity of totafl
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emfissfions. Thus, any change fi thfis source fractfion () fis crucfiafl for the
gflobafl emfissfions. A good exampfle fis Ffig. 3c, whfich fis a resuflt of our
caflcuflated emfissfion, but after appflyfing source fractfions from Brahney et
afl. (2021), as reported for deposfitfion (see Tabfle S2); the flatter gfives totafl
emfitted MPs to be four tfimes flower (~2.4 Tgy ). Adother probflem wfith
the oceanfic emfissfions of MPs reported here fis the restrficted network
of measurements (see aflso Sectfion 3.2). Aflthough an assessment of the
fintroduced uncertafinty over the finversfion domafin took pflace fin the
prevfious sectfion, we admfit that the deposfitfion measurements used for
finverse modeflflfing fin the present study are not unfique to assess
oceanfic emfissfions. The reason fs that they are flocated far from the US
coast coverfing onfly a very smaflfl domafin fin the center of the finversfion
domafin. On the other hand, oceanfic surface area fin the seflected finver-
sfion domafin flfies fin the west (Pacfiffic Ocean) and fin the south (Guflf of
Mexfico) coverfing onfly 10%. As expected, SRMs that are used fin the
finversfion aflgorfithm to deffine the connectfion between sources and ob-
servatfions are extremefly flow fin oceanfic regfions (). A more carefufl
assessment of the oceanfic sources of MPs woufld requfire severafl obser-
vatfions to be taken fin dfifferent oceanfic flocatfions, e.g., durfing shfip
campafigns and/or remote fisflands, whfich flacks finthe current study.
Gflobafl uncertafinty estfimated for the fland-based sources was much
flesser, finthe order of about 30% (Ffig. 3b), as a resuflt of the perturbatfion fin
the source fractfions for agrficuflture, road and mfineraf]l dust. It foflflows the
same pattern wfith emfissfions wfith maxfima cflose to the flargest

sources.

4.3. Land - Ocean finteractfions

MPs and MFs emfitted fin the atmosphere, especfiaflfly at smaflfler sfizes,
undergo flong-range transport. Today, they have been aflready detected
aflmost everywhere on earth (Aflflen et afl, 2019, 2020; Bergmann et afl,
2019; Drfis et afl, 2015, 2016; Gonzaflez-Pflefiter et afl,, 2021b; Keflfly et afl,
2020; Qfian and Ferro, 2008 and many others). However, fit has been
shown that oceanfic emfissfions of MPs can be transported (Aflflen et afl,
2020), sfimfiflar to marfine partficfles, when breakfing waves cause bubbfles
of trapped afir to rfise to the surface and burst (Erfinfin et afl, 2019). How
much of the fland-based emfissfions end finto the ocean and vfice versa
remafins unknown and fsa frequent questfion by researchers conductfing
measurements often tryfing to finterpret whether thefir measurements
refer to prfimary or secondary sources.

To fidentfify thfis, the reported modeflfled annuafl deposfitfion of the
emfitted MPs caused by sea spray was masked towards fland, whereas
annuafl deposfitfion from the fland-based sources of agrficuflture, road and
mfinerafl dust was masked towards ocean, and the resufltfing budgets were
caflcuflated (Ffig. 7). We report that 13 + 6.5 kt yl of MPs were trans-
ferred from fland to ocean or about 1.8% of the fland emfitted mass, due to
the aflready mentfioned flfimfited transport due to the flarge partficfle sfizes.
The deposfitfion occurred cflose to the shoreflfine, whfifle a more consfistent
transport occurred at regfions surrounded by fland, such as the Medfiter-
ranean, North and Bflack Sea. Accordfingfly, about 122 + 66.1 kt y1 were
transferred from ocean to fland or about 1.4% of the oceanfic emfitted
mass and mostfly accumuflated fin mfid-flatfitudes of the northern hemfi-
sphere (30-60"N), where the flargest oceanfic emfissfions were caflcuflated
(Ffig. 3). The same flatfitudfinafl band of the southern hemfisphere aflso gfives
hfigh oceanfic emfissfions, but fland flargefly flacks there, except for the
southernmost parts of South Amerfica and Austraflfia. As regards to MFs,
we estfimate that 405 + 201 kt are transported and deposfited to the
ocean annuaflfly.

Boucher and Frfiot (2017) reported that around 15% of marfine
pflastfics fisa resuflt of atmospherfic transport and deposfitfion to the gflobafl
ocean. Between 5.3 and 14 Tg of pflastfics enter the gflobafl ocean annuaflfty
(Erfiksen et afl, 2014; Jambeck et afl, 2015; Jang et afl, 2016). Aflthough a
rough estfimatfion, combfinfing these two numbers, fit fis found that
0.80-2.1 Tg y-! fis the number of pflastfics that are transported by afir.
Around 92% of these oceanfic pflastfics are MPs (Auta et afl,, 2017; Erfiksen

et afl, 2014), or 0.74-1.9 Tg y'! (< 5 mm). Here, we report that 0.405
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LAND-OCEAN INTERACTIONS OF MPS & MFS
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Fig. 7. (a) MPs emfitted from the fland that were deposfited over the ocean annuaflfly and vfice versa (ocean to fland). (b) MFs emfitted from gflobafl popuflatfion that were
deposfited fin the ocean.

range, aflbefit we have not consfidered flarger sfizes than 2500 um for MFs
and 250 pm for MPs that are heavfier. Furthermore, atmospherfic trans-

port of MPs that end to the ocean are an order of magnfitude flower than

+ 0.201 and 0.013 + 0.0065 Tg y™* of synthetfic MFs (<2500 um) and
MPs (<250 um), respectfivefly, are transported from the fland to ocean.
Thfis fis comparabfle wfith the reported vaflues aflthough fin the flowest

Table 3
Observatfions of MPs and MFs findeposfitfion and surface afir sampfles from the gflobafl flfiterature for varfious years. Consfiderfing that the modeflfled flfifetfime of MPs and MFs
fisvery short, we assume that transport fi fless fimportant; therefore, we use the gflobafl sfimuflatfion for the year 2018 to assess how the modeflfled MPs and MFs compare

wfith observatfions.

Sampflfing method Measured sfize Locatfion Concentratfion Year Thfis study
(Robflfin et afl.,, 2020) Deposfitfion 50 um Irefland 12 ffibers m2 d! 2017-2018 32 ffibers m2 d!
(Drfis et afl,, 2016, 2015) Deposfitfion 50 um Parfis 53-118 fitems m2 d! 2014 200 fitems m2 d’!
(Trafinfic et afl., 2020) Outdoor actfive 5 um North Atflantfic 0.01 fitems m™ 2016 0.6 fitems m™
(Aflflen et afl,, 2019) Deposfitfion 5 um French Pyrenees 365 fitems m? d! 2017-2018 150 fitems m2 d!
(Aflflen et afl.,, 2020) Outdoor actfive 5 um French Atflantfic 2.9-9.6 fitems m™ 2018 1.5 fitems m™
(Penaflver et afl., 2021) Outdoor actfive 10 ym South Spafin 36 ng m 2017 48 ng m3
(Wrfight et afl,, 2020) Deposfitfion 5 um London 575-1008 fitems m2 d'! 2018 500 fitems m™2 d!
(Bergmann et afl., 2019) Snow deposfitfion 11 ym Arctfic/Swfiss Aflps/Germany 1.4-66 fitems m2 y! 2015-2017 180 fitems m2 d!
(Materfic et afl., 2021) Snow deposfitfion < 1um Aflps 42 kg km2 y! 2017 NP not consfidered
(Abbasfi et afl., 2019) Outdoor actfive 2 um Iran 0.3-1.1 fitems m™ 2017 0.8 fitems m™
(Abbasfi and Turner, 2021) Deposfitfion < 100 um Iran 7-120 fitems m2 d! 2019-2020 450 fitems m2 d!
(Dfing et afl,, 2021) Outdoor actfive < 200 um South Chfina Sea 0.035 fitems m3 2019 0.5 fitems m™
(Kflefin and Ffischer, 2019) Deposfitfion 5-13 ym Hamburg 136-512 fitems m™2 d'! 2017-2018 410 fitems m2 d!
(Szewc et afl,, 2021) Deposfitfion 5 um Baflific Sea 136-512 fitems m™2 d’! 2017-2018 115 fitems m' d°!
(K.Lfiu et afl,, 2019a) Outdoor actfive < 1 mm Shanghafi, Chfina 1.42 fitems m™ 2018 1.5 fitems m™
(Cafi et afl,, 2017) Deposfitfion 200-700 pum Dongguan, Chfina 175-313 fitems m™2 d! 2016 586 fitems m? d’!
(Zhou et afl,, 2017) Deposfitfion < 0.5mm Yantafi, Chfina 475 fitems m2 d! 2016 489 fitems m™2 d'!
(K.Lfiu et afl, 2019b) Outdoor actfive 20 um West Pacfiffic coast 0.0-1.4 fitems m™3 2019 0.7 fitems m™
(Knobfloch et afl, 2021) Deposfitfion 20 pm New Zeafland 1018 fitems m™2 d! 2020 549 fitems m2 d!
(Huang et afl., 2021) Deposfitfion < 50 um Guangzhou, Chfina 51-178 fitems m2 d! 2018-2019 286 fitems m2 d’!
(Wang et afl., 2020) Outdoor actfive 60 um S. Chfina Sea / E. Indfian Ocean 0.04-0.08 fitems m™3 2019 0.12-0.21 fitems m™
(Wang et afl, 2021) Outdoor actfive 20 um Chfina Sea 0.0039 fitems m™ 2020 0.45 fitems m>
(Lfiao et afl., 2021) Outdoor actfive 5 pm - 5 mm Wenzhou, Chfina 189 fitems m™3 2019 0.74 fitems m™
(Tunahan Kaya et afl., 2018) Outdoor actfive 50 um — 5 mm Turkey 116-3424 fitems m™> 2016-2017 0.19 fitems m™
(Asrfin and Dfipareza, 2019) Outdoor actfive 500 pum — 5 mm Indonesfia 131-174 fitems m™ 2017 1.5 fitems m™
(Lfi et afl.,, 2020) Outdoor actfive 5 um - 2 mm Befijfing, Chfina 5600-5700 fitems m™> 2019 17 fitems m™
(Gaston et afl, 2020) Outdoor actfive 20-3000 pm Cafl State Unfiv., USA 13-22 fitems m™> 2019 22 fitems m™>
(Syafefi et afl., 2019) Outdoor actfive 500-5000 ym Indonesfia 56-175 fitems m™ 2018 1.8 fitems m™>
(Akhbarfizadeh et afl., 2021) Outdoor actfive < 25 Iran 0.0-14 fitems m™> 2016-2017 2.5 fitems m
(Gonzaflez-Pflefiter et afl, 2021a) Outdoor actfive 30-70 um Madrfid, Spafin 1.5-14 fitems m™ 2020 2.9 fitems m>
(Gonzaflez-Pflefiter et afl, 2021b)  Deposfitfion 2.3-12.6 mm Coflflfins Gflacfier, Antarctfica 0.08-0.17 fitems m2 d! 2020 1.5 fitems m2 d!
(Truong et afl, 2021) Deposfitfion 50-5000 pum Ho Chfi Mfinh, Vfietnam 71-917 fitems m™2 d! 2018-2019 211 fitems m2 d'!
(Stanton et afl,, 2019) Deposfitfion 38 ym - 5 mm Nottfingham, UK 0-31 fitems m2 d™! 2018 188 fitems m2 d!
(Hamfiflton et afl., 2021) Deposfitfion 80-5000 um Nunavut, Canada 500-6000 fitems m™2 d'! 2018 15 fitems m d°!
(Yukfioka et afl., 2020) Deposfitfion 75 um - 5 mm Kusatsu, Japan 0.4 fitems m™2 d! 2017 12 fitems m2 4!
(Yukfioka et afl.,, 2020) Deposfitfion 75 um - 5 mm Da Nang, Vfietnam 4.0 fitems m™2 d! 2017 8.6 fitems m™2 d’!
(Yukfioka et afl., 2020) Deposfitfion 75 ym — 5 mm Kathmandu, Nepafl 12.5 fitems m2 d! 2017 101 fitems m2 d!
(Zhu et afl, 2021) Outdoor actfive 5-5000 ym Befijfing, Chfina 393 fitems m™® 2019 23 fitems m™3
(Zhu et afl, 2021) Outdoor actfive 5-5000 pm Tfianjfin, Chfina 324 fitems m™ 2019 14 fitems m™
(Zhu et afl, 2021) Outdoor actfive 5-5000 pm Nanjfing, Chfina 177 fitems m™ 2019 12 fitems m™>
(Zhu et afl, 2021) Outdoor actfive 5-5000 pum Sanghafi, Chfina 267 fitems m™ 2019 20 fitems m™
(Zhu et afl, 2021) Outdoor actfive 5-5000 pm Hangzhou, Chfina 246 fitems m™ 2019 13 fitems m™
(Aflflen et afl., 2021) Outdoor actfive < 50 pm Pfic du Mfidfi, France 0.09-0.66 fitems m™> 2017 0.05 fitems m™3
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the rfiverfine transported MPs to the ocean (3.3-14 Tg y'1).

4.4. Independent valfidatfion and forecast of expected levels

As fit was aflready mentfioned fin Sectfion 3.1, the observatfions from
Brahney et afl. (2020) used fin the finversfion aflgorfithm shoufld not serve as
measurements to vaflfidate the posterfior emfissfions of MPs and MFs. The
reason for thfis fis because the finversfion aflgorfithm has been desfigned to
reduce the modefl-observatfion mfismatches. Thfis means that the reduc-
tfion of the posterfior concentratfion mfismatches wfith the observatfions fis
determfined by the wefightfing that fis gfiven to the observatfions and,
hence, such a comparfison depends on thfis wefightfing (dependent
observatfion). Therefore, the fideafl comparfison woufld be agafinst mea-
surements that were not fincfluded fin the finversfion aflgorfithm. There are
severaf] flfiterature records on MP and MF measurements fin the envfiron-
ment usfing varfious technfiques, both for surface concentratfions and
deposfitfion rates (Tabfle 3). They refer to the recent years between 2014
and 2020, whereas measured partficfles sfizes are extremefly flarge (up to
5000 um) fin most cases due to specfiffic flifimfitatfions of the avafiflabfle
anaflytficaf] technfiques. In the present study, we report optfimfised MPs and
MFs emfisstions for sfizes up to 250 um and 5000 pm, respectfivefly. Our
resuflts suggest flfimfited transport due to the flarge partficfle sfize consfid-
ered. Therefore, we use MP and MF concentratfions and deposfitfion rates
from Tabfle 3 as a proxy to assess how modeflfled resuflts from our gflobafl
sfimuflatfion for the year 2018 compare wfith observatfions assumfing
year-by-year meteoroflogy has flfinfited effect on transport of flarge
partficfles.

We use the Gaussfian kernefl densfity estfimatfion (KDE), whfich fsa non-
parametrfic way to estfimate the probabfiflfity densfity functfion (PDF) of a
random varfiabfle (Parzen, 1962):

1 Z N (X
fo) = Nh -t h
where K fis the kernefl, x, the unfivarfiate findependent and fidentficaflfly
dfistrfibuted pofint of the reflatfionshfip between modeflfled and measured
ammonfia and h fisa smoothfing parameter caflfled the bandwfidth. KDE fsa
fundamentafl data smoothfing toofl that attempts to finfer characterfistfics of a
popuflatfion, based on a ffinfite dataset. It wefighs the dfistance of &Fl
pofints fin each specfiffic flocatfion aflong the dfistrfibutfion. If there are more
pofints grouped flocaflfly, the estfimatfion fis hfigher as the probabfiflfity of
seefing a pofint at that flocatfion fincreases. The kernefl functfion fis the
specfiffic mechanfism used to wefigh the pofints across the data set and fit
uses the bandwfidth to ffinfi the scope of the functfion. The flatter fi
computed usfing the Scott’s factor (Scott, 2015). We aflso provfide the
mean fractfionaf] bfias (MFB) for modeflfled and measured separatefly for

concentratfions and deposfitfion rates as foflflows:

)
al (15)

(16)

where C_and C are the modeflfled and measured quantfitfies and N fisthe
totafl number of observatfions. MFB fisa symmetrfic performance findficator
that gfives equafl wefights to under- or overestfimated concentratfions
(mfinfimum to maxfimum vaflues range from 200% to 200%).

The comparfison of modeflfled surface concentratfions and deposfitfion
rates wfith the observatfions fs shown finFfig. 8. As seen both fin Ffig. 8 and
Tabfle 3 the modeflfled concentratfions are fin the same order wfith obser-
vatfions except for some outflfiers (e.g., fin Nunavut, Canada from Ham-
fiflton et afl,, 2021). The caflcuflated MFBs suggest that the modefl tends to
underestfimate concentratfions (MFB con = 57%) and overestfimate
deposfitfion rates (MFBgep = + 39%). The flatter shows that more finfor-
matfion fis requfired to understand how effficfient CCN or IN (Gangufly and
Arfiya, 2019b) MPs and MFs are, how dry deposfitfion affects removafl
from the atmosphere and, fin turn, how they shoufld be modeflfled fin

gflobafl modefls. As regards to scavengfing that fka more uncertafin process,
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Fig. 8. Independent vaflfidatfion of modeflfled concentratfion and deposfitfion of
MPs and MFs agafinst observatfions from the reflevant flfiterature (Tabfle 3).
Scatterpflots of modeflfled resuflts agafinst observatfions were pflotted usfing the
Kernefl densfity estfimatfion, whfich fis a way to estfimate the probabfiflfity densfity
functfion (PDF) of a random varfiabfle fin a non-parametrfic way. The Mean
Fractfionafl Bfias (MFB) fis aflso computed separatefly for concentratfions and
deposfitfion rates.

we onfly assumed that MPs and MFs are scavenged moderatefly fin and
beflow cflouds (Tabfle S1), as they are synthetfic poflymers (macromofle-
cufles) and shoufld have hydrophobfic behavfior. However, wfithout spe-
cfiffic measurements of the scavengfing coeffficfients for MPs and MFs, fit fis
fimpossfibfle to know how they behave fin the atmosphere, fin order to
accuratefly reproduce thefir transport and removafl fin gflobafl modefls.
These propertfies are crucfiaf] for accurate representatfion of MPs, both fin
forward modeflflfing (atmospherfic dfispersfion of a known source), as weflfl
as fin finverse aflgorfithms (source quantfifficatfion). Neverthefless, the sfim-
uflatfions presented fin thfis study can be used by researchers who pflan to
perform sampflfing and anaflysfis of MPs and MFs fin order to forecast the
expected flevefls at any pflace on earth fin hfigh temporafl and spatfiafl res-

oflutfions (0.5 'x0.5", dafifly).

4.5. Robustness of the finverse modellfing methodology

Brahney et afl. (2021) have successfuflfly managed to caflcuflate totafl
emfissfions of MPs, though presentfing somewhat flarge modefl-observatfion
mfismatches. The core of thefir methodoflogy was to mfinfimfize the cost
functfion based on the goodness of ffit between modeflfled vaflues and
measurements wefighted by the modefl-observatfion error. Moreover, a
scaflar reguflarfizatfion term was added to suppress negatfive vaflues of
estfimated emfissfions. Thefir estfimated emfissfions are based on an optfi-
mfized combfinatfion of ffive known annuafl sources, road dust, ocean,
agrficuflturafl dust, popuflatfion dust, and popuflatfion. The combfinatfion fis
caflcuflated usfing a gflobafl search method for these ffive sources wfith 30
possfibfle strengths for each source (from zero to the vaflue expflafinfing the
whofle measurements). Sfince the estfimated emfissfions refly on the usage of
annuafl sources, the caflcuflated emfissfions flack any temporafl varfiatfion.
Thfis sfimpfififficatfion fimposes the shape of spatfiafl dfistrfibutfion of emfissfions
and mfight be the key reason for the poor ffit of modeflfled vaflues wfith
measurements. In contrast wfith the aforementfioned methodoflogy, here
we do not make use of any pre-computed source, but rather use a
compfletefly data-drfiven approach (Tfichy et afl, 2016) for the current
spatfiafl finversfion domafin (124-91"W, 29-47"N). Thfis method caflcuflates
MP and MF emfissfions wfith flarge spatfiotemporafl resoflutfion (0.5 'x0.5",

dafifly).
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5. Conclusions

We have used a robust Bayesfian finverse modeflfifing aflgorfithm com-
bfined wfith a Lagrangfian partficfle dfispersfion modefl sufitabfle to track
deposfited partficfles fin backward mode to caflcuflate hfigh spatfiotemporafl
emfissfions of MPs and MFs from observatfions fin the Western USA. We
further extrapoflate these caflcuflatfions to retrfieve gflobafl estfimates of
atmospherfic MP and MF ffluxes from dfifferent sectorfiafl emfissfions.
Ffinaflfly, we feed the caflcuflated emfissfions finto a dfispersfion modefl to track
gflobafl atmospherfic dynamfics and budgets of MPs and MFs. Our resuflts
are openfly accessfibfle and can be used as a proxy from research groups
conductfing surface concentratfion and deposfitfion measurements to know
the expected flevefls of MPs and MFs at any gfiven pflace on earth. Further
concflusfions are summarfised beflow:

- Around 9.0 + 3.8 kt y'! of atmospherfic MPs of sfize up to 250 pm and
244 + 129 kt y1 of MFs of sfize up to 2500 um were refleased fin the
finversfion domafin that fincfludes centrafl and west USA. Lower emfis-
sfions cfloser to the observatfions are due to remoteness of the statfions
(far from any man-made actfivfity).
Gflobafl MP emfissfions were estfimated to be 9.6 + 3.6 Tg y -1, whereas
MF emfissfions equafl to 6.5 + 2.9 Tg y-L
Ocean domfinates MP emfissfions wfith 8.9 + 3.5 Tg y1, as finsoflubfle
pflastfics accumuflate at the surface of the ocean wfith tfime and are
resuspended simfiflar to sea spray aerosofls. We note that thfis caflcu-
flatfion fis hfighfly uncertafin because (fi) the finversfion domafin covers a
smaflfl oceanfic surface that can be used fin finterpoflatfion, (fif]) the
deposfitfion measurements used fin the finversfion are far from the
ocean, thus finapproprfiate to constrafin oceanfic emfissfions, and i fit
fis assumed that a constant number of oceanfic mficropflastfics fis
refleased gflobaflfly foflflowfing sea spray.

Agtficuflturaf] actfivfitfies resuspend around 0.31 + 0.13 Tg y -} road

dust contrfibutes another 0.28 + 0.12 Tg y -1 and mfinerafl dust 0.10

+ 0.052 Tg y-L.

The flargest emfissfions are caflcuflated for Asfia (MPs: 250 + 120 kt y -1

—MFs: 3700 £ 1300 kt y-1), North Amerfica (MPs: 130 + 55.4 kt y -1

MFs: 280 + 120 kt y-1), Afrfica (MPs: 110 + 55.1 kt y -1 — MFs: 970

+ 452 kty1) and Europe (MPs: 88+ 42ktyl - MFs: 460

+ 140 kt y-1), whifle the rest of the contfinents have smaflfler shares fin

annuafl emfissfions.

- Gflobafl average monthfly mass concentratfions were at maxfimum 47
ngm fotr MPs and 33 ng m fot MFs at the surface, whfifle both are
rapfidfly removed from the atmosphere, due to the smaAflfl flfifetfimes
affected by thefir flarge partficfle sfizes.

- The flargest deposfitfion from agrficuflturafl sources (annuafl totafl: 310

+ 155 kt y'1) occurred fin Centrafl USA, fin the Indo-Gangetfic Pflafin

and the North Chfina Pflafin, £Flregfions of great agrficuflturaf] actfivfity.

Road MPs (annuafl totafl: 279 + 145 kt y1) were mostfly deposfited fin

the US East Coast, Centrafl Europe, and Southeastern Asfia, whereas

mfinerafl dust MPs deposfited near Sahara and Mfiddfle East (annuafl
totafl: 100 + 53 kt y'1). Oceanfic MPs were deposfited mostfly fin the

Ocean.

Onfly 1.8% of the fland MP mass emfissfions (13 + 6.6 kt y1) were

transferred to ocean, due to the flfimfited transport of flarge partficfle

consfidered. About 1.4% (122 + 65 kt y1) were transferred from
ocean to fland and accumuflated fin mfidflatfitudes of the north
hemfisphere.

It fis reported that 0.74-1.9 Tg y! of MPs (< 5 mm) are gflobeflfly

transported by afir from fland to ocean. We caflcuflate that 0.418

+ 0.201 of synthetfic MFs (<2500 pm) and MPs (<250 um), are

transported from the fland to ocean. Thfis cflose to the reported vaflues

aflthough fin the flowest range, due to excflusfion of flarger sfizes (>

2500 um for MFs and >250 um for MPs) from thfis study that are

heavfier. Atmospherfic transport of MPs that end to the ocean are an

order of magnfitude flower than the rfiverfine transported MPs to the

ocean (3.3-14 Tg y'l)
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- The flargest contfinentafl MP deposfitfion occurred fin Asfia (267
+ 121 kty-1), North Amerfica (160+ 71 kty-D), Afifica (114
+ 59 kt y-1) and Europe (102 + 45 kt y-1) sfimfiflarto MFs (Asfia: 3792
+ 1933 kt y-1, Amerfica: 846 + 209 kt y-1, Afrfica: 801 + 372 kty-}
Europe: 598 + 253 kt y-1).

- The flargest oceanfic MP deposfitfion occurred fin the Atflantfic (1718
+ 899.5ktyl), Pacfiffic (2751 + 1225 kty1), Indfian (1435
+ 766 kt y'1) and Southern Ocean (2289 + 1185 kt y .

Sfince the partficfles consfidered finthe present study are flarge and thefir
atmospherfic flfifetfimes short, we vaflfidated the present resuflts wfith gflobafl
measurement taken durfing the flast decade assumfing that meteoroflogy
does not have a major effect on partficfles that are removed from the
atmosphere very fast. We report that the current modefl set-up un-
derestfimates surface concentratfions and overestfimates deposfitfion rates.
Thfis means that the coeffficfients for fin-cfloud and beflow-cfloud scav-
engfing and dry deposfitfion processes that are consfidered fin gflobafl

modefls need to be updated.
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Novelty

We combfine hfigh-quaflfity deposfitfion measurements from the West-
ern USA wfith a dfispersfion modefl and an finverse modeflfifing aflgorfithm to
constrafin gflobafl atmospherfic emfissfions of mficropflastfics (MPs) and
mficroffibers (MFs) fin hfigh spatfiotemporaf] resoflutfion. The onfly gflobafl
dfispersfion modefl that can track deposfitfion backward fin tfime fis used for
the ffirst tfime fin an finverse modeflflfing approach. The constrafined emfis-
sfions are used further to modefl gflobafl atmospherfic dynamfics of MPs and
MFs. We address the expected surface concentratfions, and deposfitfion
rates of atmospherfic MPs and MFs fin a grfidded product that afims at

assfistfing researchers conductfing measurements at a gflobafl scafle.

Appendix A. Supporting information

Suppflementary data assocfiated wfith thfis artficfle can be found fin the
onflfine versfion at dofi:10.1016/j.jhazmat.2022.128585.
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