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Recent studies have highlighted the importance of the atmosphere in the
long-range transport of microplastic fibres. However, their dry deposition in

the atmosphere is not fully understood, with the common spherical-shape
assumption leading to significant uncertainties in predicting their travel
distance and atmospheric residence time. Shapes of microplastic fibres
vary greatly, which can be aslong as 100 pm and as thin as 2 pm. Shapes

of microplastic fibres may greatly affect their dry depositionin the
atmosphere. Here we develop a theory-based settling velocity model for
simulating atmospheric transport of microplastic fibres in different sizes
and shapes. The model predicts asmaller aerodynamic size of microplastic
fibres than that estimated by using volumetrically equivalent spherical

counterparts. We find that the treatment of flat fibres as cylindrical ones, due
to uncertainty in dimensions of sampled microplastic fibres, would cause
overestimation of their dry deposition rate. Accounting for fibre thicknessin
sampled microplastic fibres leads to a mean enhancement of residence time
by more than 450% compared to cylindrical ones. The results suggest amuch

more efficient long-range transport of flat fibres than previously thought.

The ubiquitous presence of microplastics, often defined as plastics
smaller than5 mminsize,imposes multiple threats to the sustainability
ofaquatic and terrestrial environments and ecosystems'. The accumu-
lation and transport of microplastics in water bodies have been well
documented in previous studies?, butincreasing evidence fromrecent
studies has highlighted the importance of the atmosphere asanequally
important medium and transport pathway in the plastic cycle®”. Their
hazardousimpacts could be further exacerbated as they progressively
penetrate through the global environments and ecosystems via envi-
ronmental transport*®, The situation could nevertheless be worsened
by long-distance atmospheric transport that is weakly constrained by
terrain topography, leading to the accumulation of microplastics in
remote and distant locations, even in pristine wilderness®”’.

To assess the potential impacts of the global plastic cycle on eco-
system health and environmental sustainability, we need to understand

the entire environmental plastics cycle', including their transport
and fate in the atmospheric system, which is less extensively studied
compared to the aquatic counterpart"”. Notably, research on the limb
of the marine atmosphere is still lacking’. For the atmospheric limb of
theplastic cycle, an understanding of the key drivers of long-distance
atmospherictransport—and characteristics of microplastics that might
favour such long-range effects—are crucial to assess the global envi-
ronmental risks and to inform targeted management of high-risk-type
microplastics (Fig.1a,b).

Inparticular, aspherical microplastics such as microplastic fibres*
(MPFs) (Fig.1b), whichare very thin (on the order of 1 um, thatis, O(1))
and long (100s pum)*, account for a substantial portion of directly
discharged™, airborne and deposited microplastics found in both the
natural and built environments*". These MPFs also have been shown
to haveamoreadverse effect on the health of organisms compared to
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Fig.1|Illustrations of airborne microplastics transport fate and on-site
sampled microplastic fibres with various sizes and shapes. a, lllustration of
the global microplastic cycle. b, The emitted microplastics into the atmosphere
undergo long-range transport and the range of transport depends on their
distinct sizes, shapes and densities, which control the settling velocity.
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Microplastics with smaller aerodynamic sizes can be transported to a further
distance than those with larger ones. ¢, Sampled microplastic fibres of varying
cross-sectional shapes from atmospheric dry depositions*’. Figure created with
BioRender.com.

non-fibrous microplastics due to their abundance and longer reten-
tion time once consumed by biota™. However, current approachesin
studying the atmospheric transport of MPFs** adopt a spherical-shape
assumption®, despite the known caveats of inaccurate prediction of
the residence time of aspherical particles™. Essential to predicting
theresidence time, the settling velocity of MPFs in the atmosphere as
afunction of their size, shape and density" still lacks a well-qualified
theory. This study thus addresses afundamental question about how
the characteristics of microplastics, such as the size, aspherical shapes
of MPFsand air turbulence affect their settling velocity, whichiskey to
quantifying long-distance transport. In general, the settling velocity
andtherelated aerodynamic size are important parameters in model-
ling their atmospheric transport®, interpreting observations of deposi-
tion amounts®* and attributing their source locations*.

Compared to spherical particles, considerable complexity arises
in predicting the settling behaviour of large-aspect-ratio MPFs™", as
their orientation and centre-of-mass settling velocity are inherently
coupled®?. Asshown by observations of microplastics that have under-
gone long-distance transport, such asinref. 4, most of the microplastic
fibre mass occursinlengths from 50-100 pum, thus the spherical-shape
assumption is expected to lead to large biases for MPFs in the atmos-
phere. Another critical factor contributing to the asphericity of fibres
is their cross-sectional shapes; both round and flat shapes have been
observed in data collected by ref. 5 (examples in Figs. 1c and 2a). Flat
fibres tend tobe 1-2 pm thick and ~-10-20 pm wide, while round fibres
have more similar thickness and width (-10-20 pm). Both types of fibre
can be 50-300 um long. Because the observational method is based
on two-dimensional imagery, the third dimension (cross-sectional
thickness) is not usually measured. Thus, due to a lack of mechanistic
understanding of the effects of asphericity for atmospheric MPFs in
general, the impacts of cross-sectional shapes of fibres on their set-
tling and dry deposition lifetime (that is, residence time) are also not
well understood.

Extensive studies on the settling velocity of MPFs almost exclu-
sively focus on the aquatic environments* . Extending these results
totheair mediumis not straightforward due to the contrasting density

ratios of MPFs of air versus water, for example, MPFs to air density
ratio is 1,000 (ref. 2) compared to nearly neutrally buoyant MPFs in
water®. The non-negligible inertia of heavy aspherical particles can
lead to important differences?***” compared to nearly MPFs settling
in water?. Also, turbulent air motions result in complex rotational
dynamics of aspherical particles” ', which may further invalidate
extrapolating results obtained for fibres settling in a quiescent fluid® .
Few experimental studies on the atmospheric transport of heavy
non-spherical particles exist*** to date.

It has been widely observed that MPFs undergo considerable
long-range transportin the atmosphere. However, how far they reach,
particularly for MPFs with varying cross-sectional shapes, remains
unknown. Here we developed amethod based onthe slender-body the-
ory and empirical results of heavy fibres rotation in turbulent air*-?5*>**
to characterize the effects of MPF shapes on the settling velocity—a
key parameter for predicting their atmospheric transport and fate.
The newly developed model for MPFsinthe atmosphere, which better
agrees with available atmospheric measurements compared to previ-
ous models developed for MPFs in the aquatic environment, should
be used as a basis for future models. Applying this newly developed
model, we analyse factors and mechanisms that affect their settling
behaviours in the atmosphere. Finally, we have quantified the effects
of MPF shapes on their atmospheric dry deposition lifetime and source
attributions using recently collected samples of MPFs in protected
areas within US national parks®, providing valuable insight for future
studies. Therefore, itisrecommended that the newly developed model
be utilized in future research related to MPFs in the atmosphere to
improve the accuracy and reliability of the results.

MPF settling affected by size, shape and
turbulence

We first compare the settling velocity, w,, calculated from the newly
developed semi-analytical model with counterparts derived from exist-
ing models™ ™ and experimental data of nylon fibres settling in air®’.
On the basis of the measurements®, the nylon fibre’s diameter and
density are47 pmand 1,140 kg m™, respectively. All other models shown
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Fig.2|Impacts of predictive models, geometric configurations and ambient
turbulence on the settling velocity of microplastic fibres. a, Images of
observed fibres with round and flat cross sections. The half length of afibreis .
The width of acircular cross section of a round fibre is its diameter, D. The cross
section of a flat fibre can be modelled as an ellipse, where the major diameter is
the width D =2b and the minor diameter is the thickness 2c, for band cbeing the
semi-major axis and semi-minor axis, respectively. 8 is the aspect ratio of a fibre.
b, Comparison of the settling velocities, w, for round fibre calculated by using
the expressions proposed in this study and other existing models** and
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measurements®. ¢, The settling velocity w, of round fibre as a function of aspect
ratio S computed using the proposed model. Two diameters, D =10 and 20 um,
and local turbulent dissipation rate, e = 0.0001,0.001, 0.01 m?s 3 in dot-dash,
solid and dash lines with darker coloured lines, are considered. The dotted lines
show w;, for spherical particles with equivalent volumes using the Stokes drag
model.d, The relative terminal settling velocity difference 25750 hetween MPF
immersed ina flow with turbulent dissipation rate € and the onesurrounded bya
quiescent flow as a function of the width of MPF. Increasingly darker shades of the
markers indicate fibres of larger aspect ratio, where 5 < < 50.

in Fig. 2b have been validated for fibre settling in quiescent aquatic
environment? %, The turbulent dissipation rate ¢, that is, an input to
our model to quantify the turbulent effect, is selected as 0.001 m*s~>,
whichisinthetypical range asmeasured in the atmosphericboundary
layer®. Figure 2b demonstrates that our newly proposed model agrees
well with the experimental data in ref. 32. A similar prediction is also
achieved by Dietrich’s model*?, which is one of the most widely used
semi-empirical models requiring multiple parameters as inputs. One
potential caveat is that no experimental data for flat fibres settling in
theairareavailable, tothe best of the authors’ knowledge. However, we
expect the current model to be applicable for both round and flat fibres
because the entire framework derived here is based on slender-body
theory®, that s, applicable for a general elongated particle with an
elliptical cross section (more details shown in equations (6) and (7)
in Supplementary Information and the notes therein). Future experi-
mental results with variable cross-sectional shapes of the fibres will be
useful to further verify the model.

Itisrevealed that w;is determined by ambient flow condition, and
its inherent properties including density, size and shape**’. We set

fibre mass density p, =1,000 kg m™for analysis. Its size and shape are
uniquely specified by its width D and aspect ratio = 2I/D (fibre with a
round cross-sectional shape or ‘round fibre’) or 8 = I/v/bc (fibre with
aflat/elliptical cross-sectional shape or ‘flat fibre’) (Fig. 2a). Sensitivity
analyses of the definition of the aspect ratio of flat fibre are shown in
Extended DataFigs.1and 2. Figure 2c first compares w,of round fibres
with D =10 pumand 20 pumwith spherical particles of equivalent volume
givenby %ﬁD3. Thediameter D for round fibre*"” and turbulent dissipa-
tionrate € (ref. 35) selected in Fig. 2c are within the ranges detected in
the atmosphere. Figure 2c shows that D is the key determinant for w;
of fibres. Besides, S only affects w, notably when S is small. These can
be seen from equation (1) and Supplementary Note 1 that w, has a
leading-order dependence on cross-sectional areaA,= mD?/ 4 and In(B).
The logarithmic dependence on serves as a correction for the finite
length effect on the drag force**. In contrast, the Stokes settling veloc-
ity"*® for a spherical particle of equivalent volume in quiescent fluid
with diameter D, = D(3B)" scales with A,8%°. The 2/3 power-law
dependence instead of a logarithmic dependence on 8 makes the
predicted magnitude of w, much larger for spherical particles with
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equivalent volumes compared to round fibres. In other words, for a
given volume, the elongated shape of MPFs contributes to a marked
reduction of w,comparedto aspherical-shaped particle. The effect of
turbulence onround fibresis negligible for round fibres with these two
diameters, and the negligible turbulence effect holds for the range of
Bconsidered here.

The ambient turbulence will affect the w, of MPFs by altering the
statistical distributions of fibre orientations as they settle due to the
irregularity and randomness of turbulent air motions. We selected the
aspect ratio S ranging from 5 to 50 according to data from ref. 5, and
two representative turbulent dissipationrates € = 0.01and 0.0001 m?s™
areselected. Figure 2d demonstrates the relative difference of settling
velocity w, between MPF in turbulent flow and the one in quiescent
flow with settling velocity w,,. For fibres of a given width, symbols of
darker colours indicate an increasing aspect ratio from 5 to 50. For
round fibreswith diameter D <10 pmande=0.01m?s™, the turbulence
effect dominates and tends to randomize the distribution of fibre
orientation measured by the azimuthal angle 6, resulting in orientation
variance (cos26)being1/3and =~ (expressed as(M, — M,)/M, (cos*6);
Methods) approaching 20% af)oproximately. This randomization of
fibre orientationis suppressed for round fibres with larger diameters,
and the fluid inertial torque becomes important, which explains the
insignificant effect of turbulence seen in Fig. 2c. For a flat fibre with a
width 2b up to 50 pm and e = 0.01 m?s 3, it always exhibits randomized

we—w. .
” 050 compared with round
S|

motion. Flat fibres have higher valuesin

fibres, which is due to greater variations of the area projected in the
direction of gravitational force (namely larger magnitude of M;/M ;
Methods). When the turbulence dissipation rate is small with
€=0.0001 m?s>, the turbulent effect on round fibre with diameter
D =10 pm is practically negligible, but flat fibres exhibit randomized
orientations up to width 2b > 20 pum. Beyond the randomized regime,

where S; < 1(Methods), wa_—wSO remains non-negligible compared to
s0

round fibres for the range of parameters considered in this study. The
preference for the randomization of flat fibres by turbulence can also
be explained by their rotational dynamics. The settling velocity of
MPFs is the result of the balance between its net weight and the drag
it experiences, which is primarily determined by the cross-sectional
area. This makes flat fibres typically have alower settling velocity than
round fibres. Therefore, they experience less fluidinertiaand rotational
dragtorques (Methods) due to their smaller w; (ref. 28). As aresult, the
torque exerted by ambient turbulence plays a larger role, leading to

more randomized rotational dynamics for flat fibres.
Furthermore, variationin the fibreaspectratioatagiven widthand
s—Ws0

surrounding turbulent dissipation rate leads to a minor change of 2=
Wso

within10% for both round and flat fibres. Noticeably, when the rotation
of microplastic fibres is randomized by turbulence, alarger aspect ratio
will introduce higher drag variation, making the relative magnitude

Ws—Wso

difference of the mobility matrix and thus larger. Beyond the

Wso

randomized regime, the fibre with alarger aspect ratio willmove along
with the fluid and thus have higher inertia to suppress the randomness
motion exerted by the turbulent ambient air, resulting in a smaller vari-
ance of fibre orientations (cos?8), which can compensate for the effect
ofhigher dragvariation. Inshort, the turbulent effect should be included
foralltheflatfibres considered here and isinsignificant for round fibres
withalarge width, which provides afoundation to simplify the formula-
tion of w,asincluded in Supplementary Note 2.

Characterizations for on-site sampled MPFs

We then apply the newly proposed model to compute the settling veloc-
ity w,for MPFs from atmospheric observations. The observations were
obtained from samples collected from three sites in Brahney et al.*

during the dry deposition process. A total of 1,260 measurements of
fibre length and width were taken along with the characterization of
whether the fibre was round or flat. Figure 3a shows that most MPFs
have a width within 5-30 pm with 8 < 20. The majority of w, for these
MPFsis of O(1) cm s, asindicated in Fig. 3b. The variation of w,is more
sensitive to the width compared to the aspect ratio as explained in the
previous section. Note that current analytical measurements cannot
precisely detect the geometrical dimensions of the MPFs below ~4 pm
(ref.13). Therefore, itisnot easy to distinguish the exact cross-sectional
shape of MPFs when their smallest dimension sizes are below the detec-
tion limit. Sensitivity of the aerodynamic sizes of sampled fibres to
thickness is shown in Extended Data Fig. 3. This could lead to a sub-
stantial overestimation of the w; if we assume the flat fibre possesses
around cross section due to the dominant dependence of w, on
A¢log(B) as demonstrated in the previous section.

To understand the effects of inaccurate designation of the
cross-sectional shapes, we compute the geometric or aerodynamic
diameter® of MPFs, which is defined here as the equivalent diameter
D¢ (um) of aspherical particle that will undergo dry deposition at the
settling velocity according to ref. 15. A smaller D signifies a smaller
dry deposition rate and vice versa. First, the settling-rate equivalent
geometric diameter D is determined, which is D of a spherical
particle that would have a settling velocity w; as a fibre with either
round or flat cross-sectional shapes. We also consider the geometric
diameter of a spherical particle with equivalent volume as a round or
flat fibre, denoted as D,,. The cross-sectional equivalent D, is defined
asthediameter corresponding to aspherical particle that has the same
projected cross-sectional areaasaround or flat fibre. Figure 3c shows
the distributions of D; based on these three different definitions for
allsamples with measured lengths and widths. A uniform thickness of
2 um for all flat fibres is assumed following the previous study* using
the same samples of MPFs. Incorrect designation of the cross-sectional
shapeasroundinstead of flat substantially overestimates the mean and
the spread of Dying, Which highlights the importance of improving the
characterization of the third and minimum dimension of the MPFs in
future studies. Also, asexplainedin the previous section about distinct
functional dependence onaspectratioin elongated fibre compared to
spherical particle, D, is larger than the one based on the settling-rate
equivalent, Dyeyine. Besides, D, is the smallest geometric diameter
among the three because it neglects contribution to the drag due to
its elongated shape. Overall, clear distinctions in terms of the mean
and spread of the geometric diameters can be seen between Dyjing,
D, and D,.,, whichimplies that depending on assumptions of shapes
and settling velocity models used, differences in aerodynamic sizes
can further impact estimates of the dry deposition lifetime for MPFs
inthe atmosphere.

Reduction in the dry deposition rate and enhancement of dry
deposition lifetime' are now considered. We quantify the difference
between w, from our model and the one resulting from either incorrect
modelling based on D, or negligence of its minimum dimension size
(thatis, inaccurate designation of flat fibres). Quantitatively, the reduc-
tionindry depositionrate and enhancement of dry deposition lifetime
aredefinedas1 — w&and % — 1(ref.16), respectively, where w .q,

s,equ S
isthe settling velocity of aspherical particle with D,,, computed using
the spherical particle model®”. The cumulative distributions of the
enhancement of dry deposition lifetime % — 1for MPFs measured
onsite, assuming either flat or round cross-sectional shapes are shown
inFig.3d,e. The enhancement of dry deposition lifetime is about 80%
ifwe adopt the newly proposed modelinstead of the one based on D,
for MPF, with areduction of the mean dry deposition rate of about 40%
(Extended Data Fig. 4). More importantly, if we inaccurately identify
flatfibresasround ones due to the difficulty inidentifying the minimum
dimension size, it can result in a substantial discrepancy. The mean
enhancement of dry deposition lifetime is above 450%, and a mean
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Fig.3| Geometric configuration, settling velocity, aerodynamic size
distributions and enhanced dry deposition lifetimes of collected
microplasticfibres. a, Two-dimensional histograms showing the distribution
ofthe width and aspect ratio of the collected MPFs from field measurement.

b, Terminal velocity distribution for sampled MPFs, assuming the cross-sectional
shapeisround. ¢, Violin plot for the distribution of equivalent particle size

D¢ (um) based on dry deposition-rate equivalent (Dyeing), volumetric equivalent
(D,o)) and cross-section-area equivalent (D,.,), assuming MPFs having round

Enhancement of dry deposition lifetime (%)

and flat cross-sectional shapes. The black dot represents the mean D;, while the
whiskersindicate the range between the lower and upper quartiles for all the
samples with sample size 1,260. d, Cumulative probability distributions of the
enhancement of dry deposition lifetime assuming MPFs having a flat cross-
sectional shape. e, Same as d but assuming MPFs having a round cross-sectional
shape.Ford and e, the red dash-dot lines denote the mean quantities, and the
black solid lines represent the median values.

reductionindry depositionrateis roughly 80% (Extended DataFig.4).
This considerable enhancement of the dry deposition lifetime of MPF
with a flat cross-sectional shape will greatly affect our estimation of
the transport fate and path of the microplastic collected on site using
the climate model*.

Effects of shape on deduced sources of MPFs

Here we explore theimplications of the aforementioned new deposition
velocities on our understanding of atmospheric MPFs transport. As
described in more detail in ref. 4, the optimal estimation study simu-
lates five postulated sources of microplastics: road/tyre braking*’,
entrainment of ocean microplastics*, agricultural dust, population
sources and dust sources downwind of population centres. In this study,
the particle sizes are forced to match the observations when normal-
ized so that the equivalent volumetric diameter for asphere gives the
same dry deposition rates as deduced for the size and shapes from

ref. 4, assuming flatand round fibres (Methods). Figure 4a shows how
these distributions vary from those using the standard dry deposition
spherical equivalent models. Notice that the round cross-sectional
shape assumption is equivalent to a much faster deposition velocity
(larger size) compared to the flat shape assumption. Particle sizes rang-
ing from small, medium and big are performed for sensitivity tests as
described inref. 4, and both the medium and big size tests lead to a
more uniformdistribution of particle sizes compared toresults using
the newly developed model here.

Changes in the assumptions about deposition lead to fibres that
travel much less far for cylindrical versus flat fibres, which causes a
shiftinwhichsources are most likely according to the optimal estima-
tionin Fig. 4b,c. For flat fibres, the contribution of the tyres/braking
source for the mid-point value goes down compared to the previous
estimates, while the ocean source contribution increases (Fig. 4b).
Additional sensitivity analyses on how ocean source depends on
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Fig. 4| Comparative analysis of mass fractions, source contributions and
global total emissions for microplastics with varied shapes and sizes.

a, Fraction of the mass in each size at deposition used in the optimal estimation
for the plastics from ref. 4 (small, medium, big), compared to the ‘flat’ fibre

and ‘round’ fibre dry deposition velocities used here. For ‘flat’ fibre and ‘round’
fibres, the diameter is based on Dy, b,€, The optimal estimation of the percent
contribution of different sources to the deposition at the observational sites

(b) and global total emissions for the original cases from ref. 4 (small, medium,
big) and the new flat and round fibre cases developed here (c). The 95%
confidence intervals for estimates based on different assumptions of shapes
(thatis, spheres, ‘round’ fibre and ‘flat’ fibres) are shown by dot-dash, dotted
and dash lines, respectively. 'Ag source' refers to source from agricultural dust;
'Dust pop' refers to dust sources downwind of population centres; 'Pop' refers to
population sources.

particle size can be found in Extended Data Fig. 5. Nevertheless, more
work needs to be done regarding how microplastics from the ocean
become airborne**, Similarly, the absolute magnitude of the deduced
global source decreases for the tyres/braking source and increases
for the ocean source. Notice that because the uncertainties are large
in these estimates, only small shifts in the 95% are seen. However, it
can still be concluded that emission source estimates are sensitive to
how the setting velocity is modelled and to assumptions about their
cross-sectional shapes.

Implications for atmospheric long-range
transport

This study demonstrates the shape effect of MPFs on their long-range
atmospherictransport. Animportant accomplishment of our study is
the development of a semi-analytical formulation (Methods) to calcu-
late the gravitational settling velocity of the MPFs. This formulationis
based onsslender-body theory and takes into account the orientation
statistics of the MPFs, as parameterized by previously published numer-
ical experimental results®®. In particular, the dry deposition process and
related source of MPFs are strongly related to their settling velocity,
which depends on their elongation, cross-sectional shapes, ambient
turbulentenvironment and orientation, which, inturn, is determined
by these three factors. The newly developed model for atmospheric
MPFs can help in accurately characterizing the long-range transport

of microplastics in the atmosphere. This includes determining the
lifetime of these particles in the atmosphere, the distances they can
travel and the implications of the ocean being amore dominantsource.

Theresults demonstrate that due to the elongated shape of MPFs,
they have lower aerodynamic diameters compared to spherical parti-
cles ofidentical volume for samples from on-site measurements. This
alsoimplies that the spherical particle model for settling velocity that
considers a volume-equivalent aerodynamic diameter can lead to
considerable errors in terms of the dry deposition rate and lifetime'
inthe atmosphere. As a result, source attribution based on the newly
proposed gravitational settling velocity of observed MPFs suggests
that the ocean might be a major contributor, especially if the fibres
are of flat cross-sectional shape.

Impact of cross-section shapes of MPFs

Ahighlight of our formulationis that the round and flat cross-sectional
shapes of MPFs are explicitly considered. The cross-sectional shape
has been demonstrated as a key factor governing the settling veloc-
ity for MPFs with identical widths but different thicknesses, namely,
‘round’ fibre (thatis, cylindrical shape) and ‘flat’ fibre. The theoretical
underpinning of the effect of cross-sectional shape also implies that
measurement of the dimension of cross-section areas of MPFsis crucial,
yet it is currently overlooked. Overall, emission source estimates are
sensitive to models of gravitational settling velocity and cross-sectional
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shapes, further underscoring the importance of characterizing the
detailed shapes and dimensions of MPFs in future atmospheric micro-
plastic studies.

Also, our formulationindicates that the effect of atmospheric tur-
bulence onw;,of flat fibres is more notable compared to that for round
fibres, as explained in Results. A simplified model for w, for round fibres
(D>15pm)is therefore proposed here (Supplementary Information)
and can be incorporated into regional and global atmospheric trans-
port models to further investigate the atmospheric limb of the global
plastic cycle. The implementation of our newly proposed model for
large-scale modelling is expected to be straightforward, as evidenced
by the flowchart presented in Extended Data Fig. 6.

In conclusion, the cross-sectional shape and densities play a
leading-order effect in determining the long-range transport fate of
MPFs, while the lengths play a secondary role. Our model can also be
applied to other particles with fibrous shapes, making it suitable for
extending our current work to nanoplastics, dust and tyre particles with
elongated forms®. In our study, we only consider MPFs with a density of
1g cm; extending the model to MPFs with different densities should
be straightforward.

Limitations of the study

There are certain limitations to our current work, mainly due to the
assumptions and constraints inherent in our use of slender-body
theory in formulation of the settling rate. Specifically, our model does
not take into account the particle inertia of MPFs as characterized by
Rep = (wy; w;;)"*D/ve, which means that it may not be directly applica-
bletofibres whoseRe, > 0.5 and effective width 2vbc > 50um. Besides,
for the validity of the slender-body assumption, the aspect ratio should
have B = I/\/bc > 5,and a corrective factor has been introduced for
fibres with small 8by Kramel*®. As seenin Fig. 3a,b, most MPFs fall into
therange mentioned above, and a correction hasbeenadded for fibres
with small B. Notably, our model does not impose any restrictions on
the shape of the fibre’s cross section, making it applicable to fibres
withirregular cross sections®. For MPFs with much larger Re;, and effec-
tive width, detailed particle-tracking laboratory experiments and
particle-resolved numerical simulations are necessary to understand
the settling rate and rotational dynamics**. Furthermore, while our
study focuses on the behaviour of rigid microplastic fibres in atmos-
pheric turbulence, we acknowledge that deformation can also non-
trivially influence fibre behaviour. Future research could investigate
theimpact of fibre deformation on orientation, interaction with ambi-
entturbulence and experienced aerodynamic drag. These factors can
ultimately affect fibre transport and deposition patternsin the atmos-
pheric environment.

Online content

Any methods, additional references, Nature Portfolio reporting sum-
maries, source data, extended data, supplementary information,
acknowledgements, peer review information; details of author contri-
butions and competinginterests; and statements of dataand code avail-
ability are available at https://doi.org/10.1038/541561-023-01264-6.
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Methods

Mean settling rate based on linearized slender-body theory
Inthis study, we seek aformulation of the mean settling rate for atmos-
pheric MPFs by combining theoretical results from slender-body
theory***® and recent results from numerical experiments**?’, Such a
combination leads to a physically based semi-analytical model for
inertial MPFs settling in turbulent air, where the orientation statistics
of fibres are incorporated into the model. A flowchart summarizing
the currentapproachis presentedin Extended DataFig. 7. Here adopt-
ingasimilarapproachtoref.21, we consider alinearized version of the
slender-body theory model for elongated particles at finite particle
Reynolds number Re; = (wg;we;)2 [/v, where [is the half length over its
long axis, v is the kinematic viscosity of ambient fluid and wy; is the
terminal settling velocity**. The settling velocity can be expressed using
astandard mobility matrix formalism? as a consequence of the balance
among gravitational force, buoyancy force and aerodynamic forces.
Thisapproach avoidsiteratively solving the nonlinear equationsin the
originalmodel** that is computationally costly*, making it feasible for
applicationinatmospheric transport modelling. The average settling
velocity of MPFs depends on fibres’ orientation as will be shown later.
Itis impractical in global and regional atmospheric models to model
the rotational dynamics of each fibre. Thus, a simplified approach
involving the fibres’ orientation statistics is proposed. The experimen-
tal results fromrefs. 28 and * provide afoundationin the current work
to parameterize the orientation statistics by considering the relative
effects of inertial and turbulent torques that modify the equilibrium
orientation of a fibre with a given shape. This is especially important
for many existing observations of deposited atmospheric MPFs, as
many have lengths longer than 100 um and afinite Re, of O(10), which
means that the fluid inertial torque acting on the fibre becomes impor-
tant®***, Infact, the rotational dynamics of fibrous inertialess particles
under shear Stokes flow is typically characterized through Jeffery’s
orbits***’, where the contribution of convective fluid inertia to the
change of angular motions are negligible. Thus, the currentapproach
canbe seen asacorrection to the inertialess rotation of the fibre with
added fluid inertial torques.

For MPF with Re, up to O(10), wy; is achieved when the drag force
and F;, the sum of gravitational and buoyancy forces, arein balance if no
further external forces are considered. Here aregular Cartesian coor-
dinate system is considered, and 3 represents the component in the
vertical direction and similar definitions are given for the rest along the
horizontal plane. This can mathematically be expressed as w;; = Mi;Fs,
in which M, is the mobility matrix relating the forces to motion?. F,
canbe further denoted as 2IA{p; — p,)g, where A;is the cross-sectional
area of MPF, g is the gravitational constant, p;is MPF density and p, is
the density of ambient fluid (in this case air). With simple operations,
we;can be formalized as follows:

Wi = 2MilAi(ps — pa)g. (1)

MPFs are assumed to have a constant density. A circular/ellipti-
cal cross-sectional shape A; (Fig. 2a) is considered for simplicity.
Informed by observations of deposited atmospheric MPFs*?, two
types of fibre, namely ‘round’ and ‘flat’, willbe represented by A;being
circular with diameter D and elliptical with semi-majoraxisb=D/2,
semi-minor axis c. The diameter D of round fibre is also referred to
as the width. The minimum dimension of a flat fibre 2c is referred to
asthe thickness. Note that existing measurements obtain the dimen-
sion 2b, where the determination of 2c can have large uncertainties.
Following the assumptioninref. 4 about the minimum dimension of
the cross sections being 2 um, we consider the thickness of flat fibres
tobe2pum (c =1pum) for subsequent analyses. Ingeneral, the mobility
matrix My reads™

My = Mypip; + M (6 — pipy), )

where §; is the identity matrix, p; is the orientation vector of the MPF
and M, and M, are the mobility coefficients for §=0and 8 =1/2, respec-
tively, where 6 is the azimuthal angle between MPF orientation and
vertical plane. The expressions of M, and M, can be found in the Sup-
plementary Information.

The instantaneous settling velocity w;; of MPF highly depends on
itsorientation vector p;, whichisjustified by the well-known result that
anelongated MPF will have adoubled settling velocity if 6 changes from
1/2to O (refs. 21,27,34,36). Besides, the MPF falling in the atmosphere
presentsrich orientation dynamics due to the rotational torque exerted
by the ambient turbulence?. Therefore, to avoid tracking the compli-
cated orientation evolution, a time-averaged MPF settling velocity is
adopted if the observation time window length T, is long enough to
allow the MPF to experience all possible orientations. For a typical round
fibrewithdiameter D <50 pm (refs.4,17) and smallRe,, = (wf,iwf,i)%D/v <1
(refs. 25,28,29), it has a fast tumbling rate approximately as 10 rad s™
(ref. 48) compared with the relatively slower settling velocity (up to
0(0.1) ms™) (refs. 32,48). Additionally, the representative maximum
tilt angle of MPFs with D >20 pumis ~ 0.1 rad (ref. 49). The orientation
distribution of MPFs with D <10 pmis easily randomized by turbulence
with the characteristic settling velocity up to - 0.01 ms™ (ref. 50). In
practice, T, can be selected as short as 0.1 - 1s for the aforementioned
two extreme cases with equivalent falling distance ~ 0.01 m, in which
the MPF undergoes all possible orientations. These values of T,are much
shorter than the time step of typical regional and global atmospheric
transport models, thus considering time-averaged orientationis ajusti-
fied approach here. The orientation of MPF is characterized by a 6 - ¢
joint probability density function ®(6, ¢), where ¢ is the polar angle. A
uniform ¢ distribution is expected owing to the cylindrical symmetry
of the flow system®, which is a valid approximation for the scenario that
thebody forces acting upon the MPF is only along the vertical direction,
and the background shear flow is practically negligible compared with
turbulent strength (in the atmosphere far away from the ground where
their velocity gradient magnitude ratio is typically less than 0.1; Sup-
plementary Information for details). Additionally, due to the fore-
aft symmetry of the MPF, the ®(6, ¢) can be further simplified as

/2 1
fo (B)sin 60 = - 3)

Within T, the time-averaged w;; is symbolized as w; 3, whichis equiva-
lenttoits orientation averaged counterpart due to the selection of T,.
Similar operations are taken for w;, and w;, and they would vanish
(Supplementary Information for details), leaving ws; being the only
non-zero component, which is denoted as w, hereafter. By this
time-averaged operation on equations (1) and (2), the formulation of
w,is derived as follows:

To
w; =y = [Ml » 0 cosze<r>dt] 2410~ po)e
0

n/2
= [Ml + M, - Ml)/ ®(B)cos?fsin Gde} 21A(pr — Pa)E
o

= [My + (M — M, )(cos?6)| 2lA¢(ps — p,)E,
4)

Here (cos?6) is the orientation variance of cos 6 and the equilibrium
orientationis8=rm/2(refs.28,29).Inequation (4), M,and M, are treated
as approximately time independent because the convective inertial
correctionsare not leading-order terms whenthe orientation and thus
settling velocity varies®.

Rotational dynamics of MPFs
The rotational dynamics of MPF are determined by the angular equa-

tions of motion, whichincludes theinertial torque 3;"’?2’;) (W - P)(Wg X P)
n
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Smul?
3(In2B)
(p x (S - p)) (refs. 28,29). Here w;represents

(ref.34), rotational drag torque
Smul
3(In2B)
the settling velocity of the fibre, p denotes the fibre orientation,
Q,signifies rotation resulting from the slip velocity and S corresponds
to the turbulent strain. For MPFs observed in the air, their diameters
or widths are typically around 10-20 pm, resulting in corresponding
Reynolds numbers Re, based on their settling velocity and diameters/
widths that are smaller than 0.5. This means that the particle iner-
tia effect can be treated as negligible. On the contrary, the Reynolds
numbers Re, based on the fibre length can indeed be up to 0(10) and
the fluid inertial torque cannot be neglected. This torque occurs due
to the added mass effect and will be lower for flat fibres that have the
same width as round fibres but settle more slowly. Consequently, it
becomes critical for researchers to enumerate both Re, and Re, to
identify the conditions under which the particle inertial effects in the
inner regionand fluid inertial torque caneither be disregarded or must

betakenintoaccount.

The effect of torque from turbulent strain can be characterized by
the turbulent time scale .. Similarly, the net contribution of MPF fluid
inertial and rotational drag torques canbeidentified by theinverse of its
zero-torque tumbling rate 7.4 g_4s. as defined by Kramel?. Accordingly,
theratio between the two aforementioned timescales S¢ = 7yp/Tsed 6=45-
canbe exploited to represent the relative strength between inertial and
turbulent effects and thus determine the orientation statistics***. The
explicitexpressions of the above parameters are givenin Supplementary
Information. When S; <1, the rotations due to turbulence are strong
compared torotations duetoinertial torque, leading to the randomized
motion of MPF and (cos268) =1/3. For S; > 1, inertial torque dominates its
rotational motion and the MPF falls with its major axis facing approxi-
mately horizontally. The detailed dependence of orientation variance
(cos?8yon S has been obtained experimentally intheintermediate range

and theoretically in the two extreme cases as following?%,

(Q, x p) (refs.36,46) and torque

from turbulent strain

1/3 S <01
(cos?6) = | 0-07531S0%2 —0.0188 0.1 < ¢ < 5.0 )
2 S >5.0

1552

The expression of orientation variance in the intermediate
range shown above has been obtained by fitting experimental data in
refs. 28,29 viaapower law. Thus, a predictive model of the mean settling
rate of MPF of agiven size, shape and density immersed in turbulenceis
given by equations (4) and (5). In addition, consideration of S; gives us
some physicalintuitions behind the difference between round and fibre
rotational dynamics. For example, the round fibre is expected to have a
smaller orientation variance compared with the flat fibre with given ambi-
entturbulence. Therotational drag torque, whichis a part of the Jeffery
torque, isaresult of the slip between fluid and particle, and less settling
velocity indicateslessslip and less rotational drag torque. Overall, round
fibres generally experience higher inertial torque and rotational drag
torquethanflat fibres. Therelative strength of these two torques canbe
quantified by the time scale of the zero-torque tumbling rate in quiescent
8ving

ain
round fibres, which have a higher settling velocity, are more dominantly
influenced by fluid inertia that reduces theimpact of ambient turbulence,
comparedtoflatfibres.Inconclusion, flat fibres experience ahigher rela-
tive value of turbulent torque compared to other torques, which results
inagreater degree of randomization as shownin Fig. 2d.

flow, which is approximated as 7.eq g_4s- ~ . This demonstrates that

Source estimation using the proposed new settling velocity
model

A previous study has used a detailed dataset from the western United
States, atmospheric modelling and an optimal estimation to estimate

the sources of microplastics in the western United States, a large por-
tionof which are MPFs*. The simulations occur for the same time period
asthe observations. The transport and deposition are simulated at the
siteswhere the observations are made. An optimal estimation method
isused to deduce the magnitude of each of the five sources that has the
best match to the observations (forcing the sources to be non-negative)
using a Chi-squared cost function approach. The estimated errors
are modified to allow the cost function value to be approximately the
number of observations. The 95% confidence limits are found from the
Chi-squared values, allowing an estimate of the errors to be obtained.
Using the new theory for each size fraction, we can estimate their depo-
sition velocities. We convert these velocities to an equivalent diameter
using the standard theory” and use the existing model runs to show
the importance of these changes. To emphasize the importance of
differences between the round and flat fibres, we conduct two separate
optimal estimations assuming that all fibres have round cross-sectional
shapes or alternatively all fibres are flat.

Data availability
Original data underlying the figures are available at https://github.
com/a20070348/MPFs_Data.

Code availability
Code for computing the settling velocity given different characteristics
of the fibresisavailable at https://github.com/a20070348/MPs.
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Comparison of settling velocities for microplastic fiber

—flat fiber with 5=/ (bc)
- -flat fiber with 3=2/(b+c)
121 round fiber

Settling Velocity (cm/s)

10 12 14 16 18 20 22 24 26 28 30
Width (;:m)

Extended Data Fig. 1| Settling velocity for round fiber and flat fiber with I = 1 mm and different B definition.
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o Vs:pmparison of settling velocity distributions with different aspect ratio definition
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Extended Data Fig. 2| Settling velocity distribution for flat fiber with different S definition for field measurement data.
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o 1I£\ﬁrodynamic size distributions for flat fibers with different prescribed thicknesses
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Extended Data Fig. 3| Comparison of aerodynamic size distributions for flat fibers with different prescribed thicknesses

Nature Geoscience


http://www.nature.com/naturegeoscience

https://doi.org/10.1038/s41561-023-01264-6

Article
1 .
= :Mean = 77.9% H /
—Median = 81.2% ! /
> 08 | /
3 1y
S 06 N
] 1l
S 1
3 04 |
g 1
=1 )
© 02 1
I
» 1
0 e 1
0 20 40 60 80

Reduction in dry deposition rate (%)

Extended Data Fig. 4 | Cumulative probability distributions of reductionin
dry depositionrate. (a) the reduction in dry deposition rate for MPF with a flat
bottom and (b) the reduction in dry deposition rate for MPF with round cross-
section. Note that the reductioninadry deposition for MPF with a flat bottom is
evaluated between w; calculated from our model for MPF with a flat bottom and
the one obtained from our model but with a presumption that the cross section
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isinaround shape based onthe sampled fiber onsite. The reductionindry
deposition for MPF with a round cross section is compared between w; calculated
from our model and the one obtained from the volumetric spherical particle
model. For all the subfigures, red dash-dot lines denote the mean quantities and
black solid lines represent the median values.
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size of ocean source with size of plastics
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Extended Data Fig. 5| Figure showing the size of the ocean source (Tg on the y axis) as afunction of the size of plastics (um on x-axis) in sensitivity studies where
all plastics are assumed to be one size for each sensitivity study.
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Flowchart for implementing the proposed model for large-scale climate model

length (2I) width (2b) thickness (2c) density (p)

Equation 16 in SI

settling velocity wg

P —

18wy
(pr = Pa)g

aerodynamic size Dsettiing

Formulas/models widely used for dust particle
transport and deposition

Dsettiing =

— Quantities related to MPFs transport an
deposition such as travel distance, etc.

Extended Data Fig. 6 | Flowchart forimplementing the proposed model for large-scale climate model.
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Framework of our proposed model for MPFs
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Extended Data Fig. 7 | Framework of our proposed settling velocity model for microplastic fiber.
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