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Revised direct radiative forcing of
airborne microplastics suggests warming

M| Check for updates

Felix W. Goddard' <, Stefania Glukhova?, Eric C. Le Ru?, Nikolaos Evangeliou®, Cameron McErlich’,
Catherine Hardacre', David Frame', Peter Kuma* & Laura E. Revell'

Microplastics are acommon airborne pollutant, capable of being transported over large distances and
with potential to alter the radiative properties of the atmosphere in large enough quantities, with
implications for global climate. Since the first estimates of microplastic radiative forcing were
published in 2021, new constraints on many aspects of the spatial and temporal distribution of
airborne plastics and their physical and optical properties have emerged. Using these updated
findings concerning the size distribution of airborne microplastics, new spectral absorption data for
coloured plastics, and a new microplastic emissions dataset, we investigate the sensitivity of the direct
radiative effect of airborne microplastics. We find clear-sky effective radiative forcings ranging from

—3.28 to +46.7 mW m~2 depending on assumptions concerning colour, size distribution, vertical
profile and spatial distribution. Assuming likely real-world conditions—a mix of coloured
microplastics, a power law size distribution and distributing microplastics non-uniformly through the
troposphere based on a new emissions dataset—we calculate an updated estimate of +42.1 +

4.62 mW m~2 for a global-average surface concentration of 3.99 microplastics m . This revised
radiative forcing is at least as large in forcing magnitude as the contributions of a number of other
species routinely evaluated by the Intergovernmental Panel on Climate Change. Our findings suggest
that microplastics are likely contributing to atmospheric warming and, given that plastic pollution is
projected to increase, should be included in climate change projections.

In the past decade, microplastics (MPs, plastic particles <5 mm in diameter)
have emerged as a ubiquitous pollutant in the atmosphere, both close to
major MP emission sources and in remote locations alike"”. MPs are emitted
from a wide variety of primarily urban sources and, once in the atmosphere,
undergo long-range transport™. The atmospheric burden of microplastics
is projected to increase over time as the amount of plastic waste in the
environment increases, given the absence of fast or effective removal
pathways®. Alongside concerns over their human health effects’, MPs have
potential to act as a short-lived climate forcer similar to other atmospheric
aerosols. Aerosols impact the Earth’s climate by altering the passage of
radiation through the atmosphere. This may occur by direct interactions
between aerosol particles and radiation (the direct radiative effect) and by
interactions between aerosols and clouds, which alter cloud albedo, extent
and lifetime (the indirect radiative effect’’). Recent work has demonstrated
that MPs may impact cloud properties by acting as ice nucleating

112 ‘and lower the surface albedo of snow and ice, accelerating melt

particles
rates' .

Revell et al.' (hereafter R21) made the first estimate of the direct
radiative effect of airborne MPs. They calculated a top-of-atmosphere
(TOA) effective radiative forcing (ERF; see section ‘Modelling of radiative
effects’) of +0.044 + 0.399 mW m ™ for non-pigmented MPs assuming a
gamma distribution of particle sizes, a uniform surface concentration of
1 MPm™ and a vertical distribution up to 10km altitude. Fibres were
shown to have a larger ERF than fragments due to their size and shape.
When confined to the lowest 2 km of the atmosphere, the microplastic ERF
was —0.746 + 0.553 mW m™>. The assumptions used by R21 were a
necessity due to the scarcity of data available at the time, but are significant
simplifications that do not represent reality, evidenced by more recent
studies. Yang et al.”” and Pang et al."® present estimates of the MP direct
radiative effect using more realistic (ie. spatially varying) surface
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Table 1 | Effective radiative forcing (ERF) derived from HadGEM3-GA7.1 simulations (defined in Table 2) and instantaneous
radiative forcing (IRF) derived from analogous simulations with the SOCRATES radiative transfer model (see section ‘Modelling

of radiative effects’)

Simulation name ERF (mW m?) IRF (mW m™?) Total plastic
burden (Tg)®
SW LW Net SW LW Net
1 Previous estimate -3.72+0.40 +1.18 £ 0.57 —-2.55+0.73 —4.77 +1.79 —2.97 0.92
2 Mixed-colour —0.45+0.10 +1.06 +0.16 +0.61+£0.15 -1.13 +1.77 +0.64 0.92
3 TBWP # +3.41+£0.77 +0.36 +1.19 +3.77£1.13 +4.47 +1.25 +5.72° 0.92
4 Power law size distribution  —4.67 + 0.62 +3.01 £ 0.59 —1.66 + 0.65 —6.28 +3.32 —2.96° 1.00
5 Whole troposphere —18.1+0.19 +27.0£0.27 +8.88 +0.27 —25.6 +28.4 +2.76° 4.28
6 Horizontally non-uniform —-2.70+0.27 +1.19+£0.27 -1.51+0.41 -3.63 +1.97 —1.66 0.91
7 Updated estimate —3.47 +3.38 +45.5 + 4.51 +42.1 +4.62 —0.52 +47.11 +46.6 4.69

Uncertainties for ERFs are the 5 to 95% confidence interval of the distribution of forcing values over the 20 simulation years, assumed to follow a t-distribution. Radiative forcings are scaled to a global-
average surface concentration of 3.99 MP m~2 between 50 and 100 pm diameter, following Leusch et al.?*.

#Simulation ‘TBWP’ is named for tire- and brake-wear particles (TBWP; see section ‘Microplastic refractive index’).

“Total plastic burdens were calculated by integrating the MP number concentration over the globe, following the spatial distributions described in Spatio-temporal distribution of microplastics, and
converting particle number to mass using the average particle volume of the assumed size distribution and an average plastic density of 1.1 gcm°.

°Net IRF does not fall within the 5-95% confidence interval of the corresponding net ERF.

Table 2 | Names and parameters of the seven simulations carried out

Simulation name Colour Size distribution Vertical distribution Horizontal distribution®
1 Previous estimate Colourless® Gamma® Confined to <2 km*® uniform, 1680 MP m~®
2 Mixed-colour Mixed-colour® Gamma Confined to <2 km uniform, 7230 MP m 3
2 TBWP BC-containing® Gamma Confined to <2 km uniform, 860 MP m—3
4 Power law size distribution Colourless Power law® Confined to <2 km uniform, 5710 MP m~®
5 Whole troposphere Colourless Gamma Whole troposphere’ uniform, 2620 MP m 2
6 Horizontally non-uniform Colourless Gamma Confined to <2 km non-uniform, 3070 MP m 2
7 Updated estimate Mixed-colour Power law Whole troposphere non-uniform, 650 MP m~2

All'simulations were run for 21 years from 1 Sep 1988 with the first year discarded as spin-up. Global-average surface number concentrations prescribed in the horizontal distribution were increased in order
to attain a clear signal-to-noise ratio in the ERF. Reported results have been scaled down to correspond to a global-average surface MP number concentration of 3.99 MP m~® between 50 and 100 um

diameter (see section 'Microplastic morphotype and size distribution’).

“Listed concentrations denote prescribed global-average surface MP number concentrations, corresponding to [MPlsimuiated in EQ. (5).
Absorption and scattering cross-sections for colourless, mixed-colour and BC-containing plastics are shown in Fig. 3a, 3b and 3c, respectively.

°Gamma size distribution is given by Eq. (6).

“Power law size distribution is given by Eq. (7).

*Confined to <2 km’ vertical distribution is given by Eq. (10).

“Whole troposphere’ vertical distribution function is given by Eq. (11).

concentrations. Yang et al.” modelled an urban area in which high con-
centrations of MPs had been measured, finding a highly variable radiative
forcing that was correlated with atmospheric and land surface conditions.
Pang et al."® performed global atmospheric transport simulations and cal-
culated a global net TOA radiative forcing of —6.34 yW m ™2, a net cooling in
agreement with R21 but considerably smaller in magnitude. Liu et al.”” used
measurements of coloured plastics to show that pigmentation leads to
increased absorption of solar radiation, and a shortwave radiative forcing of
+6 mW m™? for microplastics following the same size distribution used by
R21. However, they did not model longwave effects.

Here we provide an exploration of the parameter space and an updated
estimate of the direct radiative effect of airborne microplastics informed by
new data. We perform sensitivity simulations with the same models used by
R21 to identify the variables to which microplastic ERF is most sensitive,
varying four factors that are key to determining the MP radiative effect: (1)
MP colour, aided by new optical property data for coloured plastic polymers
(as coloured microplastics are ubiquitous in the atmosphere™**'); (2) the
MP size distribution, following literature analysis by Leusch et al.”%; (3) the
vertical extent of MP occurrence, informed by atmospheric transport

studies; and (4) the horizontal distribution of surface MP concentration,

using new MP emissions data’. The simulations and models used are
described in more detail in Methods.

Results

To isolate the impact of each of the aforementioned parameters on the MP
direct radiative effect, we perform seven global circulation model simula-
tions: a reference simulation replicating the result of R21, five one-at-a-time
tests with different parameter values and a final ‘Updated estimate’ simu-
lation that combines the parameter settings of the individual tests. Table 1
shows the scaled ERFs and instantaneous radiative forcings (IRFs, which
unlike ERFs do not include the radiative impact of rapid adjustments; see
section ‘Modelling of radiative effects’) for each simulation; the simulation
parameters are given in Table 2 and described in section ‘Microplastic
morphotype and size distribution, Microplastic refractive index and Spatio-
temporal distribution of microplastics’.

Our net ERFs span a range from —3.28 to +46.7 mW m >, with the
bulk of this spread due to differences between the parameter settings of
simulations rather than the uncertainty of individual simulations. Our
uncertainties are determined only by interannual variability in the circula-
tion model—each simulation is run with a prescribed spatial distribution
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Fig. 1 | Radiative forcing of airborne microplastics. a-g Radiative forcing effi-
ciency of microplastics (radiative forcing [mW m ] per unit total mass burden of
MPs [Tg]) for each of our simulations (see Table 2 for details on simulation para-
meters). Red and blue symbols indicate the longwave and shortwave components of
the forcing respectively; black symbols indicate the net forcing. Crosses indicate IRF
efficiencies. Dots indicate ERF efficiencies, with bars indicating the 5-95% con-
fidence interval of the 20 simulation years. Red, blue and black stars in the upper
right of each subplot indicate, for that simulation, that the confidence interval of the
corresponding ERF component (longwave, shortwave, or net respectively) does not

overlap with that of the ‘Previous estimate' simulation (i.e. it is distinct in a statis-
tically significant sense); note that simulations shown in (b-f) are one-at-a-time tests
relative to ‘Previous estimate'. h Comparison of current best-estimate aerosol clear-
sky net radiative forcing (ERF,,; and IRF,;) and ‘Updated estimate’ MP radiative
forcing calculated in this study. Note that IRF estimates have error bars only for non-
MP species. ERF,; for non-MP species was calculated as the sum of IRF,; and non-
cloud rapid adjustments provided by Thornhill et al.”; uncertainty estimates are
displayed here as half the inter-model range over the four models for which the
relevant data were available.
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and optical properties, hence do not provide an estimate of parameter
uncertainty. Our confidence intervals thus verify a statistically significant
difference between parameter settings and demonstrate how radiative for-
cing is impacted by variations in that parameter.

Our net IRFs are generally only slightly greater in magnitude than the
corresponding net ERFs, with a difference <3 mW m™ indicative of rapid
adjustments having a weak moderating influence on the radiative forcing.

Figure 1 shows the radiative forcing efficiency for each simulation, i.e.
the radiative forcing per unit total MP mass burden. Our forcing efficiencies
are relatively small, all <10 mW m > Tg ™" in magnitude, compared to e.g.
—363 + 139mW m > Tg " for sulphate aerosol’. This is likely due to the
larger average size of MPs in our simulations, around 5-20 um in diameter
(Fig. 2), compared to fine-mode sulphate aerosol at around 0.1 um*.
Smaller particles produce a stronger forcing efficiency due to their greater
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Fig. 3 | Optical properties of colourless and coloured microplastics. Absorption
and scattering cross sections (top row) and asymmetry factor and single-scattering
albedo (bottom row) for microplastic spheres of varying composition: a colourless
plastic, b UV-absorbing mixed-colour plastic, ¢ UV-absorbing colourless plastic

mixed with 20% black carbon by weight. Solid lines indicate properties for particles
following a gamma size distribution; dashed lines follow a power law size distribu-
tion. The inset plot (b) shows the absorption spectra of the four constituent colours
that make up the mixed-colour plastic, following the gamma size distribution.

number concentration for the same total mass (see section ‘Effect of size
distribution on MP radiative forcing’), and the Mie scattering efficiency is
greatest for particles with a comparable size to the wavelength (0.2-10 pm in
the shortwave spectrum).

With the ‘Previous estimate’ simulation we repeat the result of R21 for
microplastics confined to the boundary layer. We note that their simulation
used a 1:1 mixture of fibres and fragments, whereas our simulations include
only MP fragments (see Microplastic morphotype and size distribution).
Scaling our ERF result (Table 1) to match their surface MP concentration
(1 MP m™), we compute a radiative forcing of —0.094 + 0.023 mW m >
compared to their value of —0.746 + 0.553 mW m > Our result is smaller in
magnitude and the confidence intervals do not quite overlap, though the
discrepancy between the edges of the confidence intervals is small
(—0.073mW m™>) and likely due to the absence of MP fibres in our
simulations, which R21 demonstrated produce a stronger radiative forcing
than fragments.

Effect of colour on MP radiative forcing
The effects of varying MP colour are shown in Fig. 1b-c (simulations
‘Mixed-colour’ and ‘TBWP’), i.e. the calculated radiative forcing for MPs
consisting of UV-absorbing mixed-colour plastic, and of UV-absorbing
colourless plastic mixed with 20% black carbon (BC) by weight respectively.
The ‘Mixed-colour’” simulation (Fig. 1b) shows a shortwave cooling
effect only 24% as large as that of the ‘Previous estimate’ simulation, owing
to the warming effect of the absorption of solar radiation, due to the greater
absorption cross-section of coloured plastic in the shortwave spectrum (Fig.
3). The shortwave effect is reduced enough that the net ERF efficiency is
positive (+0.67 + 0.17 mW m > Tg "), indicating a net warming effect. The
net ERF efficiency is, however, much smaller in magnitude than the

‘Previous estimate’ experiment as the short- and longwave components are
close to compensating each other.

Studies have demonstrated a wide variety of colours presented by
airborne MPs (e.g. reviews by Mbachu et al.*’, Shao et al.*'), and the UV-
absorption we model here is a measured property of the plastic
polymer itself (see section ‘Microplastic refractive index’), hence our mixed-
colour optical properties are more representative of typical plastic. In
measurements of coloured MPs, Liu et al."” also found an increase in the
shortwave absorption cross-section due to pigmentation. Environmental
aging and the diversity of both colourant and non-colourant additives used
in plastic production® may introduce further variation in the full-spectrum
scattering and absorption properties of plastic particles, highlighting
the need for studies characterising the spectral properties of MPs in the
environment. Until such studies are available, we consider the optical
properties used in the ‘Mixed-colour’ simulation to best represent reality
and recommend them for use in future radiative transfer modelling of
airborne MPs.

The “TBWP’ simulation (Fig. 1c) clearly shows the impact of the
increased absorption cross-section of BC-containing plastic (Fig. 3). The
shortwave forcing efficiency has a similar magnitude to that of the ‘Previous
estimate’ but is instead positive, resulting in a positive net forcing (i.e. net
warming). This change in the net forcing is attributable solely to the
absorption of shortwave radiation, as the longwave forcing efficiency is not
significantly different from that of the ‘Previous estimate’ experiment. The
net ERF efficiency of this simulation is small (+4.12 + 1.24 mW m > Tg )
compared to that of black carbon from fossil fuel and biofuel burning
(+2819+ 1235 mW m > Tg ") but of the same order of magnitude as that of
organic carbon and black carbon from biomass burning (+14 + 310
mWm*Tg )™,
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Fig. 4 | Vertical and horizontal spatial distributions of airborne microplastics.
a Microplastic vertical distribution functions ‘confined to <2 km’ (orange line, Eq.
(10)) and ‘whole troposphere’ (green line, Eq. (11)). Dashed line shows the dis-
tribution of MP fragments >1 pm in diameter in McErlich et al.”*. b Surface
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microplastic concentration given by the non-uniform distribution, as a fraction of
the global-average surface concentration. Map data from Natural Earth (www.
naturalearthdata.com) and plotted using Cartopy”'.

Plastic particles mixed with black carbon are known to be present in the
atmosphere as tire and brake-wear particles (TBWP) and may undergo
atmospheric transport over significant distances’ *'. We also see higher
forcing efficiencies over land areas with a higher surface albedo (Fig. S1)
where emissions inventories indicate the greatest emissions of TBWP from
road traffic are found’. The discovery of black rubber particles in snow and
the significant mass that TBWP may contribute relative to the mass of black
carbon emissions suggests that TBWP in addition to black carbon may play
a substantial role in snow albedo changes and the consequent acceleration of
snow and ice melt" ***. The distinct warming properties of TBWP seen
here compared to other MP particles (represented by the ‘Previous estimate’
experiment) therefore highlights the important role they may play in the
overall MP radiative forcing.

Effect of size distribution on MP radiative forcing

The impact of a power law size distribution on the MP radiative forcing
efficiency is shown in Fig. 1d (simulation ‘Power law size distribution’). The
longwave ERF efficiency for this experiment (3.02 + 0.60 mW m > Tg ") is
2.3 x greater than that of the Previous estimate’, likely due to the higher
concentration of larger particles, with the power law size distribution
resulting in more particles at radii >35 um than the gamma size distribution
(Fig. 2). These larger particles interact more strongly with longwave radia-
tion; this can be seen in the smaller reduction in scattering cross sections at
the long wavelength end of the spectrum compared to the spectra of gamma
size distributed particles (Fig. 3).

In a literature analysis by Leusch et al.”, a power law size distribution
was found to be a good fit to MP size distributions across a range of
environmental compartments, and a power law distribution is expected on
theoretical grounds due to the fractal nature of particle fragmentation™*.

We set the lower bound of our size distributions at 1 um diameter as
this is close to the smallest particle size at which current analytical techni-
ques can reliably measure particle number concentrations”. Smaller plastic
particles, i.e. nanoplastics, are known to exist in the environment and their
mass concentrations are beginning to be characterised (e.g. Materi¢ et al.”®).
Nanoplastics may remain suspended in the atmosphere for longer, undergo
greater horizontal and vertical transport and are more numerous at the same
mass concentrations, amplifying their forcing efficiencies (Fig. S2). A recent
study showed that the IRF of airborne nanoplastics could be several times
larger than the corresponding IRF for microplastics'. However, analytical
methods for quantifying nanoplastics are still under development. In

particular, the nanoplastic size distributions used to inform Liu et al.'”s
calculations were measured by pyrolysis-gas chromatography/mass spec-
trometry (py-GC/MS), which frequently identifies false positives, leading to
measured nanoplastic concentrations 10 x higher than the thermal
desorption-proton transfer reaction-mass spectrometry (TD-PTR-MS)
method”. Future research should revisit nanoplastic radiative forcing once
reliable global estimates of nanoplastic abundances and size distributions
are available.

Effect of vertical distribution on MP radiative forcing

The effect of distributing MPs vertically throughout the whole troposphere
is shown in Fig. 1e (simulation ‘Whole troposphere’). The net ERF efficiency
of this simulation (4+2.07 + 0.06 mW m™>Tg ") is positive due to a sub-
stantial (5x) increase in the longwave forcing efficiency (+46.31

0.06 mW m >Tg ") relative to that of the ‘Previous estimate’ (+1.29
0.62mWm > Tg™").

R21 also found a stronger radiative forcing when including MPs up to
10 km altitude than when confined to the lowest 2 km. Our ‘whole tropo-
sphere’ vertical distribution (see section ‘Spatio-temporal distribution of
microplastics’) extends to the tropopause, up to 17 km altitude near the
equator. Samset and Myhre show that the black carbon forcing efficiency
increases with altitude, such that a large proportion of the total BC forcing is
contributed by BC at high altitude. We replicate this result in Fig. 3, which
shows that the efficiency of longwave forcing increases with altitude such
that a strong warming effect is contributed by high-altitude MPs. This
suggests that the increase in longwave efficiency of our ‘Whole troposphere’
simulation is governed largely by the increase in the maximum altitude at
which MPs occur.

Measurements and model studies of the vertical distribution of aerosols
show that, subject to variations due to local conditions, aerosols are generally
present above the boundary layer with concentrations decaying exponen-
tially with height''~**. Transport modelling studies for airborne MPs have
shown that MPs can be mixed throughout the troposphere, and may be
transported into the stratosphere in limited amounts™ ™ (see also Fig. 4a).
Tatsii et al.”’ show that particle shape can have a significant influence on the
distance and altitude to which microplastics can be transported, with fibre
morphotypes being dispersed further and higher due to their lower settling
velocities. These findings suggest that our whole-troposphere vertical dis-
tribution provides a better approximation to the vertical extent of MPs than
the ‘Previous estimate’ experiment, which has no MPs above 2 km altitude.

+
+
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Regional and seasonal variations in the vertical profiles of aerosols are
substantial and warrant addressing in the context of airborne MPs in future
work, once more observational information on MP spatial distributions is
available.

Effect of horizontal distribution on MP radiative forcing

The effect of a non-uniform MP surface concentration is shown in Fig. 1f.
This simulation (‘Horizontally non-uniform’) produces a shortwave ERF
efficiency 27% smaller in magnitude than that of the ‘Previous estimate’
simulation. This reduced shortwave cooling is due to the reduction in MP
concentration over the open ocean, where surface albedo is low and scat-
tering aerosols like (non BC-containing) MPs have a stronger cooling effect.
Fig. S1d shows the difference in the distribution of total MP burden across
surfaces of varying albedo. Surfaces with an albedo <0.08, over which col-
ourless MPs have the strongest cooling effect, account for all ice-free ocean
and underlie 62% of the total MP burden in the ‘Previous estimate’ simu-
lation but only 18% in the ‘Horizontally non-uniform’ simulation.

Major airborne MP sources—synthetic textiles, tire and brake wear,
industrial activity, landfill, waste incineration and degradation of macro-
plastics in the environment—are primarily terrestrial' *' **. Macroplastics
degrade to produce microplastics in the marine environment**” and marine
MPs can be emitted into the atmosphere**’, however MP number con-
centrations over the ocean are low’”' and the ocean is likely not a significant
source of airborne MPs compared to the land surface™*". This suggests that,
even though the precise horizontal distribution of MP concentrations is
poorly constrained by the observational evidence, the qualitative impact of
the land-ocean contrast on the MP radiative effect that we find in our
simulations is accurate.

Updated estimate of MP radiative forcing

The ‘Updated estimate’ simulation is shown in Fig. 1g, ie. the combined
effect of assuming mixed-colour plastic, a power law size distribution, a
whole-troposphere vertical distribution and a non-uniform horizontal
distribution. As discussed in the preceding sections, the parameter choices of
this simulation provide a more realistic approximation of the real-world
properties and distribution of airborne MPs than those of the ‘Previous
estimate’. This result therefore offers the most reliable estimate of the MP
direct radiative forcing currently available in the literature, but excludes
nanoplastic and TBWP radiative forcing as comparatively little is known
about airborne nanoplastics and TBWPs have a very distinct spectral
absorption cross-section.

The impact of each individual parameter choice can be seen in the
‘Updated estimate’ simulation. The shortwave forcing efficiency is reduced
to near-zero (—0.74 £ 0.72mW m™>Tg "), as seen in simulations ‘Mixed-
colour’, due to absorption in the shortwave spectrum, and ‘Horizontally
non-uniform’, where reduction in MP concentrations over the oceans
weakens the shortwave cooling effect. The longwave forcing efficiency
(+9.70 £ 0.96 mW m >Tg ") is considerably greater than the ‘Previous
estimate’ simulation, as seen in simulations ‘Power law size distribution’,
due to the relative increase in the concentration of larger particles, and
‘Whole troposphere’, due to the greater vertical extent of MPs. The com-
bination of a weakened shortwave cooling and an amplified longwave
warming results in the net ERF efficiency of this simulation being the most
positive (warming) of any of our simulations (+8.97 + 0.99 mW m > Tg™").
This is in contrast to the net negative (cooling) effect of the ‘Previous
estimate’ simulation, and the cooling effects found by Revell et al."® and Pang
etal.'’. Liu etal.” also found a net warming due to MPs, however their work
neglected the longwave effect, which we demonstrate is a large component
of the overall MP ERF.

Considering comparable measures of radiative forcing for other
aerosol species (i.e. clear-sky net ERFs and IRFs reported by Thornhill
etal.*®), shown in Fig. 1h, our new estimate of the MP radiative effect is small
in comparison to that of other aerosol species, being e.g. 17% the magnitude
of the black carbon ERF. Additionally, uncertainties in the aerosol radiative
forcing arising from differences between models are large (even in absence

of cloud-aerosol interactions, which introduce further uncertainty) and are
not represented in our estimates which are produced with a single set of
related models.

Discussion

In this work we investigate a range of variations on the optical properties and
spatial distribution of airborne MPs, isolating the impact of these parameter
variations on direct radiative forcing. Our sensitivity simulations yield an
ERF ranging from —3.28 to +46.7 mW m ™ and an ERF efficiency ranging
from —3.58 to +9.95 mW m > Tg ', showing how these parameters can
substantially impact the calculated radiative forcing.

At present, the paucity of quantitative constraints on parameter values
preclude a true estimate of parameter uncertainty, however our results give
what we suggest is a viable range for the microplastic ERF (—3.28 to
+46.7 mW m?) and what we consider to be a most probable subset of that
range (+42.0 + 4.62 mW m™’, given by our ‘Updated estimate’). We also
empbhasise the parameters which produce the greatest breadth in this viable
range—the absorption cross-section in the shortwave spectrum, and the
maximum altitude at which MPs are found—as areas on which future
research should be focused.

The ‘Updated estimate’ simulation provides, to our knowledge, the
most accurate assessment of the direct radiative forcing of airborne
microplastics to date. Combining various lines of evidence to inform the
most likely settings for each of the parameters considered, we obtain a
radiative forcing efficiency of +8.97 + 0.99 mW m™ Tg™"' (yielding a net
ERF of +42.0 + 4.62 mW m ™ at an atmospheric plastic burden of 4.69 Tg).
In contrast to the negative radiative forcing found by Revell et al.", Pang
et al.’, and in agreement with Liu et al.”’, this indicates that airborne MPs
contribute overall to atmospheric warming via their direct radiative effect.
This effect may be amplified by the presence of fibre MP morphologies in
the real atmosphere, which produce a stronger radiative effect than the
fragments we consider'®. TBWP additionally form a substantial portion of
the real atmospheric MP burden, over 50% in some countries’” and con-
tribute a warming effect in our TBWP’ simulation which is not included in
our ‘Updated estimate’.

Evangelou et al.”” recently identified that most microplastics inven-
tories overestimate emissions. The non-uniform surface concentration of
airborne MPs assumed in this study is lower in the global-mean than that
reported by Evangelou et al.” (3.9 cf. their 31 MP m ), but higher in the
median (0.34 cf. their 0.03 MP m*). Taking into account the different
particle size ranges used (1-100 um cf. their 5-100 um) and scaling our
‘Updated estimate’ experiment to a median surface MP concentration
matching that of their compiled observations yields an ERF of
+9.74 mW m™”. Either way, the range from this to our ‘Updated estimate’
ERF (+42.0mW m™) would place microplastics above most of the
anthropogenic forcers assessed by the Intergovernmental Panel on Climate
Change (IPCC), of which around half have ERFs of 1 mW m ™ in magni-
tude or smaller™.

MPs do not undergo rapid permanent removal from circulation in the
total environment by any natural process, and may have extremely long
residence times in numerous environmental compartments’. However,
estimating future climate forcing is difficult due to multiple large uncer-
tainties. Stegmann et al.”’ model annual plastic waste production under a
moderate future greenhouse gas emissions scenario, projecting a total waste
plastic mass 10.1 x greater than in 2023 by 2100. As a rough approximation,
extrapolating our ‘Updated estimate’ to a 10.1 x greater surface con-
centration yields a radiative forcing of +425 + 47 mW m ™. We acknowl-
edge the very large uncertainties in plastic waste projections, rates of plastic
degradation to produce microplastics and the airborne fraction of the global
microplastic burden (e.g. the role of the ocean as a sink or reservoir for
microplastics’). Nonetheless, a direct radiative forcing of ~+ 0.43 W m™
would be significant—Ilarger than other aerosol species currently assessed by
the IPCC (Fig. 1h).

Overall, we have illustrated the crucial role that uncertainties in
microplastic optical properties, spatial distribution and total abundance play
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in ERF estimates, highlighting the essential role of improved observation of
the characteristics of microplastics in the environment. It seems clear that
microplastics are overdue to be included as forcings in future climate change
assessments, justifying more widespread attention towards this forcing
source from the climate research, and perhaps policy, community.

Methods

Modelling of radiative effects

The radiative effects of atmospheric species such as aerosols or trace gases
are quantified through metrics such as the effective radiative forcing (ERF)
and instantaneous radiative forcing (IRF), which comprise the change in
TOA radiative balance due to the perturbing species and varying degrees of
atmospheric adjustment®™ ®'. IRF is evaluated without allowing the atmo-
spheric column to change, so does not include the radiative effects of so-
called rapid adjustments, whereas ERF allows properties of the atmospheric
column such as the temperature and moisture to change in response to the
forcing on short timescales. Rapid adjustments are not coupled to the
change in global-average surface air temperature and so do not constitute
climate feedbacks®**’. ERF can be determined from the relationship between
radiative forcing and feedback:

AN = ERF — AAT (1)

where AN, A and AT represent the TOA energy imbalance (W m?), the
climate feedback parameter (W m~>K™"), and the change in global surface
air temperature (K), respectively.

Here we present estimates only of the ERF due to aerosol-radiation
interactions (ERF,,;, henceforth simply ERF). MPs may have impacts on
cloud formation'*"* * and hence a component of their ERF may be due to
aerosol-cloud interactions (i.e. ERF,;). However, the model version used for
this study is not configured to represent microplastic-cloud interactions and
we focus only on direct radiative effects.

Estimates of the MP ERF were calculated from simulations using the
Hadley Centre Global Environment Model version 3-Global Atmosphere
model 7.1 (HadGEM3-GA7.1), developed by the UK Met Office and
Momentum Partnership®. The model uses a regular 1.25° x 1.875" latitude-
longitude grid with 85 unevenly-spaced vertical levels between the surface
and 85 km altitude. The model radiative transfer scheme uses the Suite of
Community Radiative Transfer codes based on Edwards and Slingo
(SOCRATES; Edwards and Slingo®). As configured in HadGEM3-GA?7.1,
the shortwave part of the spectrum between 200 nm and 10 pm is divided
into six spectral bands and the longwave part between 3.3 um and 1 cm into
nine spectral bands. Sea surface temperatures (SSTs) and sea-ice con-
centrations were prescribed from the Hadley Centre Global Sea Ice and SST
observational dataset”. Greenhouse gas concentrations and aerosol emis-
sions follow CMIP6 recommendations®. Each experiment was run for 21
years, from Sep 1988 to Sep 2009 and the first year of simulation was
discarded as spin-up.

Following R21, we introduce airborne MPs in HadGEM3-GA?7.1 using
the non-interactive aerosol scheme (EasyAerosol), which enables the pre-
scription of user-defined spatial distributions of aerosol species within the
model. These aerosols interact only with radiation and are provided to the
model as absorption and scattering coefficients on model grid cells and
levels, hence they do not undergo interactive transport, emission or
deposition, or microphysical processing. This configuration avoids making
additional assumptions about microplastic properties such as settling
velocities, scavenging coefficients, emission and resuspension rates, etc. MP
optical properties were averaged across the model spectral bands, weighted
in the shortwave by the incoming solar spectrum®, and multiplied by the
prescribed MP number concentration to convert to volume absorption and
scattering coefficients.

ERFs are calculated as the change in the global-mean TOA clear-sky
outgoing radiation relative to a control simulation which was run with no
microplastics®’. As SSTs in both simulations are prescribed, the surface air
temperature response is suppressed and the change in TOA radiative

balance approximates the ERF (equivalent to setting AT = 0 in Eq. (1)). ERF
is calculated separately for the shortwave and longwave components:

ERFSW =T SWPerturbed_ T SWControl (2)
ERl:LW :T LWPerturbed_ T LWControl (3)
ERFy, = ERFgy + ERFyy (4)

where 1 denotes the global-mean TOA clear-sky outgoing radiation flux.

TOA radiative fluxes were calculated as global annual means of the
daily mean time series. We assume each 20-year time series of ERF estimates
X is t-distributed with N — 1 = 19 degrees of freedom, mean X, and scale
v/ Var[X]/N where Var[X] denotes the variance of X. The 5% to 95%
confidence interval for the mean ERF was calculated from this ¢-
distribution.

To estimate IRF, we employ the radiative transfer model SOCRATES
which calculates radiative fluxes for a given atmospheric structure. Unlike
HadGEM3-GA7.1, SOCRATES simulates no dynamics or physics pro-
cesses, hence the atmosphere is held constant and no rapid adjustments can
occur. For each latitude and longitude of the global HaddGEM3-GA7.1 grid,
we use annual-mean profiles of air temperature, moisture, ozone, and
surface shortwave albedo calculated from ERAS5 reanalyses’. Surface
longwave emissivity was set to a constant value of 1. Fluxes were estimated
using the two-stream approximation with a latitudinally-varying annual-
mean daytime solar zenith angle. As the atmosphere is held constant for IRF
calculations, no time series of annual IRFs are available from which to derive
a confidence interval. As such we report only the global-mean IRF with no
uncertainty.

We consider seven different experiments, detailed in Table 2, con-
sisting of different combinations of optical properties (see section ‘Micro-
plastic morphotype and size distribution’ and ‘Microplastic refractive
index’) and prescribed spatio-temporal distribution (see section ‘Spatio-
temporal distribution of microplastics’). As in R21, we exaggerate the global-
average surface MP concentration of each experiment in order to achieve a
clear signal-to-noise ratio in the radiative forcing, and then scale the
resultant IRF and ERF down to correspond to a realistic observationally-
constrained global-average surface MP concentration, assuming that the
MP radiative effect is proportional to the global-average surface MP con-
centration, i.e.

[MP] scaled

RF scaled = RFsimulated x
[MP]
simulated

(©)

where [MP] denotes the global-average surface MP concentration and
[MP]catea = 3.99 MP m ™ between 50 and 100 um diameter; note that we
consider MPs ranging from 1 to 100 um diameter, hence [MPJscyeq is
equivalent, over the full range of particle sizes, to a total number
concentration of 27.3 MP m ™~ and 91.7 MP m ™ for the gamma and power
law size distributions respectively (see Microplastic morphotype and size
distribution). Due to the different forcing efficiencies of each experiment,
each required a different choice of [MP]gmuiated to achieve the same signal-
to-noise ratio, hence for each experiment we prescribe a different global-
average surface MP concentration (Table 2). Example calculations and
further explanation of the scaling procedure are given in Supplementary
Text S4.

This scaling procedure and Eq. (5) rely on the assumption of a pro-
portional relationship between radiative forcing and the global-average
surface concentration of MPs. We perform an additional two experiments,
identical to ‘Previous estimate’ but with lower global-average surface MP
concentrations, to demonstrate that proportionality holds over the range of
surface concentrations and radiative forcings we consider (Fig. S4).

We report the radiative effect as both a global-average radiative forcing
(mW m™? listed in Table 1) and as a forcing efficiency (mW m > Tg
shown in Fig. 1). The forcing efficiency is defined as the global-average
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radiative forcing per unit total mass burden of forcer. To calculate MP

particle mass we assume a plastic density of 1.1 gcm ™.

Microplastic morphotype and size distribution

MPs in the environment are classified according to their morphotype as
fragments, fibres, or films. R21 considered fragments and fibres, neglecting
films due to their lesser prevalence and a lack of information about their size
distribution. Here, we assume that all MPs are in the form of fragments,
neglecting fibres due to the complexity in calculating their optical properties,
requiring additional assumptions about fibre size and shape, and because
R21 already quantified the effect of morphotype on the MP radiative forcing.
Their results for fragments and fibres found ERFs of —18.3 + 62.5 and
—38.8 + 52.0 mW m 7, respectively.

We assume fragments are approximately spherical, allowing for the
calculation of their absorption and scattering cross sections and asymmetry
factors using Mie theory, following the methodology of R21.

The distribution of the diameter of MP fragments in R21 was given by a
gamma distribution with shape parameter 2 and scale parameter 15 um
determined by fitting to the limited observations available at that time
(Eq. (6)). Following Leusch et al.”* we also consider a power law size dis-
tribution (Eq. (7)).

dN 2r\*1

DAl 2 —2r/15 6

dr (15) P ©
%V — B )

where r is the particle radius in pum, N(r) gives the number of particles in a
bin of particle radius (r, r + dr), A and B (particlesm™ pm™") are nor-
malisation constants that determine the total particle number concentra-
tion, and « determines the shape of the power law distribution. For both size
distributions, we consider only MPs between 1 and 100 um diameter (i.e.
0.5 pm < r < 50 um, assuming a spherical shape).

Based on Leusch et al.””, we set B=36.6 MP m > pm ' and & = 1.52 for
outdoor airborne MPs. With these parameters, the power law predicts a MP
number concentration of 3.99 MP m™* in a bin of particle diameter from 50
to 100 pm (chosen as good observational data is available for such a size
range). We match the gamma distribution to the number concentration in
this range by choosing A =27.6 MP m > um ™" (i.e. such that fzsso : N g =
3.99 MP m™ for both distributions). Over the full range of particle sizes (1 to
100 um diameter) this is equivalent to a total number concentration of
273MPm™ and 91.7 MPm* for the gamma and power law size dis-
tributions, respectively. We use these particle number concentrations when
scaling radiative forcings to realistic surface concentrations.

The two size distributions are shown in Fig. 2. Particle cross sections
scale with the particle area, which is 3.5 x greater for the gamma size
distribution than for the power law size distribution. Particle number
concentrations scale inversely with the particle volume (when holding total
mass constant), which is 3.1 x greater for the gamma size distribution than
for the power law size distribution.

Microplastic refractive index

Only colourless MP particles were considered by R21, modelled by a
polynomial fit to available measurements of the refractive indices of various
plastic polymers. We present two alternatives to this: UV-absorbing mixed-
colour plastic, accounting for observed absorption in the UV-visible spec-
trum that was neglected in R21; and BC-containing plastic, as an approx-
imation to tire- and brake-wear particles (TBWP; Evangeliou et al.’). In both
these cases, we account for the optical absorption using the complex
refractive index, m = n + ik.

For colourless plastic (Fig. 3a) we use the refractive index of R21. For
coloured plastics (Fig. 3b), we made laboratory measurements of the
refractive index of coloured polyethylene terephthalate (PET) plastic films.
In the UV spectrum (wavelengths 200-310 nm) we use the complex

refractive index of PET reported by Ouchi’’; in the UV-visible spectrum
(wavelengths 360-800 nm) we use our measured refractive index; otherwise
(wavelengths > 800 nm) we use the colourless plastic refractive index of R21.
BC-containing plastic (Fig. 3c) was modelled as transparent plastic with
black carbon spheres mixed homogeneously throughout”, using the com-
plex refractive index of PET reported by Ouchi”" in the UV spectrum
(wavelengths 200-310 nm) and the colourless plastic refractive index of R21
otherwise.

To measure the complex refractive index, we first measured the
wavelength-dependent transmission T(A) of PET plastic films of thickness L
~0.05 mm. Measurements were taken at wavelengths between 360 and 800
nm. The imaginary part k of the refractive index can then be deduced from
Eq. (8).

2.3031

kA = 4rL

[—log,, T(V)] ®

To determine the effect of pigments on the real part # of the refractive
index, the results were then fitted to Kramers-Kronig-consistent functions”,
in our case Lorentzian oscillators and then combined with the measured
refractive index of a transparent polymer. Diffuse reflectance spectroscopy
measurements were also performed to confirm that the results were con-
sistent with reflection measurements and independent of scattering. A
complete description of the measurement procedure is given by Glukhova™.
The resultant refractive indices are shown in Fig. S5.

Measurements were made of one transparent PET film and four
coloured PET films (blue, indigo, pink and red). The refractive index of the
mixed-coloured plastic was modelled as an equal mixture of these four
plastic colours. The peak in the imaginary part in the visible range corre-
sponds to the dye absorption.

For each refractive index, we calculate the scattering and absorption
spectra using Mie theory and average across the range of particle sizes
weighted by the size distribution (see section ‘Microplastic morphotype and
size distribution’), viz.:

Jor,)dN [ o(r, )§Edr
JaN T g,

rmm

o) = (©)

where o(r, 1) denotes the Mie scattering or absorption cross-section of a
particle of radius r at wavelength A, and G(1) denotes the size-average
spectrum. Figure 3 shows the absorption and scattering spectra for each
combination of refractive index and particle size distribution. Strong
absorption peaks in the UV and visible spectrum are clearly seen in Fig. 3b—c
due to the UV-absorption and presence of pigments. The addition of black
carbon (Fig. 3d) results in a substantial increase in absorption across the
whole spectrum. The power law size distribution gives smaller cross sections
than the gamma size distribution due to the smaller average particle cross-
sectional area. This affects scattering and absorption approximately equally,
resulting in a largely unchanged single-scattering albedo. For both size
distributions the asymmetry factor approaches zero as wavelength increases,
reflecting the Rayleigh limit (A > r), however the power law size distribution
is closer to this limit at smaller wavelengths due to the smaller particle size,
hence the asymmetry factor is smaller (i.e. more isotropic scattering) across
much of the spectrum.

Spatio-temporal distribution of microplastics

We separate the spatio-temporal distribution of microplastics into a
horizontally-varying surface concentration, denoted p,, and a vertical dis-
tribution that describes how the MP concentration declines from the surface
concentration in the vertical direction.

For the surface MP concentration py, R21 considered a constant value
which we also use here and denote by ‘uniform’. We additionally consider a
spatially-varying p,, derived from a particle transport simulation using
FLEXPART and the MP emissions dataset of Evangeliou et al.””, with
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subsequent updates to ocean emissions to better account for the distribution
of microplastics in surface waters per Isobe et al.”’. The spatially-varying po
we consider here (denoted by ‘non-uniform’ and used in experiments
‘Horizontally non-uniform’ and ‘Updated estimate’) was taken from the
time-average surface MP concentration of this simulation and is shown in
Fig. 4b.

The vertical distribution of MPs in R21 was given by Eq. (10), which
decreases the concentration of MPs approximately in accordance with the
decrease in air density with increasing altitude. The MP concentration is set
to zero above a cutoff altitude z. . R21 considered both z.o= 10 km and
Zeutoff = 2 km, approximating the tropopause and boundary layer height
respectively. We consider this vertical distribution with zqof = 2 km, as a
more conservative base case for the ‘Previous estimate’ simulation and
denote this distribution by ‘confined to <2 km’.

z/10km
0.3%/ Z < Zyeoff

p(z) = p, x { (10)

0 Z> Zoytoff

We consider an alternative vertical distribution (Eq. (11)) as a closer
approximation to real-world conditions, particularly the impact of MP
vertical transport. This distribution has a constant MP concentration from
the surface up to an altitude zp;, above which the MP concentration
decreases like air density up to the tropopause. Above the tropopause the
MP concentration is zero. We denote this distribution by ‘whole tropo-
sphere’.

1 z<zp.

z—2zy; )/10km
03( w)/ ZBL <z< ztrop

p(z) = py x (11)

0 Z> Zyop

where 2, is the monthly-mean tropopause height taken from the control
HadGEM3-GA?7.1 simulation. We set zg, = 2 km as an approximation to
the global-average depth of the planetary boundary layer (PBL). Both
vertical distributions are shown in Fig. 4a.

This distribution is intended to approximate an average vertical dis-
tribution of aerosols in the real atmosphere (e.g. Xiang et al.”’, Sheridan
et al.”®) and is in good agreement with the global-average vertical distribu-
tion of MPs in the results of McErlich et al.”® (shown in Fig. 4a). The
assumption of a constant PBL height zp; = 2 km (see section ‘Spatio-tem-
poral distribution of microplastics’ and Eq. (11)) is not a good approx-
imation to reality, where the PBL varies in depth between ~500 m and
~3km depending on season, land surface and local atmospheric
conditions”*’. However, variations in the value of zp; only negligibly affect
our IRF results (Fig. S3 and accompanying text).

Data availability
All data used in this study are available on GitHub at https://github.com/
felix-goddard/microplastic-direct-radiative-effects.

Code availability
Code written for this study is available on GitHub at https://github.com/
felix-goddard/microplastic-direct-radiative-effects.
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