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Abstract. Airborne microplastics are a recently identified atmospheric aerosol species with potential air quality and climate

impacts, yet they are not currently represented in global climate models. Here, we describe the addition of microplastics

to the aerosol scheme of the UK Earth System Model (UKESM1.1): the Global Model of Aerosol Processes (GLOMAP).

Microplastics are included as both fragments and fibres across a range of aerosol size modes, enabling interaction with existing

aerosol processes such as ageing and wet and dry deposition. Simulated microplastics have higher concentrations over land,5

but can be transported into remote regions including Antarctica despite no assumed emissions from these regions. Lifetimes

range between ∼17 days to∼1 hour, with smaller, soluble microplastics having longer lifetimes. Microplastics are well-mixed

throughout the troposphere, and the smallest particles are simulated to reach the lower stratosphere in small numbers. Dry

deposition is the dominant microplastic removal pathway, but greater wet deposition occurs for smaller soluble microplastic,

due to interactions with clouds. Although microplastics currently contribute a minor fraction of the total aerosol burden, their10

concentration is expected to increase in future if plastic production continues to increase, and as existing plastic waste in the

environment degrades to form new microplastic. Incorporating microplastics into UKESM1.1 is a key step toward quantifying

their current atmospheric impact and offers a framework for simulating future emission scenarios for an assessment of their

long term impacts on air quality and climate.

1 Introduction15

Since large-scale plastic production began over the 20th century, plastics have become the most used synthetic material in the

world due to their versatility and durability. However, plastics become brittle as they age and break down through exposure

to sunlight and other environmental factors (Gewert et al., 2015). This degradation forms microplastics (plastic particles 1-

5000 µm) and nanoplastics (particles smaller than 1 µm), which have the potential to cause ecological damage (MacLeod et al.,

2021). It is estimated that 5 Gt of plastic waste has accumulated in landfills and the natural environment since the 1950s, and20

that unless serious changes are made to curb global plastic production and management the abundance of plastic litter will

double over the next 30 years (Geyer et al., 2017).
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Microplastics have long been studied in the marine environment (Carpenter et al., 1972; Carpenter and Smith, 1972), where

they are ingested by marine organisms, causing physical harm and disrupting feeding behaviour (Kvale et al., 2021). Since25

the first study of microplastics in atmospheric fallout (Dris et al., 2015), many further reports of airborne microplastics have

been published (e.g. Allen et al., 2022, and references therein). Due to their small size and low densities, microplastics are

transported throughout the atmosphere (Evangeliou et al., 2020). In particular, studies carried out in the Arctic (Bergmann

et al., 2019), Antarctic (Aves et al., 2022) and other remote locations (Brahney et al., 2020; Allen et al., 2021; Materić et al.,

2021) indicate that airborne microplastics are ubiquitous.30

As a form of atmospheric aerosol, microplastics can contribute to climate change by interacting with incoming solar and

outgoing thermal radiation. This in turn has an impact on the radiative balance of the atmosphere (Revell et al., 2021). Aerosols

such as microplastics can also have indirect effects on radiative balance through cloud interactions and by acting as cloud con-

densation nuclei (CCN) (Aeschlimann et al., 2022). Clouds play an important role in the climate system (Forster et al., 2021)35

by reflecting sunlight to space (which has a cooling effect on Earth’s surface) and trapping thermal radiation emitted by the

Earth (which has a warming effect). In general, clouds that have been perturbed by aerosols consist of more numerous and

smaller cloud droplets, so that they reflect more sunlight and are longer lived (Twomey, 1977; Albrecht, 1989).

Although the field of airborne microplastic-climate interactions is in its infancy, several lines of evidence from field and40

lab studies demonstrate that microplastic-cloud interactions occur. Microplastics are present throughout the lower atmosphere

at cloud-forming altitudes, having been found as high as 3500 m above sea level (Allen et al., 2021; González-Pleiter et al.,

2021). Microplastics have also been collected in cloud water (Xu et al., 2024; Wang et al., 2023), indicating their uptake into

clouds occurs and that microplastics potentially act as cloud condensation nuclei (CCN). Studies have also determined that

microplastics can act as ice nucleating particles (INP) when pristine and when aged through environmental processes such as45

exposure to ultraviolet light and ozone. (Ganguly and Ariya, 2019; Busse et al., 2024; Brahana et al., 2024; Seifried et al.,

2024). If present in high enough concentration, this indicates that microplastics can potentially seed cloud formation. Research

remains conflicted about how the ageing impacts the nucleation ability of microplastics, with studies indicating both increases

(Brahana et al., 2024) and decreases (Busse et al., 2024; Seifried et al., 2024) in the ice nucleation activity of microplastics

due to ageing. Tatsii et al. (2025) found when modelling atmospheric microplastics under high emissions scenarios they can50

potentially contribute significantly to INP concentrations.

The contribution of airborne microplastics to global aerosol loading and implications for climate change are not well un-

derstood, since global climate models do not include microplastics in their aerosol schemes. Here we describe the addition of

microplastics as a new aerosol species to the United Kingdom Earth System Model. The model and the microplastics scheme55

are described in Section 2. In Section 3 we present simulations of the global airborne microplastics loading and deposition to

the marine and terrestrial environments. We also evaluate the model against current observational data.
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2 Methods

2.1 Model description60

Model simulations were performed using the UK Earth System Model at version 1.1 (UKESM1.1). UKESM1.1 is built on

component models which each simulate a domain of the Earth system including the physical atmosphere, atmospheric com-

position and chemistry, ocean, sea ice and the land surface. Additional Earth system processes included in UKESM1.1 are

ocean biogeochemistry and terrestrial biogeochemistry. The UKESM1.1 component models are coupled together to capture

the climate impact of interactions and feedbacks within the Earth system. UKESM1.1 operates on a grid with a resolution of65

1.25◦ latitude × 1.85◦ longitude, and the atmosphere contains 85 unevenly spaced levels extending to 85 km above the surface.

The fully coupled configuration of UKESM1.1 (and the earlier UKESM1 version) is described in Sellar et al. (2019); Mulcahy

et al. (2023).

Here we use the atmosphere only UKESM1.1 configuration, UKESM1.1-AMIP, as we are primarily interested in the atmo-70

spheric transport of microplastics. Like the fully coupled configuration, the physical atmosphere component of UKESM1.1 is

the Global Atmosphere 7.1 (GA7.1) science configuration of the Unified Model (Walters et al., 2019; Mulcahy et al., 2018). At-

mospheric composition, chemistry and aerosols are simulated by the United Kingdom Chemistry and Aerosols (UKCA) model

(Archibald et al., 2020) coupled with the two-moment modal aerosol microphysics scheme, the Global Model of Aerosol Pro-

cesses (GLOMAP; Mulcahy et al. 2020). In UKESM1.1-AMIP the physical atmosphere and the atmospheric composition are75

coupled, but sea surface temperature, ocean biogeochemistry, sea ice, land surface, terrestrial biogeochemistry are prescribed

from a fully coupled UKESM1.1 simulation.

In UKESM1.1, UKCA uses a combined stratospheric and tropospheric chemistry scheme within. The ‘StratTrop’ scheme

simulates interactive chemistry from the surface to the top of the model and describes the chemistry of 81 species through80

291 thermal and photolytic reactions (Archibald et al., 2020). GLOMAP currently simulates the number and mass balances

across six aerosol species, modelling their sources, sinks and evolution. Aerosol species in GLOMAP include sulfate (SO4),

black carbon (BC), organic matter (OM), sea salt, dust, and nitrate (Mann et al., 2010; Jones et al., 2021). Aerosol species are

represented in eight log-normal size modes: nucleation soluble mode, Aitken soluble mode, accumulation soluble mode, coarse

soluble mode, Aitken insoluble mode, accumulation insoluble mode, coarse insoluble mode and super-coarse insoluble mode85

(Mulcahy et al., 2020). These modes, their sizes ranges and represented aerosol species in each mode are summarised in Table

1. Aerosols in the soluble modes can be incorporated into cloud droplets and affect the formation of clouds; Typically aerosols

with a radius of ≥ 25 nm are activated into CCN and cloud droplets (Abdul-Razzak and Ghan, 2000; Walters et al., 2019).

Aerosols in the insoluble modes do not act as CCN. Aerosol species can settle out of the atmosphere through dry deposition

and wet deposition processes such as nucleation scavenging (rainout), impaction scavenging (washout), and convective plume90

scavenging.
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The UKESM1.1 radiative transfer scheme uses the Suite of Community Radiative Transfer codes based on Edwards and

Slingo (SOCRATES; Edwards and Slingo, 1996). The shortwave part of the spectrum between 200 nm and 10 µm is divided

into six spectral bands and the longwave part between 3.3 µand 1 cm into nine spectral bands. Direct aerosol-radiation inter-95

actions are calculated in UKCA by the RADAER component of GLOMAP (Bellouin, 2010). This determines aerosol optical

properties via Mie theory which are passed to the model radiation scheme to interactively calculate scattering and absorption

of radiation by aerosol species. This requires tabulations of the complex refractive index of each aerosol species across the

model spectral bands.

100

Mode name Diameter range Represented Aerosols

Nucleation Soluble < 5 nm SO4, OC

Aitken Soluble 5− 50 nm SO4, BC, OC, NO3, MP

Aitken Insoluble 5− 50 nm BC, OC, MP

Accumulation Soluble 50− 250 nm SO4, BC, OC, SS, DU, NO3, MP

Accumulation Insoluble 50− 500 nm DU, MP

Coarse Soluble > 250 nm SO4, BC, OC, SS, DU, NH4, NO3, MP

Coarse Insoluble > 500 nm DU, MP

Super-coarse Insoluble > 2500 nm DU, MP
Table 1. Description of the eight log-normal size modes in GLOMAP and aerosol species represented in each mode. Current species are

sulphate (SO4) in the form of sulphuric acid, black carbon (BC), organic carbon (OC) in the form of organic matter (OM) with an OM:OC

ratio of 1 : 4, sea salt (SS), nitrate (NO3; in the form of ammonium nitrate in the Aitken and accumulation soluble modes, and in the form

of sodium nitrate in the accumulation and coarse soluble modes), dust (DU). The new microplastic aerosol species (MP) is represented in all

modes except the nucleation mode, (see Section 2.4).

2.2 Microplastic emissions

Microplastic emissions are difficult to estimate globally due to a lack of consistent measurements with good spatial coverages.

Microplastics are emitted into UKESM1.1 using an updated version of the observationally-derived inventory from Evangeliou

et al. (2022). Microplastics are emitted in two different shapes of fragments and fibres. Microplastic fragments are small pieces

of plastic created through the deterioration of larger plastic pieces (macroplastics), whereas microplastic fibres are thread like105

plastics primarily produced from clothing and other fabrics. In the original emissions inventory of Evangeliou et al. (2022), mi-

croplastic fragments are represented in five size bins between diameters of 5 – 250 µm, and microplastic fibres are represented
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in nine size bins with lengths between 10 – 3000 µm and widths between 1 – 10 µm.

The microplastic inventory is based on airborne microplastic deposition measurements collected across 11 National Park110

and Wilderness sites between 2017 and 2019 in the Western USA (Brahney et al., 2020). Sources of the fallout measurements

were determined using the FLEXPART particle dispersion model running in retroplume mode to calculate back trajectories.

These sources were combined with a robust Bayesian inverse modelling algorithm to determine microplastic emissions, and

then extrapolated globally using inventories of other emissions. Sea salt, agriculture, mineral dust and road dust were used

as the main sources of microplastic fragments. For the microplastic fibres, their main source was assumed to be largely from115

clothing and linked to the distribution of the global population.

Since the original publication, updates have been made to the emissions inventory, which are accounted for in this study.

The updated inventory now considers the positions of ocean gyres when determining oceanic microplastic emissions (Isobe

et al., 2021). The high emissions observed across polar regions in Evangeliou et al. (2022) have been reduced, and emissions120

over land have been increased. To create emissions data files for UKESM1.1-AMIP the updated inventory was re-gridded with

a resolution of 1.25◦ latitude × 1.85◦ longitude. One year of emissions data is available for 2018, based on when the airborne

microplastic deposition measurements were collected (Brahney et al., 2020). Figure 1 shows microplastics emissions for both

fragments and fibres using the updated emissions inventory.

125

2.3 Extrapolation of microplastic emissions

As indicated by the size ranges of the insoluble GLOMAP modes in Table 1, all of the microplastics emissions from Evan-

geliou et al. (2022), i.e. sizes greater than 5 µm, correspond to the super-coarse insoluble mode which has a lower bound of

2.5 µm diameter and no upper bound. To input emissions into the smaller Aitken, accumulation and coarse insoluble modes,

microplastic fragment emissions were extrapolated. This extrapolation was based on methodology described by Leusch et al.130

(2023), which surveyed more than 120 published studies reporting microplastic size distributions and identified a power law

distribution which was common across several matrices (air, water, soil); exponentially larger numbers of particles are found

at smaller sizes. When log-transformed, Leusch et al. (2023) demonstrate a linear increase in particle number with decreasing

size. Leusch et al. (2023) further demonstrated that if the concentration of microplastics in a particular size bin is known, then

the concentration in a different size bin can be estimated using Equation 1:135

npred = nref × (
xUB.pred−xLB.pred

xUB.ref −xLB.ref
)× (

xUB.pred×xLB.pred

xUB.ref ×xLB.ref
)−α/2 (1)
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Figure 1. The microplastic emissions inventory for (a) microplastic fragments and (b) microplastic fibres, updated from Evangeliou et al

(2022). Grey shading indicates that emissions are zero.

Where npred is the number of microplastics predicted in a size bin with upper and lower bounds xUB.pred and xLB.pred,

respectively. nref is the number of microplastics in the reference bin with upper and lower bounds xUB.ref and xLB.ref ,140

respectively. α is the slope of the linear regression of the log-logistic fit.
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Microplastic fragments were extrapolated using the 10 – 25 µm bin as a reference because it contained the largest number of

microplastics. The value of α was tuned to provide the best match between the extrapolated data and the remaining four bins

for microplastics fragments with emissions data. α was chosen to be 1.81 which matches the reference values of 1.44 ± 0.37145

given for airborne microplastics in Leusch et al. (2023). Supplementary Figure A1 shows the results of the extrapolation, for

both the number and mass concentration of microplastics. The extrapolated estimates of microplastic fragments are only used

across the size bins where observationally-derived microplastic data is absent. Extrapolation of the microplastic fragments to

the GLOMAP size modes indicated in Table 2 extends their representation into the nanometer size range. While these particles

fall within the definition of nanoplastics, they are referred to as microplastics throughout this study for clarity. Microplastic150

fibres were not extrapolated due to their thread like shape; Once the length of microplastic fibres approaches the nanometre

range their aspect ratios (length/diameter) become small enough they essentially behave more as microplastic fragments.

2.4 Implementation of microplastics into GLOMAP

Microplastics have been added to GLOMAP in a new aerosol configuration that also includes sulfate, black carbon, organic155

matter, sea salt and dust. This allows interactions between microplastics and the other aerosol species. Microplastics are emit-

ted into the insoluble Aitken, accumulation, coarse and super-coarse modes. However, microplastics can be transferred to the

soluble modes through an ageing process of aerosol species previously existing within GLOMAP. This ageing occurs due to

a build-up of soluble material such as sulfate on the surface of the aerosol (Mulcahy et al., 2018). Once the soluble material

builds up to a size of 10 monolayers, the aerosol particles are transferred to the corresponding soluble mode. This effectively160

allows them to act as CCN as they remain aloft in the atmosphere. Because the model does not contain a super-coarse soluble

mode, there is no transfer of microplastics from the super-coarse insoluble mode to a corresponding soluble mode. Similar to

other aerosol species in GLOMAP, microplastics are also able to undergo wet and dry deposition, and are able to coagulate.

Atmospheric transport and lifetime of microplastic fibres is influenced by their shapes (Tatsii et al., 2024; Xiao et al., 2023).165

Because of their non-spherical shape, microplastic fibres may be transported higher into the atmosphere than microplastic

fragments. Tatsii et al. (2024) concluded that microplastic fibres have settling velocities up to 76% lower when compared to

spheres of an equivalent volume. This suggests microplastic fibres need to be treated differently within the model, however

they currently have the same spherical shape and settling velocities as the microplastic fragments.

170

Microplastic fragments and fibres can be switched off separately, allowing for model runs with both, one or neither of the

two types enabled. While current representation of microplastic fibres may not be realistic, the partitioning between fragment

and fibre emissions creates a separate framework for microplastic fibres that future iterations of the microplastic scheme can

improve upon. The direct radiative effects of microplastics are included via RADAER. We use the complex refractive index

of Revell et al. (2021) for colourless plastics, such that all plastics are treated as colourless. Note that, as RADAER calculates175

aerosol radiative effects using Mie theory, all microplastic particles are assumed to be spherical and homogeneous in composi-
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tion.

2.5 UKESM1.1 model simulations

Simulations were performed with the atmosphere-only configuration of the model (UKESM1.1-AMIP) and run for a period of180

11 years, from January 2004 to December 2014. The first 12 months were discarded as spin-up and we focus our analysis on

the 10 years from January 2005 to December 2014. Microplastic emissions for the 12 months of available data have been re-

peated for each year of the simulations. While this predates atmospheric microplastic observations and the emissions inventory

it provides a well tested simulation period for analysis (Mulcahy et al., 2023). Three simulations were performed: A control

with no microplastic emissions, one with microplastic fragment emissions and one with microplastic fibre emissions.185

2.6 Microplastic observations for model evaluation

An examination of existing studies reporting atmospheric microplastic concentrations was undertaken to provide comparison

with model output. Published airborne microplastic data was gathered through a Scopus search using the following criteria: (1)

search by ’Article Title’, (2) search documents ’microplastics AND airborne OR atmospheric OR atmosphere’ (3) including190

all available years. All papers were screened for relevance by reviewing abstracts, with studies excluded if they did not directly

measure airborne microplastics and report results in either ’particles m−3’ or ’particles m−2 day−1’. Relevant studies were

then examined in detail to extract key information. While this approach aimed to compile a comprehensive dataset of airborne

microplastics to date, it is acknowledged that some relevant studies may not have been captured due to the specific search terms

used.195

3 Results and discussion

3.1 Microplastic surface concentrations

Figure 2 shows the annual mean surface concentration from UKESM1.1-AMIP output (2005–2014) for microplastic fragments

and fibres. Figure 2a-b shows the microplastic surface number concentration and Figure 2c-d shows the microplastic surface200

mass concentration. Microplastics have greater number and mass concentrations over land than the ocean, which matches well

with the emissions profile (Figure 1). Model output shows that microplastic fragments do not stay localised to their point of

emissions, but are advected around the atmosphere such that they are ubiquitous across the globe. For example, over Antarctica

small amounts of microplastic are present despite a lack of emissions there for both fragments and fibres. Microplastic fibres

(Figure 2b,d) display high concentrations close to areas of population where they are emitted. Fibres display some atmospheric205
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transport into other regions, particularly over coastal regions which are close to emission sources.

Figure 2. Annual-mean surface concentration of microplastics in UKESM1.1-AMIP (2005–2014) for (a) fragment number concentration,

(b) fibre number concentration, (c) fragment mass concentration, and (d) fibre mass concentration. The area weighted average is displayed

on each subplot.

Figure 2 indicates differences between microplastic fragments and fibres in terms of their surface number and mass con-

centrations. Microplastic fragments (Figure 2a,c) exhibit a significantly higher surface number concentration (1.3× 104 m−3)

compared to microplastic fibres (3.4 m−3). This difference arises because fibres are only represented in the largest size mode210

(super-coarse insoluble), which contains the fewest microplastic particles. Microplastic fibres contribute slightly more to the

surface mass concentration (2.8× 10−2 µg m−3) than microplastic fragments (1.0× 10−2 µg m−3).

Table 2 presents the average number and mass concentrations of microplastic fragments and fibres across individual size

modes, indicating their relative contributions to the total concentrations on Figure 2. The spatial distribution of these con-215

centrations is shown in Supplementary Figures A2-A5. Table 2 indicates fewer microplastics are present at the surface in the

soluble modes as compared to the insoluble ones, as microplastics only enter the soluble modes via the build up of soluble

material on their surfaces as they age. Ageing does not occur in the super-coarse insoluble mode in the model as there is no
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corresponding soluble mode.

220

Size Mode Fragments Fibres

number (m−3) mass (µg m−3) number (m−3) mass (µg m−3)

Aitken Insoluble 7410.9 1.5× 10−8 - -

Aitken Soluble 3083.6 6.4× 10−9 - -

Accumulation Insoluble 1247.7 2.6× 10−6 - -

Accumulation Soluble 1075.4 2.2× 10−6 - -

Coarse Insoluble 151.7 1.1× 10−4 - -

Coarse Soluble 40.3 2.9× 10−5 - -

Super-Coarse Insoluble 1.2 9.9× 10−3 3.4 2.8× 10−2

Total 1.3× 104 1.0× 10−2 3.4 2.8× 10−2

Table 2. Global annual mean surface number and mass concentrations of microplastic fragments and microplastic fibres across GLOMAP

aerosol size modes in UKESM1.1-AMIP.

Microplastic surface number and mass concentrations vary substantially across size modes, as expected from the prescribed

size distribution of emissions (Supplementary Figure A1). The highest number concentrations are observed in the Aitken mode

and the highest mass concentrations are observed in the super-coarse insoluble mode. Fragments are present in all size modes,

with the majority of number concentration in the Aitken insoluble (7410.9 m−3) and Aitken soluble (3083.6 m−3) modes,

highlighting their abundance at the smallest aerosol size of 5 - 50 nm. Fragment surface mass concentration is dominated by225

the super-coarse insoluble mode (9.9× 10−3 µg m−3), despite its small number concentration (1.2 m−3). Fibres, which are

only allowed in the super-coarse insoluble mode, show greater number (3.4 m−3) and mass (2.8×10−2 µg m−3) concentrations

compared to microplastic fragments.

Supplementary Figures A2-A4 indicate that soluble modes show a better atmospheric mixing of microplastics compared to230

the insoluble modes. Supplementary Figure A4 displays a narrower range of microplastic concentrations and smoother spatial

distributions observed for soluble particles. In contrast, Supplementary Figures A2,A3 for insoluble microplastics have more

varied spatial patterns, with localized regions of elevated concentrations from features such as orography more pronounced.

A previous microplastic modelling study by Revell et al. (2021) assumed a uniform surface microplastic concentration of235

1 m−3, based on previously reported airborne microplastic concentrations. These studies focused on particle sizes down to

5 µm corresponding to the supercoarse mode used in our study. We show that modelled microplastic surface concentrations for

supercoarse-mode particles are 1.2 m−3 for fragments and 3.4 m−3 for fibres (Table 2). These concentrations are in the same
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order of magnitude as the assumption of Revell et al. (2021), and suggests that emissions based on Evangeliou et al. (2022)

and our modelling approach is consistent with previous research.240

3.2 Microplastic vertical distributions

Figure 3 shows the vertical profile of microplastic fragments, for each of the four insoluble modes. Microplastic number con-

centration is averaged over time and longitude to determine the annual zonal mean. Number concentrations of less than 1 m−3

are masked out to remove unrealistic values. Microplastics in the Aitken insoluble mode (Figure 3a) show the greatest vertical245

extent as they are the lightest. They potentially reach altitudes of up to ∼17 km at the equator, and ∼11 km at the poles. This

indicates the lightest insoluble microplastics are well-mixed in the troposphere. A few microplastics are also present in the

stratosphere, but do not enter in any great number. The vertical distribution of microplastic influences their radiative effects, as

particles suspended higher in the atmosphere have a greater potential to interact with incoming and outgoing radiation. Revell

et al. (2021) show that longwave radiative heating by microplastics are larger when microplastics are distributed throughout250

the troposphere compared to when they are confined to the boundary layer (lowermost 2 km of the atmosphere). Figures 3b-d

for the accumulation, coarse, and super-coarse modes show microplastics in these modes are both less numerous and have

a lesser vertical extent than the Aitken insoluble mode. The super-coarse insoluble microplastics are mostly confined to the

near-surface atmosphere.

255

Zonal mean microplastic fragment number concentrations at UKESM1.1-AMIP vertical levels for the three microplastic-

enabled soluble modes and microplastic fibres are shown on Figure 4. Soluble microplastics show greater vertical extent and

higher concentrations than their insoluble mode counterparts (Figure 3), even though the surface number concentration of

soluble mode microplastics is less than insoluble mode microplastics (Supplementary Figure A3 and Supplementary Figure

A4a,c,e). Figure 4a,b indicates that Aitken/accumulation soluble mode microplastics can be transported to even higher altitudes260

than insoluble mode microplastics – over 19 km at the equator, reducing towards the poles. This suggests that Aitken and accu-

mulation soluble microplastic fragments are well-mixed in the troposphere and have greater concentrations in the stratosphere

than the small insoluble microplastics. They also reach cloud forming altitudes where they may impact cloud formation through

their role as CCN (and potentially INP, although this is not yet enabled in the model). Coarse mode soluble microplastics un-

dergo less vertical transport, reaching altitudes of up to ∼12.5 km. Figure 4d shows vertical profiles of number concentration265

for microplastic fibres. Due to their large size they do not reach heights greater than 3 km and are mostly contained near the

surface, which can be explained due to their shape being assumed as spherical. The limitations of this approach are discussed

below.

Results shown across Figures 3,4 agree with previous work (Tatsii et al., 2024; Bucci et al., 2024) modelling the vertical270

transport of microplastics, which also found that microplastics reach into the stratosphere. Tatsii et al. (2024) suggested that

due to their reduced settling velocities, microplastic fibres ascend higher in the atmosphere and have increased global atmo-
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Figure 3. Vertical profile of annual zonal mean microplastic fragment concentration (2005–2014) for (a) Aitken insoluble, (b) accumulation

insoluble, (c) coarse insoluble, and (d) super-coarse insoluble modes. Grey shading indicates number concentrations smaller than 1 m−3.

The dashed line indicates the model’s annual-mean tropopause height.

spheric transport than equivalent sized microplastic fragments. As microplastic fibres are currently treated as spherical within

the model, this vertical uplift is not seen in Figure 4d and highlights the need for improvements in the representation of mi-

croplastic fibres in future iterations of the microplastic scheme.275
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Figure 4. Vertical profile of annual zonal mean microplastic fragment concentrations (2005–2014) for (a) Aitken soluble, (b) accumulation

soluble, (c) coarse soluble modes, and (d) super-coarse insoluble microplastic fibres. Grey shading indicates number concentrations smaller

than 1 m−3. The dashed line indicates the model’s annual-mean tropopause height.

3.3 Microplastic burden, loss and lifetime

Table 3 shows the global mean microplastic atmospheric burden, deposition processes, and estimated atmospheric lifetime

across GLOMAP aerosol size modes in UKESM1.1-AMIP. The total atmospheric burden of microplastic is 600 tonnes, with

an estimated mean lifetime of 0.05 days (1.2 hours) before deposition. The burden and lifetime varies substantially across280

size modes, with the total global microplastic deposition and burden strongly weighted towards the largest super-coarse mode

microplastics.

Microplastic removal is dominated by dry deposition across all size modes, though wet deposition pathways indicate some

interactions with cloud processes. Soluble mode microplastics show greater loss through wet deposition processes compared285

to the insoluble size modes. Accumulation soluble mode microplastics show the greatest loss through wet deposition. This

reflects the ability of accumulation soluble mode microplastics to become incorporated into cloud droplets as CCN before wet

deposition removes them. Atmospheric lifetimes are longer for smaller particles as expected (Seinfeld and Pandis, 2016), with
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Size Mode Loss (tonnes/year) Burden (tonnes) Lifetime (days)

Dry Deposition Impaction Scavenging Nucleation Scavenging

Aitken Insoluble Fragments 0.021 (93.6%) 0.001 (4.6%) 0.0004 (1.8%) 0.00019 3.06

Aitken Soluble Fragments 0.01 (77.3%) 0.0016 (11.6%) 0.0015 (11.1%) 0.00064 17.15

Accumulation Insoluble Fragments 2.51 (95.8%) 0.11 (4.2%) 0 (0%) 0.034 4.6

Accumulation Soluble Fragments 2.62 (38.8%) 0.70 (10.3%) 3.44 (50.9%) 0.2 10.8

Coarse Insoluble Fragments 215 (88.9%) 26.8 (11.1%) 0 (0%) 2.00 3.0

Coarse Soluble Fragments 164 (67.6%) 33.1 (13.6%) 45.7 (18.8%) 2.96 4.4

Super-Coarse Insoluble Fragments 800590 (98.8%) 9912 (1.2%) 0.00 (0%) 295 0.13

Super-Coarse Insoluble Fibres 3520823 (99.2%) 29906 (0.8%) 0.00 (0%) 300 0.03

Total 4321798 (99.1%) 39879 (0.9%) 49.1 (0.001%) 600 0.05
Table 3. Global annual mean microplastic (fragments and fibres) aerosol budget showing deposition processes, burden in tonnes (1 tonne

= 1000 kg), and lifetime across GLOMAP aerosol size modes in UKESM1.1-AMIP. Wet deposition can be calculated here as the sum of

impaction scavenging (washout) and nucleation scavenging (rainout). Percentages indicate the total fraction of loss that each pathway is

responsible for within each size mode. Fibres are only present in the super-coarse insoluble mode.

the greatest atmospheric lifetime occurring in the Aitken soluble mode (17.15 days).

290

Supplementary Table A1 presents the deposition fluxes of microplastics across different size modes as in Table 3, but

partitioned between land and ocean. For smaller microplastics, deposition occurs preferentially over land, with Aitken and

accumulation mode microplastics exhibiting the highest land-to-ocean deposition ratios. In contrast, larger microplastic modes

show greater deposition occurring over the ocean.

295

The more diffuse spatial patterns and better atmospheric mixing for soluble microplastics (Figures A2-A4) and greater

atmospheric lifetimes (Table 3)potentially highlights the ability of soluble microplastics to be incorporated into clouds and

water vapour, after which they are carried with the subsequent atmospheric movement. This enables them to travel longer

distances, especially if they are embedded in large weather systems like cyclones or fronts (Ryan et al., 2023).

3.4 Comparison with total aerosol concentration300

Table 4 compares present-day microplastic concentrations relative to the total aerosol concentrations within UKESM1.1-AMIP.

Across all size modes, microplastics represent a minor percentage of the total aerosol number concentration, with total mi-

croplastic particles comprising 0.0005% of the total atmospheric aerosol number concentration. The greatest relative contribu-

tion occurs within the super-coarse insoluble mode, where microplastics account for 0.0407% of total aerosol particles. This

higher percentage likely reflects the number of other represented super-coarse mode aerosols in GLOMAP, which is currently305

limited to super-coarse insoluble mode dust (see Table 1).
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Size Mode Microplastics (m−3) Total Aerosol (m−3) Percent (10−3%)

Aitken Insoluble 361 1.41× 107 2.6

Aitken Soluble 641 2.21× 108 0.3

Accumulation Insoluble 62.9 1.08× 106 5.8

Accumulation Soluble 212 4.47× 107 0.5

Coarse Insoluble 9.11 1.64× 105 5.6

Coarse Soluble 8.70 2.89× 105 0.3

Super-Coarse Insoluble 0.24 581 40.7

Total ∼1295 ∼2.8× 108 0.5
Table 4. Global annual-mean number concentrations of microplastic (fragments and fibres combined) and total aerosol particles (m−3) across

GLOMAP aerosol size modes in UKESM1.1-AMIP. The percentage that microplastic contribute to total aerosol is also displayed.

The insoluble percentage of Aitken, accumulation, and coarse mode microplastics display slightly higher relative contribu-

tions to total aerosol than their soluble counterparts. This results from the lower number of aerosol species represented in the

insoluble modes (see Table 1) and leads to a greater proportional influence of microplastic particles, which are only emitted

into the insoluble modes. However, even in these cases, microplastic number concentrations remain orders of magnitude lower310

than the total aerosol concentration, suggesting that their direct influence on aerosol number concentrations and CCN forma-

tion is likely minimal at current concentrations. This is reinforced by Supplementary Figure A6, which shows spatial patterns

and differences between microplastic and the control simulations for aerosol optical depth (AOD), CCN, and cloud droplet

number concentration (CDNC). Spatial patterns remain consistent across the simulations, with only minor regional variations

compared to the control. Only a few isolated regions exhibit statistically significant changes, which are inconsistent across the315

spatial patterns for AOD, CCN and CDNC.

3.5 Comparison with observations

To evaluate model performance, the observational dataset described in Section 2.6 is divided into two categories: active sam-

pling studies reporting atmospheric microplastic number concentrations, and deposition studies reporting microplastic deposi-320

tion fluxes. We note some difficulties with this approach due to both the limited observations and the lack of standardisation

across current observation methods; for sample collection, sample preparation and sample analysis. Observations are compared

to the corresponding UKESM1.1-AMIP output by selecting the nearest model grid cell in both latitude and longitude to allow

for the best comparison. Because many of the observation studies have detection limits down to ∼2 µm, only model output

corresponding to the super-coarse mode (fragments and fibres combined) is assessed. Figure 5 shows a spatial map of the325

available observational data for both active sampling and deposition, and a comparison with UKESM1.1-AMIP output. The
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comparison between the observations and model output is separated between land and ocean, although reported correlation

coefficient (r) values and root mean square error (RMSE) values are for land and ocean combined.

Figure 5. (a) Available observational microplastic number concentrations from active sampling studies (b) Comparison of observed concen-

trations from (a) with UKESM1.1-AMIP surface microplastic number concentrations at the nearest model grid cell (c) Available observa-

tional microplastic deposition fluxes from deposition studies (d) Comparison of observed deposition fluxes from (c) with UKESM1.1-AMIP

microplastic deposition rates (combined wet and dry) at the nearest model grid cell. The correlation coefficients (r) and root mean square

errors (RMSE) across (b) and (d) are calculated in log space, for the ocean and land measurements combined. The 1:1 (solid) and 1:10/10:1

(dashed) lines are plotted on (b) and (d) for reference.

For active sampling studies, Figure 5a shows a regional bias with most studies undertaken in Europe and Asia. The model330

generally simulates greater microplastic concentrations than the observations, often by a few orders of magnitude, and with

a poor correlation coefficient of r = 0.35 and RMSE of 5.09 (Figure 5b). This is particularly evident across studies reporting

low observed concentrations, where the model simulates a large range of microplastic concentrations. However the majority

of these studies are sampled over the ocean during a single observational study by Chen et al. (2023), and may not be repre-

sentative of the microplastic concentration. Figure 5c also shows that the observations of microplastic deposition are biased335

towards European and Asian locations. Comparisons with the model shows slightly lower correlation coefficient of r = 0.28,
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but a reduced RMSE of 3.85 (Figure 5d).

The disagreement between the model and observations is unsurprising, as observations represent a point source while the

model output is the average over each latitude/longitude grid cell. Regions of high spatial variability such as around urban340

population centres would be most impacted by this discrepancy. Furthermore, many of the observational studies to date used

micro-Fourier Transform Infrared Spectroscopy (µFTIR), which can only analyse microplastics of diameter 11 µm and larger

(Allen et al., 2022), i.e. it cannot resolve microplastics down to the 2.5 µm threshold of the UKESM1.1 super-coarse mode

(Table 2). This also accounts for some of the differences between the observations and the model.

345

4 Conclusions

In this study, we introduced atmospheric microplastic as an aerosol species into UKESM1.1, then presented results of global

microplastic concentration and deposition by running UKESM1.1 in an atmosphere only configuration. Assessing the vertical

transport of microplastics indicates that the smaller microplastics are well mixed in the troposphere, with some microplastics

also reaching the stratosphere in small numbers (Figures 3,4).350

The representation of microplastics in UKESM1.1 has high levels of uncertainty, largely due to the limited available of

observational data, both going into the emissions used in the model and for comparison with model output. The input of mi-

croplastics into climate models will require constant updating as our understanding of airborne microplastics increases, through

both increased sampling with good global coverage and the standardisation of collection and and analysis methodology. An-355

other large source of model uncertainty is the currently representation of microplastic fibres which are assumed to be spherical.

Fibres need to be treated as non-spherical particles with different settling velocities to microplastic fragments due to their

shape (Tatsii et al., 2024). Future iterations of the microplastics scheme will seek to incorporate better emissions estimates and

improve the representation of microplastic fibres.

360

Compared to total aerosol number concentrations, microplastics currently contribute a minor fraction (Table 4). With global

plastic production projected to increase substantially over the coming decades (Geyer et al., 2017), microplastic emissions and

consequently their contribution to atmospheric aerosol concentrations are expected to grow. This is particularly relevant in

regions influenced by strong sources of microplastics such as population centres which contribute through tyre-wear particles

and microplastic fibres from textiles.365

The incorporation of microplastics into UKESM1.1 provides a crucial step toward quantifying their present atmospheric

burdens and understanding their impact on the climate. It also paves the way for future studies assessing human exposure to

microplastics. The ability to simulate future emission scenarios of microplastics with UKESM1.1 allows for assessment of
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long-term impacts, highlighting the importance of including microplastics in Earth system models as plastic pollution contin-370

ues to escalate.

Code and data availability. Due to intellectual property rights restrictions, we cannot provide either the source code or documentation papers

for the UM. The data used to produce the figures and tables is available at https://doi.org/10.5281/zenodo.15127661 (McErlich, 2025).

Appendix A375
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Figure A1. Microplastic emissions extrapolated across varying size bins for (a) number concentration and (b) mass concentration. Green bars

represent reference emissions data from (Evangeliou et al., 2022). The orange bar indicates the bin from which emissions were extrapolated

for input to the model (blue bars).
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Figure A2. Annual-mean surface mass concentration of microplastic fragments in UKESM1.1-AMIP (2005–2014) for (a) Aitken, (b) accu-

mulation, (c) coarse, and (d) super-coarse insoluble modes. The global-, area weighted average is displayed on each subplot.
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Figure A3. As for Figure A2, but showing microplastic number concentrations.
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Figure A4. Annual-mean surface number concentration of microplastic fragments in UKESM1.1-AMIP (2005–2014) for (a) Aitken soluble

mode number (b) Aitken soluble mode mass (c) accumulation soluble mode number (d) accumulation soluble mode mass (e) coarse soluble

mode number (f) coarse soluble mode mass. The global-, area weighted average is displayed on each subplot.
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Figure A5. Annual surface concentrations of microplastic fibres in UKESM1.1-AMIP (2005–2014) for (a) super-coarse insoluble mode

number and (b) mass. The global, area-weighted average is displayed on each subplot.
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Figure A6. Annual mean aerosol optical depth (AOD), surface cloud condensation nuclei (CCN), and cloud droplet number concentration

(CDNC) from UKESM1.1-AMIP (2005–2014) for microplastic fragments, fibres, and the control simulation. (a-c) AOD, CCN, and CDNC

for the control simulation without microplastics respectively (d-f) same as (a-c) but for microplastic fragments (g-i) same as (a-c) but for

microplastic fibres (j-i) show the percentage difference between the microplastic fragments and control simulations for each variable. (m-

o) same as (j-i) but for microplastic fibres and control simulations. Stippling in the difference plots indicates areas where changes are not

statistically significant at the 95% confidence level.
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