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Abstract Microplastics (MPs) can be transported into clouds, where they may act as ice nucleating particles
(INPs). However, MPs have not been considered as contributors to INP concentrations. Here, we quantify road
traffic‐related MP number concentrations, and estimate their contribution to total INP concentrations using the
atmospheric transport model FLEXPART. We find that under a high emission scenario ice‐active MPs can
account from about 0.1% to more than 40% of the total INP number in immersion freezing conditions in the
tropics, whereas for cirrus conditions, their contribution can be up to about 7% over the tropical Pacific and up to
about 20% over East Antarctica. Thus, in regions where other effective INPs are rare, ice‐active MP
concentrations may be sufficient to trigger heterogeneous nucleation of ice crystals in mixed‐phase clouds or
cirrus. This suggests that MP may affect cloud formation and highlights the need to reduce uncertainty in MP
emissions and their fate in the atmosphere as plastic use continues to grow.

Plain Language Summary Microplastics are tiny plastic particles that can travel long distances
through the air and reach remote regions. However, microplastics have been overlooked in studies of cloud ice
formation, which is induced by so‐called ice nuclei—particles that help to form ice crystals. This model study
explores how many microplastic particles from road traffic are in the atmosphere and how much they contribute
to ice nuclei concentrations compared to other particle types, such as dust or sea spray. We find that
microplastics can account for up to 40% of all ice nuclei under certain freezing conditions. Thus, microplastics
may trigger ice crystal formation in clouds, thereby affecting cloud properties, which are important for the
global climate. As plastic production and usage is expected to increase, further research into microplastics'
impact on the atmosphere is crucial.

1. Introduction
Microplastics (MPs), defined as synthetic organic polymers ranging in size from 1 μm to 5mm (Hale et al., 2020),
have been documented in various environmental compartments including oceans, soils, and the atmosphere
(Ahmed et al., 2022). Due to their relatively low density, small size, and often complex shape, MPs can be
transported over long distances within the atmosphere (S. Allen et al., 2019; Kau et al., 2024) and reach the upper
troposphere (Bucci et al., 2024). In the atmosphere, MPs are exposed to UV radiation and oxidants such as ozone,
which can cause changes in their morphology such as surface roughening, formation of pores, and increased
specific surface area, and make MPs more hydrophilic (Jiang et al., 2023). Hygroscopicity can also be increased
by biofilm coatings (Teska et al., 2024). These factors can activate MPs as cloud condensation nuclei (CCNs) or
ice nucleating particles (INPs), affecting cloud formation and the size distribution of cloud droplets and ice
crystals, with possible consequences for the Earth's radiation budget and climate (Aeschlimann et al., 2022).

Estimating the impact of MPs on clouds remains a challenge (Aeschlimann et al., 2022). Nevertheless, in recent
years, interest in MPs as potential INPs has been growing. Wang et al. (2023) and Xu et al. (2024) documented the
presence of MPs in cloud water. Ganguly and Ariya (2019) found that polymers such as polyethylene (PE) and
polypropylene (PP) can indeed act as INPs. More recently, Seifried et al. (2024) and Busse et al. (2024)
demonstrated that PE, PP, polyethylene terephthalate (PET), polyvinyl chloride (PVC), and low density poly-
ethylene (LDPE) can heterogeneously nucleate ice in the immersion freezing mode, the dominant freezing
pathway in the mixed‐phase cloud regime (Murray et al., 2012). According to Seifried et al. (2024), the number of
ice nucleation sites per surface area of PE, PP, and PET is similar to those of fungal spores and volcanic ash. These
findings suggest that it is important to investigate the role of MPs as potential INPs in the atmosphere. Mixed‐
phase and cirrus clouds play a critical role in the climate system affecting precipitation formation, the energy
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balance of the Earth, and its response to global warming (Gasparini & Lohmann, 2016; Gasparini et al., 2023;
Korolev et al., 2017; Matus & L’Ecuyer, 2017; Murray et al., 2021; Tan et al., 2016).

In this study, we simulate the atmospheric transport of particles from the largest primary source of MPs, which are
emissions related to road traffic. This includes tire wear particles (TWPs), brake wear particles (BWPs), particles
from road markings or painted coatings on the road surfaces (RMPs), and from polymer‐modified bitumen
(PMBPs). We focus on these sources because they are relatively well known compared to other MP sources, for
which emission estimates often deviate by orders of magnitude. Polymers are widely incorporated as additives in
tires, road markings, and bitumen to enhance their resistance to the fluctuations of temperature or humidity, and
UV degradation (Vogelsang et al., 2018). Mechanical abrasion caused by friction between the moving tire and the
road surface leads to the wear of tires, road markings, and asphalt. Similarly, BWPs are released due to the friction
between brake linings and rotating components.

Despite their recognized presence in the atmosphere (Harrison et al., 2012; Morioka et al., 2023; Myszka
et al., 2023), road traffic‐related MPs have never been considered as important contributors to the total INP
concentrations on the global scale, even though road dust in general does contribute to INPs in urban areas (Chen
et al., 2024). Therefore, the aim of this study is to quantify road traffic‐related MP number concentrations and
their potential contribution to the total INP number concentrations based on atmospheric transport model
simulations.

2. Materials and Methods
We follow a five‐step procedure to obtain MP number concentrations: (a) estimation of road traffic‐related MP
emissions from wear of tires, brakes, road markings, and polymer modified bitumen; (b) development of size
distribution scenarios and estimation of airborne fractions for each size; (c) simulation of the atmospheric
transport of MPs using a Lagrangian particle dispersion model; (d) estimation of the fraction of MPs that act as
INPs; and (e) comparison of the obtained values with existing estimates of total INP number concentrations in
mixed‐phase and cirrus clouds.

2.1. Emissions of Road Traffic‐Related MPs

According to Kole et al. (2017), annual emissions of TWPs are 0.81 kg per person, which is equivalent to a global
total of 6,350 kt/year, based on a global population of 7.84 billion in 2020. We assume that 50% (3,175 kt/year) of
these emissions are MPs, since typically 30% of the tire mass is styrene‐butadiene rubber and 20% is butadiene
rubber (Grigoratos & Martini, 2014). Following the results of Evangeliou et al. (2020), which are based on
GAINS (Greenhouse gas‐Air pollution Interactions and Synergies) model output (Amann et al., 2011), global
emissions of BWPs are 175 kt/year. Based on Burghardt and Pashkevich (2023) and Enfrin et al. (2022), the
median global emission of MPs from road markings is 0.063 kg per person per year, which corresponds to a total
of 494 kt/year worldwide. According to the estimates of Pyshyev et al. (2016), 11,093 kt/yr polymer‐modified
bitumen is used worldwide for road surfaces. About 5% of weight are polymers, that is, at most 555 kt/year
MPs could be emitted into the environment.

2.2. Airborne Fractions and Size Distribution of MPs

Adding the contributions from all road traffic‐related sources, the global total MP emission into the environment
is 4,399 kt/year. However, only a fraction of this total emission enters the atmosphere. For each MP source, the
emissions were therefore weighted by their assumed airborne fractions (Table 1). These fractions are subjects to
significant uncertainties due to multiple influencing factors such as vehicle type and speed, tire type, road surface
type, weather conditions, and the use of road salt or sand in winter (Evangeliou et al., 2020; Hussein et al., 2008).
In this study, we adopt the approach of Evangeliou et al. (2020), who provided estimates for the airborne fractions
of MPs smaller than 10 μ m (PM10 and PM2.5) from TWPs and BWPs. We use their lower and upper bounds for
each size mode and emission type as our lower and upper case scenarios (Table 1). According to Kreider
et al. (2010) and Broeke et al. (2008), PM10 emissions from RMPs account for 4% of the total emissions, whereas
PM2.5 accounts for 1%. For PMBPs, the PM10 fraction is 35%, whereas PM2.5 is 10% (Snilsberg et al., 2008).
We use these reported airborne fractions for RMPs and PMBPs as both the lower and upper bounds. Throughout
this study, we will refer to the minimum airborne MP fraction scenario as MIN and to the maximum airborne MP
fraction scenario as MAX.
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As noted by Evangeliou et al. (2020), the size distribution within the PM10 and PM2.5 modes of road traffic‐
related MPs are highly uncertain. We follow several studies that provide various scenarios for TWPs and
BWPs (Evangeliou et al., 2020), road marking particles (Broeke et al., 2008; Kreider et al., 2010), and asphalt
particles (Snilsberg et al., 2008). The scenarios are shown in Figures 1a–1d. Similar to Evangeliou et al. (2020),
for our model simulations, we discretize the particle size distribution into six size classes, where the PM2.5 mode
is represented by three size classes with volume equivalent diameters, deq, of 0.5, 1.0, 2.1 μm; and the PM10mode
by six size classes with deq of 0.5, 1.0, 2.1, 3.2, 6.0, and 9.5 μm. Note that size distributions are expressed in terms
of relative mass contribution of each size bin to total PM10. For TWPs and BWPs, the contributions are refer-
enced to the total PM10 emissions, which is considered representative of the airborne fraction of TWP and BWP
emissions (Evangeliou et al., 2020). A similar approach was applied to RMPs and PMBPs.

Table 1
Scenarios of MP Airborne Fractions for Each Emission Type: TWPs, BWPs, RMPs, and PMBPs

Emission type

Airborne fraction scenario, %

MIN MAX

PM2.5 PM10 PM2.5 PM10

Tire Wear Particles (TWPs) 0.25 2.5 4 40

Brake Wear Particles (BWPs) 30.00 60.0 70 100

Road Marking Particles (RMPs) 1.00 4.0 1 4

Polymer Modified Bitumen Particles (PMBPs) 10.00 35.0 10 35

Note. The MIN and MAX scenarios for TWPs and BWPs are similar to the airborne fraction scenarios proposed by
Evangeliou et al. (2020). Details on the fractions for RMPs and PMBPs can be found in Section 2.2.

Figure 1. Size distribution scenarios of TWPs, BWPs, RMPs, and PMBPs (a–d) and global map of total MP emissions from
road traffic using road lengths as a proxy (e). Size distributions are expressed in terms of mass contribution per size and
represented by colored lines. Panels (a and b) have been reproduced from Evangeliou et al. (2020). Panels (c) and (d) show
the size distribution of PMBPs and RMPs, based on the studies of Snilsberg et al. (2008), and Kreider et al. (2010); Broeke
et al. (2008), respectively.
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Our resulting estimates of the atmospheric emissions of road traffic‐related MPs are expressed as averages over
the size distribution scenarios ( x̄) ± standard deviation (σ): 259 ± 9 kt/year (1.0 ⋅ 1023 ± 1.8 ⋅ 1022 particles/
year) for the MIN scenario and 1005 ± 139 kt/year (3.2 ⋅ 1023 ± 5.6 ⋅ 1022 particles/year) for the MAX scenario.
These results are between the lower and the higher bound of estimates of D. Allen et al. (2022), who report
deposition of atmospheric MPs into the marine environment ranging from 13 to 25,000 kt/year.

To place our total MP emissions in context, it is useful to compare our estimates with global emissions of mineral
dust, which is considered the most important source of INPs (Froyd et al., 2022; Murray et al., 2012; Seinfeld
et al., 2016). According to Evangelou et al. (2024), annual mineral dust emissions in 2018 were approximately
2,200Mt/year, corresponding to 1.1 ⋅ 1026 particles/year in PM10mode, which is three orders of magnitude larger
compared to global road traffic‐related MPs. Although this would suggest that MPs are a minor contributor to
atmospheric INP concentrations, one has to bear in mind that the size distribution of mineral dust particles is
shifted to a coarser mode compared toMPs, their density is much higher and their aspect ratios are generally lower
than those of MP particles (Abbasi et al., 2023). For example, the modeling study of Evangelou et al. (2024)
reveals that the global residence time of resuspended spherical MPs is about 6 days, whereas for resuspended MP
fibers, it extends to about 9 days. In contrast, the mean global residence time of mineral dust in the atmosphere is
estimated to range between 2 and 6 days (Checa‐Garcia et al., 2021; Groot Zwaaftink et al., 2016; Tegen
et al., 2019). All these factors lead to shorter atmospheric lifetimes of mineral dust particles compared to MPs and
need to be considered for a meaningful comparison. Furthermore, the geographical distribution of emissions of
MPs and mineral dust differs substantially. MPs from road traffic are predominantly emitted in or near populated
areas (as in our modeled emissions, see Figure 1e), whereas mineral dust mainly originates from the sparsely
populated regions with bare soils.

We assume that all MP particles are fragments with an aspect ratio (AR) of 3, which is an average value based on
several measurement studies (Järlskog et al., 2022; Kovochich et al., 2021; Sommer et al., 2018; Wilkinson
et al., 2023). Following Evangeliou et al. (2020), the density of the simulated particles is set to 1234 kg/m3. In a
final step, the global MP emissions were spatially disaggregated using the paved road length data from the GRIP4
global road database as a proxy (Meijer et al., 2018) (Figure 1e).

2.3. Simulations of Atmospheric Transport

We performed atmospheric transport simulations using a modified version of the Lagrangian dispersion model
FLEXPART version 11 (Bakels et al., 2024b) based on hourly ERA5 global meteorological re‐analysis data
(Hersbach et al., 2020) with 137 vertical levels and a grid resolution of 0.5°× 0.5°. The model simulates the global
transport, turbulent diffusion, convection, as well as dry and wet deposition of particles. For the calculation of the
particles' trajectories, FLEXPART uses the mean winds from the meteorological input data, parameterized sto-
chastic turbulent motions in the atmospheric boundary layer, and a stochastic convection scheme. Gravitational
settling velocities are added to the vertical air velocities to transport the particles (Tatsii, Bucci, et al., 2024a).

We performed a continuous release of 25 million particles per size class, each carrying the same fraction of the
globally emitted mass, and with release locations distributed according to our road network proxy (Figure 1e).
Their atmospheric transport and deposition was simulated for 2.5 years (from July 2014 to December 2016), of
which the first six months were considered as model spin‐up and discarded. The result of the simulations is a
monthly averaged 3D field of MP mass concentration (Mconc). Number concentrations (Nconc) were obtained
using the following formula: Nconc = Mconc/(ρ ⋅Vp), where ρ is the particle density and Vp the volume of a
particle in the size bin.

According to Aeschlimann et al. (2022), UV aging can alter the hydrophobicity of airborne MPs. In the wet
scavenging scheme, their CCN and INP efficiencies were set to values of 0.5 and 0.8, respectively, to be
representative of relatively hydrophilic particles (Evangeliou et al., 2020). It is important to note that the exact
scavenging efficiencies of MPs are not known. To address this uncertainty, we conducted a sensitivity test where
we reduced the scavenging efficiencies (0.25 for CCN efficiency and 0.4 for INP efficiency).

2.4. Ice‐Active MP Fraction and Comparison to Total INP Concentrations

For determining the ice‐active fraction of MPs, we distinguish two different regimes: mixed‐phase clouds where
immersion freezing is the dominant freezing mode, and cirrus clouds for which also deposition nucleation is
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important. We determine the fraction of spherical particles that can trigger immersion freezing ( f r) as a function
of air temperature (T) in the range from − 18°C to − 28°C based on the empirical data for PET provided in Figure
2b in Seifried et al. (2024):

f r = 0.0159 ⋅ T2 + 0.6284 ⋅T + 6.2157 (1)

We use empirical data on the frozen fractions of spherical PET particles as representative of other polymers such
as PP and PE. Seifried et al. (2024) show that aged or non‐aged PET, PP, and PE with uniform shapes exhibit
similar ice nucleation efficiencies. Consistent results were reported by Busse et al. (2024), who observed similar
ice nucleation efficiencies for non‐aged PP, PET, and LDPE. The fitted relationship (goodness‐of‐fit: R2 = 0.97)
was then applied to mask and weight the number concentrations of ice‐active particles within the specified
temperature range (− 18°C to − 28°C). Within the temperature range of − 28°C to − 38°C, all particles are
considered ice‐active. We then compare the MP‐derived INP concentrations with the total (dust and marine‐
sourced) INP concentrations that can trigger immersion freezing as modeled by Herbert et al. (2025). Their results
are in good agreement with measured INP concentrations and align well with another modeling study (Chatzi-
paraschos et al., 2023).

MPs are also thought to be able to trigger ice nucleation under cirrus conditions, either through deposition
nucleation or immersion freezing of coated MP particles (Aeschlimann et al., 2022). However, the potential of
MPs to initiate ice nucleation under cirrus conditions (i.e., at temperatures colder than the homogeneous freezing
temperature of water) is still unknown. To cover the range of plausible ice‐active fractions of MPs, we propose
three possible ice‐active fractions ( f r) for MP particles in cirrus clouds: 0.001, 0.01, and 0.1. The fractions were
chosen based on the assumption that MPs are, on average, less effective INPs compared to certain types of dust.
We neglect the dependence of MP ice nucleation on RHice, which is relevant for cirrus conditions only, as there
are no studies looking into it.

We compare the obtained MP INP concentrations at cirrus conditions with the total mineral dust INP number
concentrations as modeled by Beer et al. (2022). Note that Beer et al. (2022) do not provide data for marine‐
sourced INP number concentrations. Their estimates are consistent with previous modeling studies (Gasparini
& Lohmann, 2016; Hendricks et al., 2011; Kuebbeler et al., 2014). We neglect other possible INP sources from
their study due to their low concentrations or small ice‐active fractions, and large uncertainties. For consistency
with Beer et al. (2022), we adopt their definition of cirrus clouds, characterized by temperatures colder than 238 K
and ice water content greater than 0.5 mg/kg, within pressure levels ranging from the surface to 10 hPa. Tem-
perature and specific cloud ice water content fields were retrieved from the ERA5 meteorological reanalysis
(Hersbach et al., 2020).

We also compare our results with the mineral dust number concentrations in cirrus cloud conditions measured
during the Atmospheric Tomography Mission (ATom) (Wofsy et al., 2018) and reported in Figure 5c (black
circles) of Froyd et al. (2022). Their reported values are spatial averages across five latitudinal ranges from
approximately 86°S to 82°N and in cirrus‐forming regions (T < 235 K and below the cold point tropopause). We
limit our comparison to simulated MP particle size bins of 0.5, 1.0, 2.1, and 3.2 μm, since the airborne Particle
Analysis By Laser Mass Spectrometry (PALMS) instrument (Thomson et al., 2000), used to measure mineral dust
during the campaigns, covers only the size range from 0.1 μm to 5.0 μm in diameter.

3. Results
We first present the spatial distribution of simulated road traffic‐related MPs, followed by their INP number
concentrations and estimates of the MP contribution to the total INP number concentration. The “total” INP
concentration refers to the sum of mineral dust, marine‐sourced, and MP INPs for mixed‐phase clouds, and the
sum of mineral dust andMP INPs for cirrus clouds. Regions of the globe, for which we report the spatial averages,
are shown in Figure S1 in Supporting Information S1.

Simulated seasonal means of MP number concentration as a function of latitude and height are illustrated in
Figure 2. MPs are dispersed throughout the troposphere and can reach high altitudes, such as the tropical
tropopause, as well as remote regions, including those near the Poles (Figure 2). The highest concentrations are
associated with the highest road traffic density—and thus the bulk of MP emissions (Figure 1e)—and are found in
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the Northern Hemisphere (NH). Number concentrations >1/L extend up to approximately 2 km in altitude in the
NH during DJF (December‐January‐February) and up to approximately 4 km in JJA (June‐July‐August) under the
MAX scenario (Figures 2a and 2b). This pattern is consistent with deep convection during NH summer,
particularly over East Asia and southern North America (Figure 3), transporting MP particles to T<‐20°C, where
they can affect ice nucleation (see Section 2.4) (Figures 2a and 2b). The Southern Hemisphere (SH), characterized
by less road traffic, exhibits lower concentrations. In tropical regions (30°S–30°N), within the layer from about
10 km (− 38°C) to the tropical tropopause, where cirrus clouds form frequently, the maximum observed con-
centration is 0.1/L under the MAX scenario, with concentrations an order of magnitude lower in the MIN scenario
(Figure 2). When scavenging efficiencies are reduced by 50%, MP number concentrations generally increase
(Figure S2 in Supporting Information S1). For instance, under the MAX scenario, concentrations exceeding 1/L
extend up to 4 km in altitude in the NH during DJF and reach the tropopause level during JJA (Figures S2a and
S2b in Supporting Information S1).

3.1. Relevance to Mixed‐Phase Clouds

Clouds containing varying amounts of liquid or ice mass frequently populate such regions as the Southern Ocean
and the Arctic (Korolev et al., 2017), exerting a particularly important control on high latitude climate. Moreover,
remote oceanic regions at high latitudes contain low burdens of natural INPs (Herbert et al., 2025). In particular,
cloud properties above the Southern Ocean were shown to be very sensitive to INP concentrations; a failure to
represent these correctly leads to substantial radiative biases in climate models (Vergara‐Temprado et al., 2018).

Figures 3c–3d and 3g–3h and Figures S3c–S3d, S3g–S3h in Supporting Information S1 illustrate the geographical
distribution of MP particles at pressure levels between 900 and 600 hPa, which are relevant for mixed‐phase cloud
formation. As we can see, the MP concentrations are relatively high over NH with spatial mean concentrations of
approximately 3/L (0.8/L) at 900 hPa and approximately 1/L (0.3/L) at 700 hPa in the case of MAX (MIN)
scenario (Figures 3c–3d and 3g–3h).

Figure 2. Seasonal mean number concentrations of road traffic‐related MPs as a function of latitude and height, expressed in
N/L (particles per liter). Panels (a and b) and (c and d) show results for theMAX andMIN scenario, respectively, in each case
averaged over all scenarios of the emitted size distribution (Figures 1a–1d). Values are shown for December‐January‐
February (DJF; panels a and c) and June‐July‐August (JJA; panels b and d). The solid black line shows the climatological
mean thermal tropopause, black dashed lines are climatological mean isotherms.
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In regions of low dust and thus very low natural INPs such as over the Southern Ocean and the Arctic (Herbert
et al., 2025; Kanji et al., 2017), already small concentrations (<0.1/L) of INPs could initiate the freezing of cloud
droplets (Vergara‐Temprado et al., 2018). At 900 hPa, the average MP number concentrations over the Southern
Ocean and the Arctic are about 0.05/L and 1.5/L, respectively, in the MAX scenario and 0.01/L and 0.4/L,
respectively, in the MIN scenario. At 700 hPa, the concentrations in these regions are slightly lower, 0.05/L and
0.7/L, respectively, in the MAX scenario and about 0.01/L and 0.2/L, respectively, in the MIN scenario.

In the following,we compareMP INPnumber concentrations undermixed‐phase cloud conditions (at temperatures
between 0°C and − 38°C) with themodeled estimates of mineral dust andmarine‐sourced INP concentrations from
Herbert et al. (2025). In regions such as the SouthernOcean and theArctic, themean relative contribution ofMPs to
the total (mineral dust,marine‐sourced aerosols, andMP) INP concentration in theMAXscenario is about 0.2%and
0.7%, respectively, and about 0.06% and 0.2%, respectively, in the MIN scenario (Figures 4c and 4d). The relative
contribution of MP to INPs is particularly large in areas of tropical convection (15°S–15°N), which are populated
by anvil clouds, the most frequent and radiatively important cloud type in the tropics (Berry & Mace, 2014;
Hartmann & Berry, 2017). Even small changes to anvil cloud properties, for example, due to increased rate of
heterogeneous drop freezing in convective updrafts or in aged anvil clouds can lead to substantial changes in
radiative budgets (Hawker et al., 2021), highlighting the importance of INPs in such regions.Our estimates indicate
that in theMAX (MIN) caseMPs contribute on average 7% and up to 16% (on average 2% and up to 6%) of the total

Figure 3. Annual mean number concentrations of traffic‐related MPs at different pressure levels, expressed in N/L (particles
per liter). Shown is the average over all scenarios for the emitted size distribution (Figure 1e). Left (a–d) and right (e–h)
panels show MAX and MIN scenarios, respectively. Panels (a and e) indicate number concentrations at approximately
200 hPa; (b and f) at 400 hPa; (c and g) at 700 hPa; (d and h) at 900 hPa.
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(mineral dust, marine‐sourced aerosol andMP) INP concentration at those conditions. In the region of 30°S–30°N,
the average relative contribution of MPs is 7% and 2% under the MAX and MIN scenarios, respectively, but can
locally reach values of up to 41% and 19% (Figures 4c and 4d).

3.2. Relevance to Cirrus Clouds

Figures 3a–3b and 3e–3f and Figures S3a–S3b and S3e–S3f in Supporting Information S1 show the annual mean
MP number concentrations at 100, 200, 300, and 400 hPa, pressure levels where cirrus clouds typically form. The
highest concentrations are found in the Northern Hemisphere, especially over the North Atlantic, southern North
America, and East Asia. For tropical cirrus cloud formation, the focus is on the 100 and 200 hPa levels. Although
deep convection transports ice crystals that freeze under mixed‐phase conditions or through homogeneous drop
freezing up to the tropopause (Bolot & Fueglistaler, 2021), ice nucleation is the dominant mode of cirrus for-
mation in the tropical tropopause layer, above the level of mean convective outflow (Jensen et al., 2013, 2017).
Here, average MP concentrations are about 0.05/L in the MAX scenario, and about 0.01/L in the MIN scenario
(Figure 3a). Concentrations vary across regions with the largest occurrence of cirrus clouds, such as the Pacific
Ocean (0°–30°N), Central Africa, and South East Asia (Gasparini et al., 2023; Sassen et al., 2008). For example,
under the MAX scenario, concentrations over these regions reach approximately 0.1/L (Figure 3a). Under the
MIN scenario, concentrations in these regions are even smaller. At 400 hPa, the average concentrations in mid
latitudes range from about 0.3/L in NH to about 0.1/L in the SH in the MAX scenario and from about 0.1/L to
0.02/L in the MIN scenario (Figures 3b and 3f).

Figures 4e and 4f compares the contribution of road traffic‐related MPs to the mineral dust INP number con-
centration in cirrus clouds of Beer et al. (2022). In the MAX scenario, MPs account for an average relative

Figure 4. Annual mean of microplastic INP number concentration (a and b) and contribution of the road traffic‐relatedMPs to
the total number concentration of INPs in mixed‐phase regime as modeled by Herbert et al. (2025) (c and d) and in cirrus
cloud conditions as modeled by Beer et al. (2022) (e and f). Number concentration is expressed in N/L (particles per liter).
Shown is the average over all size distribution scenarios (Figures 1a–1d). Panels (a, c, and e) and panels (b, d, and f) show
MAX and MIN scenarios, respectively. Black dashed lines are climatological mean isotherms. The three colorbar tick labels
under panels (e and f) represent the value ranges when assuming different fractions of cirrus‐active INPs from MPs ( f r),
corresponding to 0.001, 0.01, and 0.1 (see Text S1 in Supporting Information S1 for details). No cirrus clouds are present in
hatched areas.
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contribution of approximately 1%, with a maximum of about 7% over the
tropical Pacific and an average relative contribution of approximately 6%,
with a maximum of about 20% over the East Antarctic, when assuming the
ice‐active fraction of MPs to be 0.1 (Figure 4e). However, the importance of
MPs is negligible in regions with large burdens of mineral dust, such as
Africa, northern South America, and the Tibetan plateau. In the MIN sce-
nario, the average relative contribution is approximately 0.4% and 2% with
the highest contribution of about 3% and 7% over the tropical Pacific and East
Antarctic, respectively (Figure 4f). With ice‐active fractions of 0.01 and
0.001, contributions decrease by one and two orders of magnitude, respec-
tively (Figure 4).

We also compared our MP number concentrations with the mineral dust
number concentrations measured during the ATom campaigns (Wofsy
et al., 2018) in cirrus cloud‐forming regions (Table 2). Our simulated MP
concentrations in all regions are approximately two orders of magnitude

lower than the measured mineral dust concentrations. However, given the large spatial and temporal variability in
both measured and modeled dust number concentrations, differences can be substantially smaller in individual air
masses.

4. Discussion and Conclusions
In this study, for the first time, we estimate the number concentrations of road traffic‐related MPs throughout the
troposphere and investigate whether these concentrations are high enough to affect cloud formation. To do this,
we performed simulations of the atmospheric transport of MP particles emitted by road traffic under two sce-
narios. We found that MPs are dispersed throughout the troposphere and can reach regions with low concen-
trations of natural ice‐nucleating particles. Due to their smaller size, lower density and usually greater aspect
ratios, MP particles may be more efficiently transported to higher altitudes and remote regions compared to
mineral dust.

In immersion freezing conditions, the contribution of MPs can account for 7% on average and exceed 40% of the
total (mineral dust, marine‐sourced aerosol, and MPs) INP number concentration in parts of the tropics in the
MAX scenario. In this scenario, simulated MP number concentrations can reach up to 0.1/L in the tropics above
10 km, whereas in the MIN scenario, concentrations are an order of magnitude lower. Furthermore, under cirrus
cloud conditions, the contribution of MPs can be as high as 7%, with an average value of about 1% in the tropical
Pacific and as high as 20%, with an average value of about 6% in East Antarctic for the MAX scenario. These
findings suggest that in certain regions, MP concentrations may be sufficient to induce heterogeneous nucleation
of ice crystals in mixed‐phase or cirrus clouds, especially when other effective INPs, such as mineral dust, marine
particles, or bioaerosols, are present in lower concentrations or absent. Thus, MPs may be able to substantially
affect cloud formation. These findings provide new insights into the potential role of MPs as INPs, highlighting
their possible impact on cloud formation and other atmospheric processes.

It is important to note that the reported results represent spatial and temporal averages and that MP concentrations
are considerably variable. In certain regions, such as those influenced by higher MP emissions or specific at-
mospheric conditions, the local contribution of MPs to INP concentrations could be much higher than the reported
averages.

Nevertheless, our analysis has some limitations. One of them is the highly uncertain size and shape distribution of
emitted MPs. So far, we have reported values only as averages over these size distributions. However, when MP
emissions are dominated by smaller (PM2.5) particles, MPs contribute an average of about 9% and can exceed
50% of the total INP number concentration (including mineral dust, marine‐sourced aerosol, and MPs) under
immersion freezing conditions in the tropics in the MAX scenario. In contrast, when larger particles dominate, the
average contribution of MPs for the same conditions is around 4% and the maximum is around 30%, values that
are slightly lower than those reported as the average over all size distributions. Under cirrus conditions in the
tropical Pacific, the maximum contribution of MPs reaches approximately 10% when smaller particles dominate
and about 5% when larger particles are more prevalent, with corresponding average contributions of 2% and 0.1%

Table 2
Comparison of the MP Number Concentrations With the Number
Concentrations of Mineral Dust in Cirrus Cloud‐Forming Regions (Froyd
et al., 2022) Measured During the ATom Campaign (Wofsy et al., 2018)

Latitude range

This study (MPs), (N/L)

ATom (dust), (N/L)MIN MAX

− 80° to − 60° 0.006 0.02 ∼6

− 60° to − 27° 0.01 0.04 ∼6

− 27° to 27° 0.02 0.05 ∼5

27° to 60° 0.05 0.14 ∼70

60° to 80° 0.05 0.16 ∼80

Note. Only simulated particles with deq = 0.5, 1.0, 2.1, 3.2 μm are
considered, to be consistent with the measured size range.
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in the MAX scenario. Clearly, shifting between size distribution scenarios results in noticeable differences in MP
contributions.

A further limitation of our study is the omission of different aging processes, such as exposure to UV irradiation,
ozone, aqueous sulfuric acid, aqueous ammonium sulfate, or biofilm coating. Busse et al. (2024) reported that UVB
exposure increased the ice nucleation efficiency of PP and PVC but decreased it for LDPE and PET. Similarly,
exposure to aqueous ammonium sulfate significantly enhanced the efficiency of LDPE and PVCwhile reducing it
for PP and PET. According to Teska et al. (2024), biofilm coatings onmicroplastics substantially increase their ice
nucleation efficiency, reaching levels comparable to efficient INPs such as bacteria, fungi, and lichen. Addi-
tionally, prolonged UV irradiation can fracture airborne particles, forming smaller particles. This fracturing pro-
cess reduces settling velocity, enhances vertical transport, andmay create additional ice nucleation sites on particle
surfaces (Seifried et al., 2024). Understanding the interaction of MPs with various environmental factors is
therefore critical to assessing their ice nucleation efficiency. This highlights the need for further research.

In our study, we also do not consider the diverse chemistry of MPs, which is a crucial factor that may influence
their ice nucleation efficiency in various ways. MPs in the atmosphere consist of a wide range of polymers, each
containing varying levels of additives, stabilizers, and anti‐aging agents. Depending on the polymer type, the ice
nucleation efficiency can remain unchanged, increase, or decrease under certain conditions (Busse et al., 2024;
Seifried et al., 2024).

Our modeling analysis focused specifically on road traffic‐related MPs as potential INPs. However, the total
contribution of MPs could be significantly larger when considering additional sources of MP pollution, such as
emissions from industry, consumer products, agriculture, and secondary emissions. For instance, Brahney
et al. (2021) estimated the secondary emissions from the ocean to be the main source of MPs to the atmosphere. In
addition, particles with higher aspect ratios (AR> 20), that is, larger surface areas, such as elongated fibers, or of
smaller sizes (deq< 0.5 μm) have a greater transport potential and consequently longer residence times in the
atmosphere than those considered in this study. This can potentially increase the INP number concentrations at
high altitudes. Additionally, as noted by Seifried et al. (2024), elongated particles contain a larger number of
active sites that trigger ice nucleation compared to spherical particles of the same mass, and thus initiate freezing
at warmer temperatures. As we have shown, increased hydrophobicity can lead to higher overall MP number
concentrations. Nevertheless, the exact scavenging efficiencies of MP particles at the moment of their emission
into the atmosphere and during subsequent aging remain uncertain.

Another critical point is the absence of in situ observations of MPs at high altitudes, which limits our ability to
validate the obtained MP concentrations. Given this, and the demonstrated possible importance of MPs for ice
nucleation, we highlight the necessity of more extensive high‐altitude sampling of MPs.

Finally, MP concentrations in the atmosphere could grow significantly in the future due to the nearly threefold
projected increase in plastic production by 2060 (OECD, 2022), potentially amplifying the role of MPs in cloud
formation and, consequently, in the climate system. This underscores the importance of further research into MPs
as INPs and their potential impacts on climate.
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