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H I G H L I G H T S

Long-range transport has the main role for microplastic pollution in free atmosphere.
Microplastics from urban sites enter the free atmosphere mostly far from the release.
The sea is confirmed to be a potential source of microplastics in the atmosphere.
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 A B S T R A C T

In recent studies available in literature, long-range transport was suggested to play a main role in the motion 
of microplastics in the free atmosphere, whereas emission sources are located in the planetary boundary 
layer. In this framework, the Lagrangian particle dispersion model MILORD was used both in forward and 
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in backward modes to investigate the potential effectiveness of the transport and exchange of microplastics 
between the boundary layer and the free atmosphere. Two pioneering case studies from the literature were 
considered. The first where microplastics were detected in the free atmosphere above Madrid region, the second 
where microplastics were collected in the air at the top-mountain site of Pic Du Midi in the French Pyrenees. 
The simulations showed that the long-range transport plays the main role in determining the presence of 
microplastics in the free atmosphere above Madrid, while the emissions from the city affect mostly the air in 
the boundary layer, at regional scale in the surrounding area. The long-range transport towards Pic Du Midi 
site pointed out also potential contributions connected to the exchange between the marine environments and 
the atmosphere and to possible dust events from North Africa.
1. Introduction

The research dedicated to studying the atmospheric transport of 
microplastics has been advancing in recent years. Microplastics are 
defined as fragments, fibres and films of plastic with dimensions in 
the range from 1 μm to 5 mm. Their release in the environment is 
connected uniquely to anthropogenic activities, by domestic, industrial 
and agricultural sources. Processes such as the abrasion of daily-life 
plastic objects, including clothes, recycling or incineration of plastic 
wastes, traffic emissions by tyres and brakes, plastic mulching, sewage 
sludge used as fertiliser, degradation of plastic used for greenhouses, 
contribute to the microplastic population in the environment (see e.g. 
Mbachu et al., 2020; Shao et al., 2022). However, an accurate quan-
tification of the actual emissions from these sources is a research issue 
that still needs to be unfolded.

Microplastics have been found in urban sites (Dris et al., 2015; 
Klein and Fischer, 2019; Wright et al., 2020; Truong et al., 2021), 
in Oceans (Liu et al., 2019; Allen et al., 2020; Trainic et al., 2020; 
Wang et al., 2020; Allen et al., 2022), and remote areas like moun-
tainous sites, the Arctic and Antarctic (Bergmann et al., 2019; Allen 
et al., 2019; Zhang et al., 2021; Allen et al., 2021; Aves et al., 2022; 
Bergmann et al., 2022), indicating the role of regional and long-
range dispersion in the atmosphere. Brahney et al. (2021) suggest that 
‘‘Akin to global biogeochemical cycles, plastics now spiral around the globe 
with distinct atmospheric, oceanic, cryospheric, and terrestrial residence 
times’’, highlighting the importance of studying the plastic cycle and 
the contribution of the atmospheric transport in it.

A fundamental aspect governing the scale of the motion of airborne 
tracers in the atmosphere is the daily development of the boundary 
layer and the possible exchange of mass with the free atmosphere above 
it. Clearly, whenever pollutants enter the free atmosphere, they may 
be transported for longer distances due to stronger winds, suppressed 
turbulent diffusion and reduced removal processes, referring to gravita-
tional settling and dry deposition. Microplastics are released in the air 
inside the planetary boundary layer, where main sources are located. 
Their long-distance transport is thus strongly related to how effectively 
particles can enter the free atmosphere and be moved far from the 
release area. A few contributions studied this aspect, with different 
approaches.

Gonzalez-Pleiter et al. (2021) investigated the occurrence, spatial 
distribution, shape, and chemical composition of microplastics sam-
pled above the planetary boundary layer, by aircraft flying up to 
∼ 3500 m over different urban and rural areas in Spain. Numerical 
simulations were performed using HYSPLIT model (HYbrid Single-
Particle Lagrangian Integrated Trajectory, Stein et al., 2015) to evaluate 
the atmospheric transport and deposition of microplastics. They pro-
vided a first evidence of microplastic presence in the free atmosphere, 
discussing the potential long-range transport of particles released in the 
sampling areas.

Such evidence was shown also by the results of Allen et al. (2021), 
who studied the pathways of plastic particles detected in the air at 
the remote and high-altitude site Pic du Midi in the French Pyrenees, 
using both HYSPLIT and FLEXPART (FLEXible PARTicle dispersion 
model, Pisso et al., 2019) Lagrangian models, identifying the locations 
of potential source areas. The hypothesis at the basis of their study 
2 
is that finding microplastics in the free atmosphere would imply that 
the microplastic pollution, generated in the lower atmosphere, has 
the potential to influence remote and isolated areas. They considered 
that the top-mountain site is only occasionally affected by the pollu-
tion transported by thermal winds from the air masses in the valley 
boundary layer. We notice that sampling at the top of the mountain 
still means sampling inside the local atmospheric boundary layer, 
given that a boundary layer develops anywhere above the surface, 
as a consequence of the radiative processes and wind shear. Even if 
the Pic Du Midi samples may not be strictly representative of free-
atmosphere air masses, indeed given that no local sources are on site, 
the microplastics sampled there can be interpreted as evidence of long-
range transport, since the upslope and valley transport is said to be 
effective only occasionally.

A quantitative estimation of the microplastic concentration at the 
global scale was carried out by Evangeliou et al. (2022). Through the 
extrapolation of regional emissions and inverse modelling, they calcu-
lated global emissions of microplastics and reproduced their dispersion 
at the global scale. They considered that microplastic concentrations 
decline substantially from the surface, where microplastics are emitted, 
to higher altitude in the planetary boundary layer or in the free 
troposphere, providing an evaluation of the relative percentage of 
decrease.

In this research context, atmospheric dispersion models have been 
increasingly applied, in backward mode to trace back the provenience 
areas of microplastics and in forward mode to assess the impact of 
known emissions at the local up to the global scale (Allen et al., 2019; 
Evangeliou et al., 2020; Allen et al., 2021; Gonzalez-Pleiter et al., 2021; 
Brahney et al., 2021; Evangeliou et al., 2022). In particular, Lagrangian 
dispersion models of different degrees of complexity, have been applied 
in this field. They are based on a frame of reference moving with 
the average atmospheric motion and range from a simple procedure, 
generating deterministic trajectories, to more advanced approaches, 
reproducing the dispersion of airborne pollutants through the turbulent 
motion of fictitious numerical particles. The mean component and tur-
bulent diffusion of the particle movement are respectively determined 
by the local wind velocity and its fluctuations, these last being solutions 
of Lagrangian stochastic differential equations.

In a former contribution (Martina and Trini Castelli, 2023), we 
investigated the potential role of the long-range transport applying the 
Lagrangian particle dispersion model MILORD (Model for the Inves-
tigation of Long Range Dispersion, Anfossi et al., 1995) to the case 
study discussed by Allen et al. (2019), the first work addressing the 
transport of microplastics detected at a remote mountain catchment 
in the French Pyrenees. The long-range transport was found to be 
more feasible for microplastics characterised by a low settling velocity, 
and to be more reliably related to tracer parcels travelling in the free 
atmosphere and reaching the receptor site after entrainment from it 
into the atmospheric boundary layer. Here we extend our analysis 
of the long-range transport in the troposphere by investigating the 
effectiveness of the exchange between the planetary boundary layer 
and the free atmosphere. We refer to the case studies of Gonzalez-
Pleiter et al. (2021) and Allen et al. (2021), above introduced, since 
they gave the first evidence of the presence of microplastics in the 
free atmosphere. In the first case, we aim at tracing the potential 
source areas of the microplastics detected in the free atmosphere and 
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Table 1
Gonzalez-Pleiter et al. (2021) case study. Details of the three flights of the experimental campaign: the sampling took place in the morning, 
from 9 am to 1 pm Local Time (UTC+2)
 Flights Date cities covered characteristics  
 Flight 1 April 25, 2018 Madrid–Tarancón rural areas  
 Flight 2 May 23, 2019 Alcalá de Henares, rural and suburban areas  Guadalajara, Valladolid  
 Flight 3 June 17, 2019 Madrid, Guadalajara highly populated areas  
at discerning whether the microplastics released in a city, like Madrid, 
may feasibly represent the main source for their presence in the free 
atmosphere above it, or whether the long-range transport may be more 
effective, conversely. In the second case, we investigate whether the mi-
croplastics reaching a remote mountain-top are mostly conveyed there 
by travelling in the free atmosphere, compared to the transport in the 
boundary layer. The relative effectiveness of the long-range transport 
and of the vertical dispersion between the boundary layer and the free 
atmosphere is considered. A comparison with the findings in Allen et al. 
(2021) work, where two different Lagrangian models were used, also 
enables assessing the feasibility and reliability of MILORD model in 
reproducing the MP dispersion in the atmosphere even in its relatively 
simple configuration.

Microplastic(s), Planetary Boundary Layer and Free Atmosphere in 
the following are also referred to with the acronyms ‘MP(s)’, ‘PBL’ 
and ‘FA’, respectively. The two case studies and related results are 
summarised in Section 2, in Section 3 the main characteristics of the 
MILORD model are recalled and the performed simulations are pre-
sented. The main results achieved through various model simulations 
are discussed in Section 4 and conclusions are given in Section 5.

2. The case studies

For our investigation, we chose the two case studies by Gonzalez-
Pleiter et al. (2021) and Allen et al. (2021) because they were the 
first original works addressing the presence and transport of MPs in 
the FA, and posing the question of how ubiquitous such an emerging 
pollutant is in the atmosphere. Quantifying the intrusion of MPs from 
the PBL into the FA enables not only determining the potential global 
scale of their transport, but is also a first step to establishing whether 
a ‘background concentration’ of MPs in the air is already recognisable.

In both works numerical models were used, allowing us also to 
evaluate the applicability of our long-range dispersion model MILORD, 
by comparing the results of our backward and forward simulations with 
their original outputs and findings.

In the following sub-sections, a description of the two case studies 
and a summary of the results achieved by Gonzalez-Pleiter et al. (2021) 
and Allen et al. (2021) are reported.

2.1. Synopsis of the experimental campaign and numerical simulations by 
Gonzalez-Pleiter et al. (2021)

Gonzalez-Pleiter et al. (2021) is the first and among the few works 
reporting experimental evidence of the presence of MPs above the PBL. 
An experimental campaign was carried out by sampling MP concen-
tration in the air through three aircraft flights, from an altitude of 
≃ 700 m up to ≃ 3500 m a.s.l., over both high and low-populated 
areas in central Spain, near the city of Madrid and in the suburban 
and rural surroundings, south-east, north-east and north-west of the 
city. In Table  1 the main details of the flight campaign are reported. 
The authors considered that most of the MPs were sampled above 
the PBL, given that in the area its typical heights range from 500 m
to about 2000 m a.s.l.. Air samples were collected with filters, their 
microparticle content (both natural and anthropic) was analysed and 
MPs were identified. The highest MP concentration was found above 
Central Madrid, while the values were decreasing in less populated 
urban areas and rural regions.
3 
Numerical simulations forward in time were then performed using 
the HYSPLIT model, driven by the GDAS (Global Data Assimilation 
System) meteorological data, to evaluate the atmospheric transport 
and deposition of the sampled MPs. A unitary 1-hour release from the 
region of Central Madrid, in correspondence to coordinates 40.4167◦N 
latitude and 3.70325◦W longitude, was reproduced on June 17 2019, 
starting at 0900 a.m. local time (UTC+2), assuming that MPs were 
homogeneously distributed. The MP mass was released in the FA at 
the median sampling altitude over Madrid, 2800 m a.s.l., and the 
simulations lasted 1 h, 12 h, 24 h and 36 h. The emitted mass (1.1676 1012
MPs) was calculated based on the MP average concentration (13.9 ± 8.7 
MPs∕m3) measured in the sampling area (84 km2).

The MP deposition was shown to occur mostly close to the source 
area, and a secondary deposition trace was found near the Biscay 
Bay (see Fig. 4 in Gonzalez-Pleiter et al., 2021). The presence of MPs 
in northern France indicated that MPs may travel long distances away 
from their initial source. Based on their analysis, Gonzalez-Pleiter et al. 
(2021) concluded that densely populated cities can be an important 
source of MPs in the atmospheric compartment. Thus urban areas could 
be sources of MPs that may then be transported and deposited at distant 
areas, shedding light on the role of long-range atmospheric dispersion.

2.2. Synopsis of the experimental campaign and numerical simulations by 
Allen et al. (2021)

The experimental campaign carried out by Allen et al. (2021) re-
vealed the presence of MPs in the air, at the meteorological station of 
Pic Du Midi, located in the French Pyrenees (42◦ 56′ 11′′ N, 0◦ 8′ 3′′

E, 2877 m a.s.l.). The observational period covered four months, from 
June 23 to October 23 2017, and from active aerosol samplings MP 
particles were counted to estimate their relative concentration. Each 
sampling period lasted 7 days, each day from 21 to 14 UTC next 
day, for a total of 15 analysed samples characterised by about 70% of 
fragments and 30% of fibres, the latter identified as the particles with 
a length-to-width ratio of 3:1.

Several numerical 7-days-long simulations were performed, using 
both the HYSPLIT model, to trace the back trajectories and obtain air–
mass particle history trajectories, and the FLEXPART model, taking into 
account the mixing between the PBL and the FA and the atmospheric 
turbulence, to identify the potential source regions. For HYSPLIT a 
back-trajectory was run for each hour during the sampling period, 
starting at an altitude of 100 m a.g.l. (∼3000 m a.s.l.) and using ECMWF 
(European Centre for Medium Range Weather Forecasts) ERA-Interim 
analyses as meteorological input. In FLEXPART, for each hour of the 
sampling period, a continuous backward release of particles was done, 
at the site altitude of ∼ 3000 m a.s.l.. The 3-hourly meteorological 
ECMWF ERA-Interim analyses, with a grid resolution of 0.5◦ × 0.5◦, 
were used as input.

Simulations showed that on average, the traced-backward air
masses maintained an elevation above 2000 m a.s.l., travelling a mini-
mum of 275 km from the sample site over the full period. The authors 
noticed that for periods when the sampled MP quantities were large, 
the atmospheric transport occurred at lower elevations than for periods 
with fewer sampled MPs. Simulations related to samples with a higher 
amount of measured MPs showed a majority of trajectories crossing 
the Mediterranean Sea and Northern Africa. The trajectories connected 
to the lower amount of sampled MPs were instead arriving from 
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the Atlantic Ocean and North America. The authors found a positive 
correlation between the number of trajectories falling inside the mixing 
zone between the PBL and the FA and the average number of MPs 
arriving at the site. Such correlation was found both for the ocean 
and land areas, implying that land might not be necessarily a greater 
MP source influence and that MPs transported over the ocean into 
the FA through mixing might be both of terrestrial or marine origin. 
Based on the model simulations, they concluded that MPs may travel 
in the FA and that trans-ocean and trans-continental MP transport, 
thus long-range may occur, highlighting also the role that PBL plays 
in determining the MP concentration in the air masses, depending on 
their size.

3. The MILORD model simulations

MILORD is a stochastic Lagrangian particle dispersion model and 
was conceived to be a numerical research tool to simulate and predict 
on long-range the transport, dispersion, removal and deposition of trac-
ers from accidental releases (Anfossi et al., 1995; Desiato et al., 1998; 
Trini Castelli, 2012). The model was applied to study the impact of 
releases of radioactive substances after the Chernobyl accident (Anfossi 
et al., 1995) and from the Fukushima nuclear power plant (Boetti 
et al., 2018). MILORD was validated based on model intercompar-
isons in these contexts, achieving excellent results. The model was 
used also in the backward mode, to identify the potential source 
areas leading to peaks of CO2 and Black Carbon concentrations ob-
served at the background station of Plateau Rosa mountain observatory, 
3480 m a.s.l in the Italian Alps (Ferrarese and Trini Castelli, 2019; 
Ferrarese et al., 2024). Its first application to study the atmospheric 
dispersion of microplastics is documented in Martina and Trini Castelli 
(2023), and some additional investigation can be found in Martina 
et al. (2022, 2025). Details of the equations, parameterisations and 
algorithms implemented in MILORD can be found in the above cited 
articles.

Here we recall that the topography and meteorological input are 
derived by the ECMWF analysis fields. MILORD is a Random Dis-
placement Model, calculating the stochastic Langevin equation for the 
displacement of emitted virtual particles, representing a mass of the 
tracer or pollutant. The atmospheric dispersion is determined by a 
deterministic term, given by the advection due to the wind, and a 
stochastic term related to the turbulent diffusion. Short-time or con-
tinuous releases from point, line or area sources are treated, simulating 
the particle dispersion over scales from regional to long-range, from 
hundreds to thousand kilometres in space, and from one day to months 
in time. It is important here to remind that the development of the PBL 
follows a daily cycle and its height is calculated each time step at the 
specific location corresponding to the particle position. The method for 
calculating the PBL height is relatively simple and reproduces a growth 
of the convective layer during the day, accounting for the local dawn 
and sunset times and for the value of a mixing length representative 
of the mechanical turbulence, this last characterising even the stable 
conditions during night and the reduced PBL depths over the sea. The 
vertical motion of the Lagrangian particle is determined by the vertical 
component of the wind velocity and the vertical diffusivity. The only 
condition allowing the Lagrangian particle to cross the PBL height 
during its motion, and to move between the PBL and the FA, depends 
on the variation of the PBL height along its trajectory. A particle may 
pass from the PBL to the FA or viceversa only if, during the integration 
timestep, the PBL height becomes respectively lower or higher than 
the height at which the particle is moving. Despite the simplicity of 
the approach, analogous distributions of the particle trajectories inside 
and above the PBL were found when comparing MILORD simulations 
to those using FLEXPART model driven by a regional meteorological 
model in complex terrain (Ferrarese and Trini Castelli, 2019; Ferrarese 
et al., 2024).
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Dry and wet deposition, and when needed radioactive decay, con-
tribute to the depletion of the mass particle during its atmospheric 
motion, based on exponential reduction equations. All particles moving 
within the so called ‘precipitation layer’ (typically up to a height of 
5000 m in MILORD) contribute to the wet deposition, while only the 
particles travelling inside the PBL contribute to the dry deposition. 
When MILORD is used in the backward mode, a particle moving back 
in time inside the PBL can re-gain the corresponding mass that would 
be depleted in the forward motion, at each timestep.

In the following subsections, the configuration of MILORD model for 
the simulations of the two case studies is illustrated. The meteorological 
input files were elaborated by the ECMWF analyses, acquiring the 
fields on both a 0.5◦ × 0.5◦ grid, the grid resolution originally and 
typically used by MILORD model, and a 0.25◦ × 0.25◦ grid, to have 
the option of resolving the topography and atmospheric circulation 
in a more detailed way. An algorithm based on successive iterations, 
computing temporary displacements subject to a convergence condi-
tion (Reap, 1972), enables assigning physically reasonable positions to 
the pollutant particle when dealing with coarse-gridded meteorological 
input fields, both in time and space. This makes MILORD able to solve 
the transport suitably even at shorter scales than long-range. Analyses 
addressing MILORD sensitivity by varying the spacing of the input 
gridded fields did not show notable discrepancies, even close to the 
source.

We focused our investigation on the atmospheric dynamics deter-
mining the motion of the air masses containing the pollutant, where 
the MPs are treated as passive tracers. Thus, the possible effects related 
to the interaction between the atmospheric motions and particles of 
different shapes are not considered. To distinguish among different MP 
sizes or types, we performed simulations using settling velocities that 
characterise fibres or fragments.

3.1. MILORD simulations for the case study Gonzalez-Pleiter et al. (2021)

Several simulations were performed, both in forward and backward 
modes, in application to the Gonzalez-Pleiter et al. (2021) case study. 
The main goals were to (i) investigate whether the MPs sampled in the 
FA originate in the Madrid area or whether they might be transported 
there by regional or long-range distances, (ii) to assess the proportion 
of air parcels, containing the MPs, that are travelling into the PBL or in 
the FA, and (iii) to evaluate the time and spatial scales of the impact 
of Madrid city as a source of MPs.

The numerical domain considered for the simulations covered an 
area from 30◦W to 50◦E in longitude and from 35◦N to 75◦N in latitude. 
The emission source is centred in Madrid coordinates (40◦ 30′N, 3◦
40′W) and at different heights depending on the specific run. Here we 
show results for simulations using in input the ECMWF meteorological 
fields over a 0.25◦ × 0.25◦ grid, and a time step 𝛥𝑡 = 1080 s. The number 
of Lagrangian particles released for each simulations was 𝑁𝐿 = 103, 
each representing an ensemble of 𝑚𝑖 =

𝑄𝑡𝑜𝑡
𝑁𝐿

 MPs, where 𝑄𝑡𝑜𝑡 = 1012 MPs

is the number of MPs estimated by Gonzalez-Pleiter et al. (2021) within 
the considered emission volume. This last was determined on the area 
of 84 km2 and a height of 1 km or 10 m depending on where the release 
is performed, in the FA or when considering the city as an area source 
inside the PBL. Table  2 summarises the specific sets of parameters used 
for the different simulations, introduced in the following.

• Run_F_FA. Forward simulations, emission in the free atmosphere.
This simulation was aimed at replicating the simulations in Gonzalez-
Pleiter et al. (2021), in order to verify that MILORD results are in 
agreement with theirs. A single release lasting 1-𝛥𝑡 was reproduced and 
the particles were followed for 7-days, from June 17, 2019 at 07:00 
UTC to June 24, 2019 at 07:00 UTC. The first 36 h covered the time 
period considered in Gonzalez-Pleiter et al. (2021), the following days 
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Table 2
Main details of the MILORD model configuration for the Gonzalez-Pleiter et al. (2021) case study. The simulation period is 1 week for all runs.
 Parameter Run_F_FA Run_F_PBL Run_F_PBL_24h Run_B_FA  
 Type Forward in FA Forward in PBL Forward in PBL Backward in FA 
 Spatial resolution (degree) 0.25◦ × 0.25◦ 0.25◦ × 0.25◦ 0.25◦ × 0.25◦ 0.25◦ × 0.25◦  
 Time step 𝛥𝑡  (s) 1080 1080 1080 1080  
 Release height a.s.l. (m) 2300–3300 677–687 677–687 2300–3300  
 Release duration 1 𝛥𝑡 1 𝛥𝑡 24 h 1 𝛥𝑡  
 Settling velocity 𝑣𝑠  (ms−1) 0.1 variable 0.1 0.1  
Table 3
Values of the settling velocity estimated for airborne MPs in literature.
 Reference Settling velocity (ms−1) Particle types Dimensions (μm)  
 Allen et al. (2019) 0.1 dust particles 25  
 Wright et al. (2020) 0.32 non-fibrous microplastics, spherical 100  
 0.06 fibrous microplastics diameter/length = 20/400 
 Trainic et al. (2020) 0.001 sub-micron particles < 1  
Table 4
Main details of Allen et al. (2021) samples selected for the simulations and of the MILORD model configuration.
 Sample Measured 𝑁𝑀𝑃𝑠∕𝑚3 period of sampling and number of period of  
 Code (mean ± std) of (backward) simulation particles release  
 A02 0.66 ± 0.04 04 - 11/07/2017  
 A07 0.09 ± 0.02 16 - 22/08/2017 1000 each 𝛥𝑡 21 − 14 UTC each day 
 A14 0.34 ± 0.04 10 - 17/10/2017  
 

were examined to investigate the potential impact areas on a longer 
time scale.

The source volume was centred at the median altitude of 2800 m, 
as reported in Gonzalez-Pleiter et al. (2021) for their simulation on the 
same day, June 17 at 07:00 UTC, and the particle were released in the 
FA at heights ranging from 2300 to 3300 m.

• Run_F_PBL. Forward simulations, emission within the boundary 
layer: Madrid as a source.

The goal of these simulations was to test the hypothesis of Madrid as 
an active source of MP pollution above its own PBL and in the sur-
rounding areas. To this purpose, the 1-𝛥𝑡 particle emission, simulated 
in Run_F_FA, is reproduced in Run_F_PBL with a release within Madrid 
PBL, to investigate the scale of the particle dispersion. In this context, 
we evaluated the effect of different MP settling velocities, 𝑣𝑠, on the 
area of impact. We considered four values, as reported in Table  3, 
chosen from related literature following Allen et al. (2019), Trainic 
et al. (2020) and Wright et al. (2020), who estimated the settling 
velocity based on different theoretical approaches. Low values of 𝑣𝑠
generally refer to fibres while higher values are more representative 
for fragments.

A second simulation, Run_F_PBL_24h, reproduced a one-day contin-
uous release inside the PBL, and aimed to investigate the potential role 
of the entrainment of particles in the FA above the source accounting 
for the different stability conditions that develop during the day, from 
stable to convective. The emission was started on June 16 at 00:00 UTC 
and continued along all day, the simulations lasted one week, until June 
23 at 00:00 UTC.

For both runs, the emission volume had its base 15 m above Madrid’s 
altitude and a thickness of 10 m, so that particles were emitted at 
heights ranging from 677 to 687 m a.s.l., to be representative of an urban 
area source.

• Run_B_FA. Backward emission in the free atmosphere.
In this simulation, the trajectories of the Lagrangian particles that 
arrived in the sampling volume were traced backward. The goal was to 
identify the provenience areas and possible sources of the MPs detected 
in the FA above Madrid, to investigate the potential efficacy of the 
long-range transport more in depth. The emission date, the simulation 
period and the backward-release volume, here treated as receptor, 
5 
were the same as simulation Run_F_FA but backward trajectories were 
reconstructed. Specific parameters are reported in Table  2.

3.2. MILORD simulations for the case study Allen et al. (2021)

In application to the case study of Allen et al. (2021), three sim-
ulations were performed, covering three different sampling periods. 
The selection was done considering samples having respectively a high 
(code A02), an average (code A14) and a low (code A07) concentration 
of measured MPs with respect to the average observed during the entire 
campaign. In Table  4 the main characteristics of the chosen samples are 
reported.

To trace the provenience areas, the back trajectories of the La-
grangian particles were recreated considering a continuous back-release
lasting for the sampling hours 21–14 UTC of every single day in 
the sampling period, and the simulations, referred as Run_B_A##, 
lasted 7 days. The volume of the backward source, corresponding to 
a receptor, was defined with a horizontal extension of 20 × 20 m and a 
vertical extension of 100 m and was centred at Pic Du Midi coordinates 
(42◦ 56′ 11′′ N, 0◦ 8′ 34′′ E), at a height of ∼ 3000 m a.s.l. (∼100 m 
a.g.l.), as done by Allen et al. (2021). The simulation domain extends 
from 20◦N to 80◦N and 30◦W to 30◦E. The ECMWF analyses on a 
0.5◦ × 0.5◦ resolution grid were used in input, using the same grid 
spacing as in Allen et al. (2021), and the timestep was set to 𝛥𝑡 = 2160 s.

The identification of the MP provenience areas accomplished with 
MILORD simulations is firstly verified by comparing them with Allen 
et al. (2021) results. Then, the main goal here is to further investigate 
the respective roles of the local, regional and long-range transport, 
addressing whether the MPs reach mountainous remote sites mostly 
travelling in the FA and which is the potential contribution of the 
dispersion in the PBL.

3.3. Elaboration and analysis of the simulation outputs

To analyse the results, the simulation outputs were processed in 
different ways. Plots of the trajectories and their relative frequency 
inside the PBL or in the FA were produced, for both forward and 
backward runs. Contour maps of deposition and concentration fields 
were elaborated for the forward runs. The computational grid on which 
these quantities were processed had a resolution of about 0.1◦ × 0.1◦ in 
longitude and latitude. We recall that only the particles travelling inside 
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Fig. 1. Run_F_FA. Contour of the MP cumulated deposition field (MP number/m2) after 36 h of simulation, referred to Fig. 4 in Gonzalez-Pleiter et al. (2021). Map by Google©.
the PBL contribute with their pollutant mass to the dry deposition at the 
ground and to the concentration in the air. For the backward runs polar 
plots of the relative frequency of trajectories taking place in the PBL or 
in the FA were prepared, by counting the particles passing through the 
single cell in the post-processing grid.

To investigate the potential entrainment inside the PBL of particles 
released in the FA, the heights at which they are travelling were 
considered, the percentage of particles travelling above the PBL to the 
total number of active particles is plotted as a function of time, where 
with ‘active’ it is intended the particles in the troposphere that are still 
inside the simulation domain at a given time.

In addition, their mass was considered to estimate the relative 
percentage of particles travelling inside or above the PBL, and to assess 
the reliability of the predicted distance the particles may have travelled 
before reaching the site, referring to the back trajectories. We recall that 
in MILORD the tracer mass in the Lagrangian particle may decrease by 
deposition in forward mode or increase when back-trajectories are re-
constructed, by re-gaining what would be deposited in a corresponding 
forward run. Let us define 𝑁𝑝 the number of Lagrangian particles for 
which 𝑀(𝑡𝑒𝑛𝑑 ) ≤ 𝛤𝑀(𝑡𝑏𝑒𝑔), where 𝑀(𝑡𝑏𝑒𝑔) and 𝑀(𝑡𝑒𝑛𝑑 ) are the masses 
at the beginning and at the end of the particle trajectory, respectively, 
and 𝛤  represents the corresponding ratio of mass increase during the 
backward travel. Considering only the contribution of dry deposition 
and defining 𝛽 =

𝑁𝑝

𝑁𝑡𝑜𝑡
, where 𝑁𝑡𝑜𝑡 is the total number of released 

particles, we can estimate the percentage of particles that do not change 
their mass, thus travelling in the FA and having 𝛤 = 1, and those that 
re-gain their mass, thus travelling inside the PBL and having 𝛤 > 1. The 
plausibility of the travel distance may thus be inferred by considering 
a realistic mass increase.

4. Results of MILORD numerical simulations and discussion

The main results derived from the various numerical simulations 
are discussed, mainly considering (i) the distances from a city source 
at which MPs can be dispersed, also depending on the effect of their 
settling velocity, and (ii) the potential distances travelled by MPs before 
arriving at a remote receptor site and the efficacy of the long-range 
transport inside the PBL and in the FA.
6 
4.1. Results for Gonzalez-Pleiter et al. (2021) case study

The Run_F_FA simulation reproduced the MP dispersion after their 
release in the free atmosphere above Madrid as done in Gonzalez-
Pleiter et al. (2021), to compare MILORD simulation outputs with their 
results.

Fig.  1 shows the deposition pattern 36 h after the emission. Two 
main areas of cumulated deposition, calculated as number of MPs in 
a m2, are identified. The main one extends about 350 km north-east 
of Madrid, generated during the first 24 h. Then sparse zones are 
tracked in the central-northwest side of France, originated by masses 
arriving there from 24 up to 36 h after the release and passing over the 
Biscay Bay. To compare the dispersion pattern obtained by MILORD 
simulations with the results of Gonzalez-Pleiter et al. (2021), as in 
their Figure 4, the locations of the puff of particles are depicted in 
Figure 1 of the Supplementary Material, at 1, 12, 24 and 36 h after 
the release. The results of the numerical simulations with MILORD are 
overall comparable with those obtained with the HYSPLIT model, both 
qualitatively and quantitatively.

Fig.  2a shows the percentage of the Lagrangian particles travelling 
inside the FA (blue line) over the total number of active particles 
(green line). The number of particles moving above the PBL is mostly 
close to the total number of active particles, except for some periods 
of entrainment into the PBL related to its daily cycle. This remarks 
that particles released in the FA tend to stay in the FA. This analysis 
confirms the deposition pattern in Fig.  1, showing that the major 
contribution to deposition occurred within the first 36 h, when the 
number of particles travelling within the PBL is larger. Notice that the 
number of Lagrangian particles decreases in time because they start 
exiting the simulation domain, becoming inactive.

To determine the potential contribution of Madrid city as a source 
of MPs in the FA above its area, we refer to the results of Run_F_PBL, 
considering the emission within the PBL. Firstly we determined the 
extension of the areas around the source that are affected by the 
MP deposition at the ground, looking also at the corresponding MP 
concentration in the air. In this context, we tested the sensitivity to 
the settling velocity values, for both fragments and fibres (Table  3), by 
comparing their MP deposition and concentration fields in the domain.
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Fig. 2. Fraction of particles travelling above the PBL (blue line) as function of time, for the 1 − 𝛥𝑡 release simulations Run_F_FA (a), Run_F_PBL (b) and Run_B_FA (c). The green 
line indicates the number of active particles in percentage with respect to the total released particles.
Fig.  3 reports the contour plots representing the patterns of con-
centration (left column) and deposition (right column) for the four 
different settling velocities. As expected, for larger values of 𝑣𝑠 higher 
levels of deposition are found closer to the source, whereas for the 
lowest 𝑣𝑠 the particles maintain a larger mass thus leading to higher 
air concentrations over longer distances from the release location. To 
assess the effect of the alternative settling velocities, here representing 
different types of MPs, we normalised the values of the deposition and 
concentration obtained with 𝑣𝑠 = 0.001, 0.06, 0.32 ms−1 to those using 
𝑣𝑠 = 0.1 ms−1, adopted for the other simulations. In Figure 2 of the Sup-
plementary Material the curves of the normalised quantities are plotted 
as a function of the distance from the source. The variable behaviour of 
the curves depicting the ratios depends on the relative efficacy of the 
deposition and on the tracer content that remains in the Lagrangian 
particle and can still undergo deposition while moving further from 
the source. Within a 100 km distance, the ratios for the deposition 
(concentration) vary as 0.02−0.45, 0.76−2.8 and 1.31−7×10−4 (2.54−47, 
1.4 − 4.7, 0.35 − 2 × 10−4) for 𝑣𝑠 = 0.001, 0.06, 0.32 ms−1, respectively. 
This provides an estimate of the order of magnitude of the variability 
that can be expected when characterising the MPs through their settling 
velocity. It confirms, also through a quantitative comparison, that fibres 
and sub-micron plastic fragments are more likely subjected to long-
range transport, given that they are associated with lower values of 
the settling velocities.

To address the potential transport in the FA of the MPs emitted from 
Madrid inside the PBL, we tracked the height at which the particles 
are travelling. Fig.  2b highlights that, after their release in the PBL, the 
particles tend to move remaining inside it for a relatively long time 
period (∼10 hours, see also Figure 3 in the Supplementary Material) 
before starting to enter the FA. Therefore their passage from the PBL 
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over the urban area to the FA above it, in the experimental period and 
conditions considered, does not appear to be efficient.

To further assess the efficiency of Madrid as a potential active source 
of MP pollution above its own PBL, we refer to Run_F_PBL_24h where a 
24-hours continuous emission was simulated and followed for 1 week, 
using 𝑣𝑠 = 0.1 ms−1. During the simulation, about 10−3 of the released 
particles moved into the FA above Madrid’s area considering a ≃ 25 km
radial extension. To determine the potential distance covered by the 
particles released in the PBL, then travelling in it or moving into the 
FA, in Fig.  4 the distributions of their positions during the simulation 
period are plotted. Overall, the particles enter the FA at a distance 
of about 150–200 km from the source, then keep mostly travelling 
in it. These findings suggest that the emission from the city may not 
significantly contribute to the pollution in the FA above its own PBL. 
In the distribution, we notice a peak in the number of particles at 
about 300 km distance. This may be related to the plume impinging on 
the mountainous Pyrenees arc. The increase of the number of particles 
inside the PBL at distances between 750 and 950 km reflects the 
deposition traces found in Run_F_PBL in the north-western of France.

Fig.  5 shows the percentage of particles travelling in the FA com-
pared to the total number of active particles. During the first 20 h 
of continuous release only a fraction of particles move into the FA 
(∼20% maximum after about 10 h), and just after such period most 
of the particles are entrained within the FA. In the following hours, 
the cyclic variation of the number of particles travelling inside the FA 
is connected to the daily cycle of the PBL, that is the growth of a 
convective boundary layer, when thus particles may be captured back 
inside it by the entrainment process.

Also considering a continuous emission, thus itself subjected to 
a variable and time-dependent interaction with the atmospheric pro-
cesses, the exchanges of masses between the PBL and the FA above 
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Fig. 3. Run_F_PBL. Contours of the concentration (a,c,e,g) and deposition (b,d,f,h) fields 
for different settling velocities: 0.001 ms−1 (a,b), 0.06 ms−1 (c,d), 0.1 ms−1 (e,f), 0.32 
ms−1 (g,h).

it appear to be not efficient in the vicinity of the release source. This 
indicates that the contribution from Madrid might not necessarily be 
the primary one for the MPs detected in the FA above its area, and that 
those MPs might have originated in other areas, then being transported 
there by regional or even longer-range distances.

Whether the higher number of MPs detected above Madrid’s area 
compared to the rural areas was related to the MP emission from 
the city itself, as reasonably hypothesised by Gonzalez-Pleiter et al. 
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(2021), cannot be decisively and finally determined, because the sam-
plings were carried out in different periods. This implies that different 
meteorological conditions could have been the driver of different MP 
concentrations, beyond the role played by the emission sources. Thus 
it would not be possible to disentangle the two contributions, release 
and transport, in a conclusive way.

Through the backward simulation performed in Run_B_FA it was 
then possible to identify the potential areas of provenience of the 
MPs detected in the FA above the Madrid area. Besides tracking the 
particles’ back trajectories, we analysed how realistic their travel dis-
tance could be. Fig.  6 reports the distribution of the back-trajectories 
frequency, for the particles travelling in the FA (top panel) and in 
the PBL (bottom panel), through contour plots in percentage. The 
most frequent trajectories of Lagrangian particles that travelled in the 
FA come from the south-west, with a second signal from the north. 
The frequency of particles moving into the PBL is much lower, they 
come from the south-west and from shorter distances, as expected. The 
trajectory patterns of all particles and of those travelling above the PBL 
are reported in Figure 4 of the Supplementary material.

In Table  5 the different values of the 𝛽 parameter computed after 
one and two days of simulation – when the total number of active 
particles starts to decrease because they exit the simulation domain – 
are reported for 𝛤 = 1 and for three ranges of its value, considering an 
increase of the particle mass from 1.5 to 10 times the original value. 
This can give an indication of the time and space scales of the particle 
travels, also connected to the reliability of having an initial mass more 
and more loaded with MPs. As reported in the Table, most of the 
particles keep their mass unchanged (𝛤 = 1), which implies that they 
have travelled in the FA where settling processes are not effective. This 
remarks that particles that arrived at the quote reported by Gonzalez-
Pleiter et al. (2021) tend to have travelled within the FA, thus to have 
originated at larger distances than local ones.

The percentages of particles that increased their mass, for 𝛤 ≠ 1, are 
related to masses moving inside the PBL. The value of the percentage 
gives a hint of the time the particles spent in the PBL, a period during 
which they earned back their MP content in the backward modality of 
the MILORD model. In one day the particles that increase their mass by 
more than 5 times are a bit more than 19% and then almost 26% after 
two days, when the percentage of particles with a mass ten times larger 
than its final value increases much. This 𝛤  value may be retained as a 
reasonable threshold, suggesting that possible MP sources laying inside 
the PBL are to be searched within the first days of simulation, thus at 
distances characteristic of a local or regional scale.

These findings are confirmed by looking at Fig.  2c. Before entering 
the sampling area in the FA, part of the Lagrangian particles (10–20%) 
moved inside the PBL within the previous couple of days, but not in 
the time frame immediately before they arrived at the receptor point. 
Notice that in the days before reaching the receptor area, the particles 
were mostly travelling over the Ocean, where the PBL height is low and 
kept constant. Thus the exchange of mass between the PBL and the FA 
is not efficient and the active particles tend to remain in the FA layer 
where they entered.

4.2. Results for Allen et al. (2021) case study

The runs Run_B_A## simulated a continuous backward emission 
of particles during the three selected periods out of the samplings 
presented and discussed in Allen et al. (2021) study. This enables to 
identify the potential source areas of the MPs detected at the high 
altitude of Pic Du Midi station and to address the spatial scale of their 
travel before reaching the site.

Fig.  7 shows the contour plots of the trajectory frequencies for 
the sample A02 (top), A07 (centre) and A14 (bottom). The contours 
produced separately for the trajectories of particles travelling in the FA 
and inside the PBL are reported respectively in Figures 5 and 6 of the 
Supplementary Material. The outputs of MILORD are in agreement with 
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Fig. 4. Run_F_PBL_24 h distance distribution for simulated particles. The red line refers to particles travelling within the PBL while the blue line refers to particles travelling within 
the FA. The dashed violet line refers to the total number of particles.
Table 5
Run_B_FA. Percentage of particles expressed by the 𝛽 parameter for different 𝛤 intervals, after a simulation 
period of 1 and 2 days.
 Index 𝛽  (1st  day) 𝛽 (2nd  day) 
 𝛤 = 1 72.1% 65.4%  
 1 < 𝛤 < 1.5 0.4% 0.8%  
 1.5 < 𝛤 < 5 8.1% 7.9%  
 5 < 𝛤 < 10 4.5% 4.4%  
 𝛤 > 10 14.9% 21.4%  
Fig. 5. Run_F_PBL_24 h. Fraction of particles travelling above the PBL (blue) and the 
total number of active particle (green) as a function of time.

the results of Allen et al. (2021), as reported in their Supplementary 
Material, Figure 2 and Figure 3. The provenience areas of the air 
masses for case A02 are in the highest percentage from south-south-
west, then from north-west and south-east. A clear signal from North 
Africa connected to the highest amount of detected MPs is caught 
in Run_B_A02. The provenience areas in Run_B_A07 are from west-
9 
north-west, crossing the Atlantic Ocean before arriving at the site. 
In Run_B_A14 the direction of provenience is west-south-west and 
south-east, brushing the north-west coast of Africa.

To compare our simulation results with the findings in Allen et al. 
(2021), in Table  6 we report the values of some of the quantities 
given in their work and that we were able to estimate, considering 
that the single Lagrangian particle in MILORD is not tagged. Given 
the differences in the Lagrangian models and the approach used, and 
considering that they are applied on long-range, such comparison has 
to be interpreted as indicative of trends more than of absolute values. 
Here ⟨𝑧⟩ is the average height a.s.l. at which the particles travel during 
the simulation period, calculated by averaging the particles’ heights at 
each time step and then applying an average over the full simulation 
periods; ⟨𝑑⟩ is the average distance covered by the particles and was 
calculated as the average of the distances reached by the particles from 
the release point at the last time step; 𝑑𝑚𝑎𝑥 is the maximum distance 
reached by an active particle. The average quote ⟨𝑧⟩ is generally higher 
than in Allen et al. (2021). As additional information, in Figure 7 of 
the Supplementary material the time evolution of the average height 
is plotted together with the percentiles of its distribution. The average 
quote in MILORD keeps being above 3000 m in all cases, with some 
difference in the vertical spreading of the backward plume reaching 
the receptor point. Particles travelling close to the ground start lifting 
towards the site about 25 h before arrival. The average distance ⟨𝑑⟩
is longer in MILORD for samples A02 and A14, while shorter for A07, 
while the maximum distance is shorter for A02 and A07, and longer 
for A14, but the differences may depend also on the dimension of the 
simulation domain. MILORD simulations confirmed that the number of 
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Fig. 6. Run_B_FA. Contour plot of the trajectory frequency for particles above (top) and inside (bottom) the PBL. ‘‘Level’’ indicates the frequency of the trajectories normalised 
over their total number, respectively above and within the PBL.
Table 6
Run_A##. Estimates of the parameters characterising the backward dispersion for the three cases, compared to the Allen et al. (2021) ones.
 Cases < 𝑧 > (m a.s.l.) < 𝑑 > (km) 𝑑𝑚𝑎𝑥 (km) 𝑁𝑃𝐵𝐿 (%) 
 A02 (MILORD) 3663 3272 4221 8.  
 A02 (Allen) 2159 2047 6109 17.6  
 A07 (MILORD) 3563 3412 4193 5.1  
 A07 (Allen) 3022 4895 7890 0.3  
 A14 (MILORD) 3767 3281 3669 5.6  
 A14 (Allen) 3188 2721 1328 3.1  
 𝑁_𝑀𝑃 > 0.33 (Allen) 2747 ± 373 4992 ± 1097 9. ±  6.  
 𝑁_𝑀𝑃 < 0.33 (Allen) 3276 ± 425 3332 2. ±  1.  
particles travelling inside the PBL is found to be greater for the case of 
the highest number of MPs in the sample, as for A02 one.

To distinguish the potential source areas of particles travelling in 
the FA or inside the PBL, then arriving at Pic Du Midi site, we refer to 
the polar plots in Figs.  8 and 9, representing the respective frequency 
in percentage of the trajectories in the domain. The percentage is 
calculated normalising respectively to the total number of trajectories 
above the PBL and inside it. The centre of the plot is positioned at Pic 
Du Midi coordinates and the distribution of the frequency of trajectories 
is shown up to 1500 km distance from the receptor site.

Besides identifying the areas of provenience separated depending 
on the travel quote, the polar plots better highlight the distances 
characterising the regions of greater contribution, which generally stay 
within less than 500 km. The signal from North Africa is clearly linked 
to the long-range transport in the FA, as seen in Run_B_A02. The 
pathways over the Ocean are also mostly associated with the transport 
in the FA, looking at Run_B_A07 and Run_B_A14 in Fig.  8. As for the 
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plots of frequency inside the PBL (Fig.  9), it is interesting to notice 
the occurrence of signals also at distances farther than 1000 km, from 
south-south-east and some traces from the west for Run_B_A02, from 
north-west and just a light trace from east-south-east in Run_B_A07, 
from west-south-west and weaker from south-east in Run_B_A14. Such 
signals cover both land and marine environments, the Atlantic Ocean 
and the Mediterranean Sea. The trajectories inside the PBL covering 
marine areas indicate that part of the MPs reaching the Pic Du Midi site 
may have originated from the exchange and fluxes between the sea and 
the atmosphere, as it happens for sea salt and aerosol. The presence of 
such signals also above the PBL may be related to the exchange of air 
masses between the PBL and the FA, which can be effective during their 
long-range motion. Of course, the efficacy of such exchange depends on 
how the PBL daily variation is modelled, in a rather simplified way in 
MILORD.

In Fig.  10 the percentage of particles travelling above the PBL, 
normalised to the total number of active particles, is reported during 
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Fig. 7. Contour of the percentage of the trajectories for the A02 case (top), A07 
(centre) and A14 (bottom).

the sampling periods for the three simulations. It highlights that the 
largest part of the trajectories take place in the FA, confirming the role 
of long-range transport. The effect of the PBL daily cycle is also evident, 
more marked for the summer periods, leading to an increase of tracer 
masses entraining in it from the FA. To provide a quantification, the 
values of the 𝛤  parameter were calculated also for the three 7-day 
periods of this case study, as reported in Table  7. It was found that 
the percentage of Lagrangian particles maintaining their mass along 
all the simulation period (𝛤 = 1), thus always travelling in the FA, is 
larger for the samples containing the lowest number of MPs, as A07 
case, while it is confirmed that the majority of the particles travel 
inside the PBL for the sample with the highest number of MPs, A02. 
An intermediate distribution of the percentages is found for the average 
MP concentration related to A14 sample. The majority of the particles 
that have been travelling in backward mode inside the PBL (𝛤 ≠ 1) 
earned back less than 5 times their initial MP content, about 49% 
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for A02, 23% for A07 and 31% for A14 over the total number of 
particles. The threshold 𝛤 < 5 also in this case can be retained as a 
reasonable reference to infer the time and space scales of the transport 
from potential MP sources inside the PBL. Comparing the 𝛤  values with 
the correspondent in Table  5 for Gonzalez-Pleiter et al. (2021), where 
the MPs were collected fully in the FA and the mass transport occurred 
mostly in it, it may be inferred that the MPs samples collected in Allen 
et al. (2021) may be more reasonably representative of air parcels 
moving at the boundary between the PBL and the FA, as discussed in 
the introduction. We estimated that the average time spent by a particle 
in the PBL was, for both case studies, of the order of one day.

5. Summary and conclusions

In this work, we investigated the role of the long-range atmospheric 
transport in determining the presence of microplastics collected in the 
free atmosphere and at a high mountain top, where the contribution 
from the local transport due to the up-valley thermal winds might be 
assumed to be poorly effective. Even if we do not consider the air sam-
pling at a mountain-top as made directly in the free atmosphere, given 
the remote and high altitude conditions the presence of microplastics 
can be retained as evidence of long-range transport.

We referred to two previous studies, respectively Gonzalez-Pleiter 
et al. (2021) addressing the presence of microplastics in the free atmo-
sphere above the Madrid region, and Allen et al. (2021), investigating 
the origin of microplastics collected in the air at Pic du Midi monitoring 
station. Simulations with the Lagrangian particle dispersion model 
MILORD were conducted, both in forward and backward modes. Firstly, 
we verified that the MILORD simulations were correctly reproducing 
the dispersion patterns presented in the two studies. Backward simula-
tions enabled us to determine the time and space scales of the transport 
inside and above the atmospheric boundary layer, and to identify 
the possible source regions and related microplastic pathways. Our 
investigation highlighted the predominant role of long-range transport 
in both cases. It was possible to estimate that the time scale related to 
the transport inside the boundary layer is of the order of one to a few 
days, for distances from tens to a few hundred km.

In application to Gonzalez-Pleiter et al. (2021) case, the motion of 
the microplastics detected in the free atmosphere above Madrid was 
followed in forward mode for the following couple of days, showing 
that most particles that entered the free atmosphere tend to remain 
inside it for some hundred km before passing into the boundary layer 
where they contribute to ground deposition. In addition, we inves-
tigated whether the city of Madrid may be considered an effective 
source of microplastics in the free atmosphere above its area and which 
could be instead source regions of particles from long distances. The 
simulations showed that the tracer emitted from the city tends to 
disperse over distances of tens to a few hundred km, before entering 
the free atmosphere. Advection can be expected to play a major role 
in transporting air masses containing a pollutant released close to the 
ground or, anyway, inside the boundary layer. We thus retain that a city 
like Madrid may weakly contribute as a direct microplastic source for 
the free atmosphere above its area, probably only in strong convective 
conditions when the entrainment process between the atmospheric 
boundary layer and the free atmosphere can be more effective. This 
aspect needs additional deepening, by using Lagrangian models that 
solve the atmospheric processes at the regional and local scale, thus 
able to reproduce the exchanges between the boundary layer and the 
free atmosphere with a more advanced and refined approach. Using 
a long-range model with a relatively simple parametrisation of the 
boundary-layer daily development, like MILORD, may limit the accu-
racy of the results. However, the strength of the Lagrangian models, 
being themselves grid-free, is that the parcel motion is followed at 
all scales with the same accuracy, leading to a complete description 
of all the phases of dispersion, close and far from the source. Thus, 
the predictions provided by MILORD simulations can be considered 
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Fig. 8. Polar plot of the frequency of the particle trajectories above the PBL for Run_B_A02 (left), Run_B_A07 (centre) and Run_B_A14 (right). The percentage is calculated 
normalising to the total number of trajectories above the PBL.
Fig. 9. Polar plot of the frequency of the particle trajectories inside the PBL for Run_B_A02 (left), Run_B_A07 (centre) and Run_B_A14 (right). The percentage is calculated 
normalising to the total number of trajectories inside the PBL.
Fig. 10. Fraction of particles above PBL normalised to the number of active Lagrangian particles, for Run_B_A02 (blue line), Run_B_A07 (red line) and Run_B_A14 (green line).
Table 7
Runs_A##. Percentage of particles expressed by the 𝛽 parameter for different 𝛤 intervals, after a simulation period of 7 days.
 Index 𝛽  A02 𝛽  A07 𝛽  A14 
 𝛤 = 1 36.2% 71.9% 61.3%  
 1 < 𝛤 < 1.5 28.2% 16.1% 20.4%  
 1.5 < 𝛤 < 5 21,% 7.1% 10.2%  
 5 < 𝛤 < 10 5.2% 2.6% 3.3%  
 𝛤 > 10 9.4% 2.3% 4.8%  
12 
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sufficiently reliable in depicting the dispersion trend even at scales finer 
than long-range.

For the Allen et al. (2021) case study, we traced back the poten-
tial source areas in three different periods, related to high, low and 
average numbers of sampled microplastics. It was found that even 
if most particles moving inside the boundary layer were travelling 
over land, a signal was found of particles arriving at the site after 
passing over the Atlantic Ocean or the Mediterranean Sea. This result 
gives an indication of the potential role of the marine environment 
as a source of microplastics, which can enter the atmosphere and be 
transported over long distances. The contribution of oceans and seas to 
microplastics in the atmosphere was suggested and discussed in Allen 
et al. (2020), Evangeliou et al. (2020), Allen et al. (2021), and the 
possible mechanisms of the microplastic exchange between the sea 
and the air were investigated by Shaw et al. (2023). Yet, the share 
of the marine environment to the atmospheric microplastic budget is 
still an open issue (Yang et al., 2022; Brahney et al., 2021) and needs 
further studies. The MILORD simulations also confirmed the pathways 
originated from North Africa, highlighting the potential transport of 
microplastics during the dust events at the long-range scale. As in 
the original work, it was found that for the sample with the highest 
microplastic content the largest number of particles arrived at the site 
after travelling mostly inside the planetary boundary layer, confirming 
that such high concentration may occur when the mixing between the 
boundary layer and the free atmosphere is effective. Overall, MILORD 
results are in agreement with those obtained by the combination of 
two Lagrangian models, HYSPLIT and FLEXPART, used in Allen et al. 
(2021) for their advanced and in-depth study on the mixing between 
the boundary layer and the free atmosphere. This is additional support 
for retaining MILORD findings reliable enough to describe and interpret 
the vertical exchange of polluted parcels between these two sublayers 
of the troposphere.

As for the regulated air pollutants, even for microplastics numerical 
modelling brings a fundamental contribution both in estimating the 
potential impact and in providing indications to design environmental 
policies and strategies for emission reductions. The unknown facts and 
uncertainties related to studying the airborne microplastics are indeed 
still large, and more contributions are necessary. The implications of 
the microplastics’ shape, generally irregular and aspherical, of their size 
and specific aerodynamics on modelling their atmospheric dispersion 
remain largely unknown. Our next research efforts aim at deepening 
the investigation both with an experimental approach (Musso et al., 
2024), to assess the interactions of such emerging pollutant with the at-
mospheric processes, and with a modelling approach, using local-scale 
Lagrangian models like SPRAY (Tinarelli et al., 2000; Trini Castelli 
et al., 2023) to better represent and resolve the exchanges between 
the ground and the atmosphere, the boundary layer and the free 
atmosphere.
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