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1. Introduction

Microplastic (MP, <5 mm) is of great concern as an emerging contami-
nant. In recent years, atmospheric microplastics (AMPs) have been ubiqui-
tous in the air, especially in urban areas. The abundance of AMPs can range
from as low as 0.17 items/m? to as high as 5700 items/m?> (Li et al., 2020c;
Yuan et al., 2023; Zhu et al., 2021). MPs are more easily transported over
long distances in the air compared to MPs in water or soil (Bullard et al.,
2021; Zhang et al., 2019). The presence of AMPs in the pristine mountain
(Allen et al., 2019), remote lake basin (Dong et al., 2021), and polar regions
(Bergmann et al., 2019), indicates that the long-range atmospheric trans-
port of MPs is substantial and should not be ignored. Anthropogenic activ-
ities in urban areas are the main source of AMPs (Evangeliou et al., 2022;
Liu et al., 2019b). These pollutants can be transported over long distance,
and their journey generally begins at the ground level. The transport of
AMPs is a complex three-dimension process, involving both vertical and
horizontal movement. Of the two, vertical transport plays a critical role in
determining the distance of long-range transport (Kim et al., 2023; Zhen
etal., 2021).

Evidence shows that AMPs can be transported vertically to higher levels
(Allen et al., 2021; Gonzalez-Pleiter et al., 2021). However, the vertical
transport efficiency and mechanisms of AMPs are not fully understood.
Generally, the vertical transport of pollutants from near-ground to higher
altitudes is dynamically controlled by turbulence and convection, which
are highly dependent on the thermal stratification within the atmospheric
boundary layer (Miao et al., 2019; Petija et al., 2016). Temperature inver-
sion can impede the upward diffusion of air pollutants from ground level,
resulting in the accumulation of pollutants (Zhang et al., 2020a). The pres-
ence of an urban underlying surface can further complicate the diffusion of
pollutants due to changes in atmospheric dynamics (Miao et al., 2019; Miao
et al., 2015b). For instance, in densely populated and built-up urban areas,
the atmospheric temperature at low altitudes may increase, which can
change atmospheric stability and aggravate local air pollution (Miao
et al., 2015a). Cities are often the source of MP pollution (Allen et al.,
2019; Wright et al., 2020), so it is essential to understand the vertical distri-
bution of AMPs on the urban underlying surface to better comprehend the
long-range transport of AMPs.

Previous studies on air pollutants have utilized tethered balloons, air-
craft, unmanned aerial vehicles, and meteorological towers to measure
the vertical distribution of their concentrations (Liu et al., 2020; Manoj
et al., 2020; Shi et al., 2022; Zhou et al., 2020). Although tethered balloons
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and unmanned aerial vehicles offer higher vertical resolution, their sample
collection is limited by flight height and cannot be conducted for extended
periods of time, such as 12 or 24 h. Furthermore, the sampler for active
pumped sampling should remain energized during the sampling period
(Liu et al., 2022; Shruti et al., 2022; Zhu et al., 2021), which leads to the
fact that these methods are rarely considered in AMP studies. Aircraft sam-
pling was applied in an AMP study in Spain, which revealed the presence of
AMPs above the atmospheric boundary layer (Gonzalez-Pleiter et al.,
2021). However, the low altitude samples (<500 m) were not collected
due to flight requirements, making it difficult to analyze the vertical distri-
bution. To date, several studies have reported the occurrence of AMPs at
different heights above the ground level, and the heights of these studies
mostly depend on the terrain altitudes, such as mountains (Allen et al.,
2019; Gonzéalez-Pleiter et al., 2021; Napper et al., 2020). However, the
mountains are generally located far from urban areas, which cannot accu-
rately reflect urban AMP pollution. Tower-based observation is a more ef-
fective approach to studying the vertical distribution of air pollutant
concentrations in urban areas, which can provide the characteristics of pol-
lutants at multiple heights. This method has been widely used in many stud-
ies over the last decade. For example, Lee et al. (2015) conducted a study on
oxynitride (NOx) concentration based on a 190 m tall BT tower located in
central London. Sun et al. (2015) observed the interactions between the at-
mospheric boundary layer and aerosol chemistry on a 325 m meteorologi-
cal tower situated in urban Beijing.

The Canton Tower, which is the tallest tower in China and is well-
equipped with meteorological monitoring platforms and facilities, provides
a unique platform to study the distribution and transport of AMPs in the at-
mospheric boundary layer. In this study, we measured the abundances and
characteristics of AMPs at four different heights on the Canton Tower for
the first time. Our aim was to describe the vertical profile of AMPs and in-
vestigate the effects of atmospheric layer structure and meteorological con-
ditions on AMPs vertical transport within the atmospheric boundary layer.

2. Materials and methods
2.1. Study site and sampling method

The Canton Tower is located in urban Guangzhou, with a total height of
604 m (Fig. 1). Air quality monitoring stations of the Guangzhou Environ-

mental Monitoring Center are established at the four heights of the Canton
Tower (ground level, 118 m, 168 m and 488 m), which are also part of the
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Fig. 1. Sampling sites at different heights of the Canton Tower in Guangzhou.
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long-term urban air quality monitoring network in Guangzhou. The stations
provide data regarding meteorological conditions and air quality at four
heights. Meteorological parameters include temperature, wind direction,
wind speed, rainfall, pressure, and relative humidity. Nitric oxide (NO), ni-
trogen dioxide (NO-), NOyx, ozone (O3), carbonic oxide (CO), sulfur dioxide
(SO5) and particulate matter (PM, s, PM;) are among the eight typical air
pollutants that are monitored every day. The study site is located in the
urban center of Guangzhou; therefore, meteorological conditions and air
quality at different heights can reflect the vertical atmospheric environ-
ment over the urban underlying surface.

This study is designed to analyze the vertical distribution and transport
of AMPs in the atmosphere near the ground level by determining the AMP
abundance at different altitudes. Air samples were collected at ground
level, 118 m, 168 m and 488 m (above the ground level) of the tower,
where the monitoring stations were situated, as shown in Fig. 1. The sam-
pling was completed using a medium flow total suspended particle sampler
(KB-6120, Jinshida, Qingdao) for two weeks (from Sep. 9th to Sep. 27th of
2021). Sampling was carried out every other day for 24 h, with an intake
flow rate of 100 L/min. For sampling at 488 m, a small flow automatic
film-changing particle sampler (PNS 16T-3.1, Comde-Derenda) was chosen
specifically for the safety of working at altitudes. The three-week period of
daily sampling (from Sep. 9th to Oct. 8th of 2021) was interrupted every
day for five minutes to change the filters. All samples were collected on
Whatman glass microfiber filters with a 1.6 pm pore size (47 mm and
90 mm in diameter for the middle and small flow samplers, respectively).
After sampling, the folded filter was carefully wrapped by aluminum foils.

2.2. Quantification and verification of AMPs

Microplastics are generally uniform in color, light glossy and stretchy,
with no cell or organic structures (Chen et al., 2020; Song et al., 2015).
Based on these visual characteristics, the suspected MPs were selected
under a microscope (Olympus SZX10, Japan). In the meantime, the charac-
teristics of suspected MPs, including size, shape, and color, were
photographed and recorded with an equipped digital camera (Olympus
DP80, Japan) on the microscope.

Micro-Fourier Transform Infrared Spectroscopy (FTIR) analysis (Nicolet
iN10, Thermo Fisher, U.S.A.) was used to verify the composition of MPs.
The test condition is set to reflection mode, scanning 16 times per second
with a resolution of 4 cm ™. The composition of MPs could be identified
by comparing the reflection spectra of each suspected MP with the built-
in standard spectra library. According to previous studies, the component
with a match >60 % could be regarded as the composition of the measured
MP (Liu et al., 2019a; Yuan et al., 2023).

2.3. Quality assurance

To ensure impurity-free filters, all filters and laboratory supplies were
baked for 4 h at 450 °C in a muffle furnace and covered in aluminum foil
while not in use. During the procedure, the usage of plastic products was
minimized. For example, the wire was used to fasten suspended particulate
samplers instead of nylon rope. All metal or glass materials used were me-
ticulously cleaned with Milli-Q water and covered in aluminum foil when
not in use. An all-cotton lab coat, cotton mask, and nitrile gloves were al-
ways worn when working with samples in order to reduce contamination.
Additionally, the lab doors and windows were kept closed. Three labora-
tory blanks were set in each of the steps for MP isolation and polymer iden-
tification in the laboratory. All six blank samples were free of MPs.

2.4. Data processing

Following previous studies (Allen et al., 2021; Wright et al., 2020), the
aerodynamic diameter was adopted to describe the size of the AMPs, which
was calculated using the following equation:

D~ (d, In 20)"° Dy e))
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In which D is the aerodynamic diameter, d, is the density of the article,
0 is the aspect ratio of particles and Dp is the cylindrical diameter of
particles.

The software packages Excel 2019 and SPSS 24.0 were used for all sta-
tistical analyses, and Origin 2020b was used to create the final graphs. In
this study, the standard deviation (SD) was used to measure the fluctuation
of the data and statistical significance was accepted at p < 0.05 in all statis-
tical tests.

3. Results and discussion
3.1. Occurrence and characteristics of AMPs

Microplastics were detected in all samples (N = 52), and 198 of the 406
suspected AMPs were verified. Fig. 2a displays the time series of AMP abun-
dances at various heights. Overall, the abundance of AMPs ranged from
4.20 x 10> to 0.13 items/m>, and slight fluctuations occurred in daily
abundance at each height. The average abundances were 0.05 = 0.03
items/m>, 0.02 + 0.01 items/m?>, 0.04 + 0.02 items/m® and (1.12 +
0.49) x 10~ items/m? at ground level, 118 m, 168 m and 488 m, respec-
tively. The sampling period included weekdays and weekends, with
Sep. 11th, 12th, 18th, 19th, 25th, 26th and Oct. 2nd and 3rd being week-
ends. There were no significant differences in AMP abundance between
weekdays and weekends in this study. However, these observations were
far from the results obtained at 80 m (0.9 items/m®) and 2500 m (13.9
items/m®) above the city in previous studies (Liu et al., 2019a; Gonzalez-
Pleiter et al., 2021). The differences might be due to variances in study
areas and sampling methods. The variety of different cities had a substantial
impact on AMP abundances, which ranged from 1.42 items/m? to 5670
items/m® (Liu et al., 2019a; Li et al., 2020c¢). On the other hand, since
there are currently no recognized uniform sampling and analytical proto-
cols for AMPs, different methods may result in different results (Yuan
et al., 2022). Even by a consistent sampling method, the AMP abundances
in different cities could vary by up to six times (Zhu et al., 2021). Consider-
ing the city development level and weather change, the observations on
AMPs may also fluctuate at different time. Therefore, it is not preferable
to compare sampling results from different areas at different heights.

All AMPs observed in this study were in the shape of fibers, which is
consistent with our findings of AMPs in Guangzhou throughout 2021
(Yuan et al., 2023). In previous studies, fiber is also considered the domi-
nant shape of AMPs in urban areas, such as in urban Paris (fibers accounted
for 90 %) (Dris et al., 2015), London (for 92 %) (Wright et al., 2020) and
Dongguan (for 80 %) (Cai et al., 2017). A large aspect ratio of fibers
could increase the air resistance in the opposite direction of gravity during
descent, extending their atmospheric residence time (Bullard et al., 2021)
and supporting the upward transport of AMPs. A study from London has
also demonstrated that fibrous AMPs can travel further and have a larger
potential influence area than non-fibrous AMPs, with a transport distance
of 12 km for non-fibers and 60 km for fibers (Wright et al., 2020). Transpar-
ent and blue were the most popular colors in the measured AMPs, which
were also the common colors found in previous studies (Liu et al., 2019a;
Yuan et al., 2023). Black, red, green, and yellow were also observed
(Fig. S1). The color can be the clue to trace the source. For example, the
vivid colors such as blue and red are widely seen on textiles, while transpar-
ent are frequently utilized in packaged products (Zhang et al., 2019; Zhang
et al., 2020b). However, the color of AMPs may fade or change during
weathering or sample preparation, thus more features are required to pin-
point their source.

All of the AMPs that were found to have aerodynamic diameters
<100 pm and 95 % of them to have diameters <60 pm, indicating that
these AMPs could remain suspended in the environment. The predominant
size range was 30— 50 pm, and AMPs with a smaller size (30- 40 pm) tended
to be easier to raise higher, up to 488 m (Fig. 2c). The density of AMPs also
influences their behavior in addition to size. The measured AMPs were
comprised of rayon, cellophane, polymethyl methacrylate (PMMA), poly-
amide (PA), and polyethylene terephthalate (PET). Rayon and PET were
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Fig. 2. Diurnal variations of AMP abundance at ground level, 118 m, 168 m, and 488 m (a), polymer type (b) and the composition of aerodynamic diameter (c). Polymer types
are given by abbreviations. PMMA: polymethyl methacrylate; PA: polyamide; PET: polyethylene terephthalate.

the main polymer types, but the PET/rayon ratio decreased as the height in-
creased (Fig. 2b). This may be related to the density of different materials.
The major types of rayon fibers in this study were Kayocel and Natrosol
250, with densities of 0.75 g/cm® and 1.10 g/cm?, respectively. With a den-
sity between 1.37 and 1.45 g/cm?® (Hidalgo-Ruz et al., 2012), PET is heavier
than rayon and therefore may restrict its upward movement.

3.2. Vertical profile of AMPs and relationships with other air pollutants

As shown in Fig. 2, AMPs were measured at each height and their abun-
dance varied at different heights. There was little change in AMP abun-
dance from ground level to 168 m. However, the abundance of AMPs at
488 m dramatically dropped by two orders of magnitude in comparison

to the abundance at ground level (Kruskal-Wallis test, p < 0.05). The abun-
dance of AMP did not simply decrease linearly with height, but has differ-
ent change rates at different altitude layers. Fig. 3 depicts the vertical
profiles of AMP abundance and common air pollutant concentrations
based on tower observations. As the height to the ground level increased,
AMP abundance fell from 0.05 + 0.03 items/m® at ground level to
0.02 =+ 0.01 items/m> at 118 m. At 168 m, there was a rise in AMP abun-
dance. Despite the elevated trend, the abundance at 168 m was still lower
than the ground-level abundance. As the height continued to increase,
there was another obvious downward trend in the abundance of AMPs.

In general, meteorological factors, source emissions and atmospheric
dispersion are the main factors that affect the vertical distribution of air pol-
lutants, among which AMPs are included. Because there was no rainfall
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Fig. 3. Vertical profiles of AMPs and common air pollutants, including NOx, NO,, NO, PM, 5, PM;, CO, O3 and SO,.
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during the monitoring periods, the resulting vertical abundance repre-
sented a typical vertical profile of AMPs in the urban area. The average
height of buildings in Guangzhou is 43.3 m (Chen et al., 2021), indicating
that human activities occur within this height. And industrial production
and living activities are the main sources of AMPs, such as tire wear and
tear, textile shedding, and the usage of cosmetics and plastic containers
(Cai et al., 2021; Du et al., 2020; Evangeliou et al., 2020; Napper et al.,
2015). This might account for the high abundance of AMPs measured at
ground level. The source of AMPs generally declines as altitude increases,
resulting in a declining trend in AMP abundance. Specifically, the Canton
Tower, a popular tourist attraction, has an aerial climbing project for recre-
ation at 168 m, and friction between visitors' clothing and the safety rope
when climbing activities can release fibers (Napper et al., 2020). Near the
168 m climbing platform, samples of 10 different ropes were collected
and examined their polymer compositions (Table S1). The main polymer
types were rayon and PET, which was in line with AMP polymer types at
168 m. Therefore, the climbing activities may be one of the reasons for
the elevated abundance of AMP abundance at 168 m. In addition to pollu-
tion sources, atmospheric dispersion comprises vertical convection and ad-
vection, which greatly govern the long-range transport of air pollutants
(Kim et al., 2023). Vertical convection and advection are affected by the
thermodynamic structure of the atmosphere and wind, which is discussed
in detail in Section 3.3.

Science of the Total Environment 895 (2023) 165190

Previous studies have revealed that there is no correlation between the
temporal distribution of AMP abundance and the concentrations of com-
mon air pollutants (Yuan et al., 2023; Zhu et al., 2021). However, we
found some similarities in their vertical distribution. With the exception
of Os, the concentrations of NOx, NO,, NO, PM, s, PM;, CO and SO, exhib-
ited a general decreasing trend from ground to 488 m height, but the de-
creasing rate varied (Fig. 3). This may be related to the characteristics of
different pollutants. Since the ultraviolet radiation at 300— 500 m is gener-
ally stronger than that at ground level, photochemical reactions will result
in a rise in the concentration of O3 (He et al., 2021). Li et al. (2020a) also
demonstrated that photochemical processes were the primary cause of
the Pearl River Delta's elevated O3 content at higher altitudes. For atmo-
spheric particles, both AMP and particulate matter (PM, s and PM;) de-
creased in abundance with height, although the rate of decrease was
faster for AMPs. This may be related to their particle size. Deng et al.
(2015) measured the particulate matter (PM; o, PM, 5 and PM, ) at different
heights on the Canton Tower and found that finer particles had a more uni-
form vertical distribution than coarse particles. Our field observations are
consistent with this rule. The vertical reduction in AMP abundance was
more noticeable than that of PM, 5 and PM; because AMPs were primarily
in size range of 30— 50 pm. It is interesting to note that the vertical profiles
of AMPs and NOx showed the similar pattern. The elevated NOx concentra-
tion at high altitudes was commonly caused by atmospheric input from
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surrounding areas (Wang et al., 2023). Similarly, the elevation of AMP
abundance at 168 m may also be related to peripheral inputs, which
needs to be proven by more evidence.

3.3. Effects of atmospheric stability and wind on the vertical distribution of AMPs

3.3.1. Atmospheric stability

Atmospheric stability is commonly used to describe the ability of air
masses to move vertically, which strongly affects the dispersion and accu-
mulation of air pollutants (Liu et al., 2020; Sun et al., 2023). The atmo-
spheric stability can be described by the environmental lapse rate (ELR),
which is defined as the decreasing rate of temperature with rising altitude.
An ELR below the dry adiabatic lapse rate (DALR) of 9.8 °C/km indicates a
stable atmosphere, which limits atmospheric convective motion (Chan
et al., 2005). Fig. 4a displays the atmospheric stability conditions at differ-
ent altitude layers during the monitoring period. There was no strong tem-
perature inversion, implying that AMPs could be carried vertically to higher
levels as the air mass rose under the effect of thermodynamics. Strong con-
vective activity was typically present along with the unstable atmospheric
stability from the ground level to 118 m (Chen et al., 2022), and this helped
to facilitate the vertical diffusion of AMPs. However, the ELRs from 118 m
to 168 m and 168 m to 488 m frequently fell below the DALR of 9.8 °C/km
as the height increased. As a result, the vertical diffusion of AMPs was
prevented at higher atmospheres (>118 m) where the convection intensity
was weaker. Critically, a relatively stable fine layer that inhibited the up-
ward movement of AMPs between 118 m and 168 m was evident from
the fact that almost all ELRs between 118 m and 168 m were lower than
the DALR.

The height of the atmospheric boundary layer may also influence the
vertical distribution of air pollutants (Li et al., 2020b). The formation of at-
mospheric boundary layer was not favored by a smaller temperature gradi-
ent or thermal inversion, and a lower atmospheric boundary layer would
prevent the transfer of more air pollutants from low levels to high levels
(Miao et al., 2021). For instance, the ELR between 168 m and 488 m on
September 15 was close to zero (Fig. 4a), suggesting that AMPs might be
trapped below in the lower troposphere (<488 m) and could not be
transported to higher levels. The lower AMP abundance values observed
on September 15 at 488 m also support this assumption (Fig. 2a).

3.3.2. Wind
In addition to the thermal impacts, mechanical impacts from wind con-
ditions can also alter the vertical distribution of AMPs (Liang et al., 2022;
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Sun et al., 2015). In September, Guangzhou experiences a predominantly
southerly wind. There were no highly unusual wind directions at any
heights (Fig. 4b-e), and the wind direction was primarily southerly. At
168 m, west-southwest (WSW) winds were most prevalent, but this pre-
dominant wind direction did not coincide with the high AMP abundance,
suggesting that the WSW wind was not the primary factor in the high
AMP abundance. Even at 118 m, which was close to 168 m, the AMP pollu-
tion was found to be abated in the prevailing western or WSW winds
(Fig. 4c) (Spearman's correlation, r = —0.73, p < 0.05). However, it was
clear that the wind speed at 168 m was lower than that at 118 m, revealing
that the impact of wind on the AMP vertical distribution is mainly caused
by wind speed. Low wind speeds at ground level (Fig. 4b) caused AMPs at
that altitude to largely move vertically with increasing air masses as a result
of the thermodynamic effect, with limited horizontal diffusion. The re-
duced AMP abundance at 488 m (Fig. 4e) could also potentially be due to
the comparatively high wind speed. Our findings are similar with other re-
search that found a negative association between AMP abundance and
wind speed (Ding et al., 2022; Liu et al., 2019a).

In conclusion, the vertical distribution of AMPs is largely determined by
the combined impacts of atmospheric stability and wind speed. Intensity of
vertical transport from the ground to higher altitudes is influenced by atmo-
spheric stability, whereas horizontal diffusion is mostly affected by wind
speed. As shown in Fig. 5, AMPs can be transported from ground level to ap-
proximately 100 m due to the effect of atmospheric thermodynamics. How-
ever, a fine layer is observed between 118 m and 168 m, in which the ELRs
are small, indicating that the vertical transport of AMPs is restricted. The
stability of the layer between 100 and 200 m, which creates a local concen-
tration peak and distorts the trend of pollutants decreasing with height, has
also been seen in previous measurements of urban vertical air conditions
(Sun et al., 2015; Zhou et al., 2020). Furthermore, the calm wind may
also contribute to AMP accumulation at 168 m. However, since the temper-
ature within the atmospheric boundary layer decreases with height (Zhou
et al., 2020), some of the AMPs may still be transported to higher altitudes.
The transport of AMPs can be roughly divided into two stages: the atmo-
spheric boundary layer stage and the free tropospheric layer stage. AMPs
may primarily move in a turbulent manner within the atmospheric bound-
ary layer, while long-range transport is feasible when they are delivered
into the free troposphere layer (Lee et al., 2019). And it has been proven
that AMPs can travel over 1000 km in the free troposphere layer (Allen
et al., 2021; Gonzélez-Pleiter et al., 2021).

Our results initially reveal the vertical transport of AMPs within the at-
mospheric boundary layer, although we are unable to dynamically monitor
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Fig. 5. [llustration of AMP vertical transport above the urban underlying surface. The fine layer occurs between 100 m and 200 m, where the vertical dispersion of AMPs is

suppressed.
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the vertical distribution of AMPs in the whole atmospheric boundary layer
due to field limitations. Furthermore, the vertical transport processes of air
pollutants above the urban underlying surface are of great complexity and
may also be influenced by other factors. In central city areas, high-rise and
dense buildings form deep street canyons that affect the vertical dispersion
of air pollutants (Huang et al., 2021). For instance, the vortex induced by
buildings confines air pollutants in street canyons (Chan and Kwok,
2000). Different roof shapes may also alter the flow field of the atmosphere,
thus affecting the dispersion of pollutants (Ding et al., 2019). Therefore,
more field vertical monitoring with high precision is needed to parameter-
ize the vertical transport process of AMPs.

4. Conclusion

In this study, the abundances and characteristics of AMPs were mea-
sured at four heights (ground level, 118 m, 168 m and 488 m) of the Canton
Tower in Guangzhou. Fibers were the main shapes of AMPs in urban
Guangzhou, with a predominant size range of 30— 50 pm. Rayon and PET
accounted for 95 % of polymer types, and the share of rayon at the higher
altitude (488 m) increased obviously. Overall, AMP abundance showed a
decreasing trend with height, but there was a local peak in AMP abundance
at 168 m. The vertical profiles of AMPs and common air pollutants (includ-
ing NOx, NO,, NO, PM, 5, PM;, CO, O3, and SO,) are similar in that they
both contain a complicated fine layer between 118 m and 168 m. Atmo-
spheric stability and wind are suggested to be the main causes of the verti-
cal layered structures of AMPs in urban Guangzhou. Unstable atmospheric
conditions were considered to be the driving force for the vertical disper-
sion of AMPs, while stable atmospheric stability between 118 m and
168 m could impede the vertical dispersion of air pollutants, including
AMPs. On the other hand, the fine layer between 118 m and 168 m might
also be associated with lower wind speeds (1 m/s at 168 m), which might
promote the local accumulation of AMPs. The differences in the vertical dis-
tribution of different air pollutants may be due to their characteristics.

Our observations reported the characteristics and vertical profile of
AMPs below 500 m and the factors affecting the AMP vertical profile. How-
ever, more field observations with a finer vertical resolution are still needed
in the future to accurately model the vertical transport process of AMPs.
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