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A B S T R A C T   

Atmospheric microplastics are attracting increasing attention as an emerging pollutant. However, research on its 
characteristics and influencing factors is insufficient. This study examines the characteristics and spatiotemporal 
distribution of atmospheric microplastics around Jiaozhou Bay, the Yellow Sea. The results showed that the 
dominant shapes of microplastic were fragments (61.9 %) and fibers (25.6 %), and the main types were poly
ethylene terephthalate (23.8 %), polyethylene (31.6 %) and cellulose (rayon, 34.9 %). The deposition rate of 
microplastic varied from 8.395 to 80.114 items⋅m− 2⋅d− 1, with a mean of 46.708 ± 21.316 items⋅m− 2⋅d− 1. The 
deposition rate was higher in the dry season than in the rainy season, indicating the influence of weather con
dition. The annual mass of atmospheric microplastics entering the bay was estimated to be 7.612 ± 3.474 tons. 
For the first time, this study reveals that atmospheric microplastics in Jiaozhou Bay change spatiotemporally due 
to monsoons, which pose a potential threat to marine ecosystems.   

1. Introduction 

Microplastics (MPs) are generally defined as synthetic materials with 
characteristic lengths of <5 mm (Andrady, 2011; Cole et al., 2011). MPs 
can be divided into primary MPs and secondary MPs according to their 
source. Generally, primary MPs are manufactured in small sizes and 
granule shapes, and mainly sourced from commercial products such as 
personal care, cosmetics, and medical products. Secondary MPs origi
nate from the cracking and degradation of larger plastics through 
physical, chemical, and biological processes, with varied shapes (fibers, 
fragments, and films) (Fendall and Sewell, 2009; O’Brine and Thomp
son, 2010). In the past decade, MPs have gained considerable attention 
from the public, academia, and government agencies as an emerging 
pollutant (Hüffer et al., 2017), which necessitates comprehensive 
research on MPs’ occurrence, fate, and effects. 

Research on MPs began in the oceans and then developed into 
terrestrial and the biosphere. From the Antarctic to the Arctic, the re
searchers found that MPs are ubiquitous in almost every ecosystem 
(Rochman, 2018; Xu et al., 2022), as well as in multiple species (Ding 

et al., 2020; Wang et al., 2019). Furthermore, it has been established 
that the ingestion of MPs causes physical injury and inflammatory re
sponses in organisms (de Sá et al., 2018; Xuan et al., 2023). Humans can 
ingest and inhale MPs, leading to their accumulation in several organs 
and tissues, such as the blood, liver, lung, placenta, kidney, spleen 
(Rahman et al., 2021), and causing several detrimental effects, such as 
secondary genotoxicity and immune responses (Kutralam-Muniasamy 
et al., 2023b; Pironti et al., 2021; Xuan et al., 2023). Additionally, both 
additives (plasticizers, dyes, flame retardants, and stabilizers) in plastic 
production and surface attachments (polycyclic aromatic hydrocarbons 
(PAHs), polychlorinated biphenyls (PCBs), and heavy metals) absorbed 
to aged MPs increase the toxicity of MPs, posing greater potential threats 
to organisms and ecological environment (Guo and Wang, 2021; Hah
ladakis et al., 2018; Pastorino et al., 2021). 

Atmospheric microplastics (AMPs) research began comparatively 
later than research on MPs in soil, water bodies and organisms, with the 
first monitoring taking place in Paris by Dris et al. (2015). Subsequently, 
high concentrations of AMPs were commonly observed in diverse en
vironments, such as urban areas (Jia et al., 2022; Liu et al., 2022), 
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suburban and mountain regions (Bergmann et al., 2019; Truong et al., 
2021), inshore areas and oceans (Ferrero et al., 2022; Wang et al., 2022). 
AMPs abundance is generally higher in cities than in suburban areas due 
to their proximity to MPs’ sources (Truong et al., 2021). Existing studies 
believed that AMPs come from synthetic textile emissions, wear of 
rubber tires, degradation of plastics and resuspension of dust (Evan
geliou et al., 2020; Wright et al., 2020). Meanwhile, studies confirmed 
that AMPs can travel long distances and even enter the free troposphere 
(Allen et al., 2021), thereby increasing the exposure risk of remote areas 
by atmospheric deposition and the interception of forests (Huang et al., 
2022; Klein and Fischer, 2019). The transport process of AMPs is 
affected by circulation, precipitation, and atmospheric dynamics (Fer
rero et al., 2022; Jia et al., 2022). Given that AMPs can be directly 
inhaled by humans through respiration and accumulate in the lungs, 
they may pose a greater threat to human health than MPs in water and 
soil (Kutralam-Muniasamy et al., 2023a). 

Recent researches have attempted to quantify the transport of MPs 
between atmosphere and other environmental media by constructing 
models. The resulting simulations, however, are characterized by a high 
degree of uncertainty, which may be attributed to an inadequate amount 
of data (Allen et al., 2022; Long et al., 2022). At present, the study of 
AMPs deposition in coastal regions has proven insufficient to accurately 
reflect the features of global AMPs deposition into the ocean (Allen et al., 
2022). Consequently, it is imperative to enrich the data of AMPs depo
sition. In addition, the abundance and distribution of AMPs are influ
enced by a variety of anthropogenic and natural factors. The analysis of 
these factors helps to understand the sources of AMPs and reduce AMP 
pollution. 

This study endeavored to investigate the deposition characteristics of 
AMPs in Jiaozhou Bay, located in Shandong Province, China and con
necting to the Yellow Sea, under a temperate monsoonal climatic over 
the course of a year. The presence of a large population, developed 
economy and abundant industries surrounding Jiaozhou Bay, and the 
prevalence of research regarding MPs in water, biology, and sediment 
within this area, make Jiaozhou Bay an ideal research object. Therefore, 
this study aims to: (i) investigate the abundance and characteristics of 
AMPs in the coastal area; (ii) analyze the relationship between AMPs 
and MPs in other environmental media; and (iii) determine the influence 
of various factors on AMPs. The results of this study are expected to 
enhance our knowledge of AMPs deposition in offshore and bays, 
deepen the understanding of AMPs as an important pathway for MPs to 
enter the sea, and shape the development of more accurate MPs cycle 
models in the future. 

2. Methods 

2.1. Study area 

Jiaozhou Bay is a semi-enclosed bay located in the middle of the 
Yellow Sea in China, with an area of approximately 444 km2 (Li et al., 
2020). Qingdao, a big city distributed around Jiaozhou Bay, own a 
resident population of 9,499,800 and a regional Gross Domestic Product 
(GDP) of 1174.131 billion yuan (173.771 billion dollars) in 2019 
(Qingdao Municipal Statistics Bureau, 2020). According to the analysis 
of geographical environment, population distribution and industrial 
distribution, five sampling sites were selected. These sites are in five 
administrative districts of Qingdao, and are evenly spaced around 
Jiaozhou Bay. Site S1 is located on the north of Jiaozhou Bay, belonging 
to Chengyang District. To the east of site S1 is mariculture ponds, and to 
the west is a theme park. Site S2 was set up on a dam on the northwest of 
the Bay, with a large area of vegetation in the north and the sea surface 
in the other directions. Site S3 stands in a commercial port on the east of 
Jiaozhou Bay, belonging to the Shibei District. Its north is the passenger 
transport center, and the south is the harbor basin and residential area. 
Site S4 is in a meteorological station on the southeast of Jiaozhou Bay, 
belonging to the Shinan District. It has construction sites on the north 

and is surrounded by the sea in the other directions. Site S5 belongs to 
Huangdao District, located in an industrial port on the southwest side of 
Jiaozhou Bay, adjacent to the residential area to the south and west 
direction, and the shipyard to the north side. The characteristics of the 
sampling sites are shown in Fig. 1 and Table 1. 

2.2. Sampling collection 

AMPs samples were continuously collected from December 2018 to 
December 2019 by passive sampling method at five selected sampling 
sites over four quarters: quarter Q1 (Winter, December 5–March 3, 89 
days), quarter Q2 (Spring, March 4–June 3, 92 days), quarter Q3 
(Summer, June 4–September 2, 91 days) and quarter Q4 (Autumn, 
September 3–December 4, 93 days). It was ensured that the sampling 
started and finished at the same time of one day. 

According to a method of Zhou et al. (2017) with a slight modifi
cation, a glass bottle with a volume of 5 L was used as the sampling 
container, and a glass funnel with an inner diameter of 10 cm was used 
as the collector. The sampling container and the collector were con
nected by an intermediate segment, as shown in Fig. S1. The collector is 
designed as a funnel type to avoid secondary suspension of the sample 
and wind interference. All collection devices were flushed with pre- 
filtered distilled water several times before use and dried in a clean 
enclosed space to avoid introducing additional contamination. At the 
end of one phase of sampling, the glass funnel was rinsed with 300 mL 
pre-filtered ultrapure water for three times, and then the rinsed liquid 
was transferred to the 5 L sampling bottle. The sampling bottle was 
sealed, transported to the laboratory, and stored in a 4 ◦C refrigerator 
until use. The newly cleaned glass bottle was installed below the funnel 
to start the next phase of sampling. 

2.3. Laboratory procedures 

Refer to the previous research and modify it appropriately to pretreat 
AMPs (Dris et al., 2016; Zhou et al., 2017). All the distilled water and 10 
% potassium hydroxide (KOH) solution used in this research were pre- 
filtered by glass microfiber filter (pore size 1.2 μm, Ø47 mm, GF/C 
1822–047, Whatman PLC., UK). Firstly, the liquid in the glass bottle was 
poured into a stainless-steel sieve (Standard sample sieve, Jiufeng, 
China) of 900 mesh (sieve pore diameter is approximately 15 μm) for 
reducing sample volume by filtration. The glass bottle was rinsed with 
distilled water for 3 times, and the rinsed liquid was also passed through 
the sieve. Once filtration was completed, the residual sample on the 
sieve was transferred to a 250 mL flask. 

The digestion process was carried out by adding 10 % KOH solution 
to the flask and then heating with water bath. 200 mL 10 % KOH so
lution was added to each flask, and then the flasks were heated at 60 ◦C 
by an electric shaker (SHA-BA, Danrui Ltd., China) for 24 h. Subse
quently, the sample in the flask was filtered with glass microfiber filter 
(pore size 1.2 μm, Ø47 mm, GF/C 1822–047, Whatman PLC., UK). The 
inner wall of the flask was rinsed with distilled water three times, and 
the rinsed liquid was similarly filtered with the same filter. After 
filtration, the filtration membrane was stored in a clean petri dish, and 
saved in a 4 ◦C refrigerator until the next process. 

MPs were initially identified using a microscope (SteREO Discovery. 
V8, Carl Zeiss Microscopy GmbH., Germany), and suspected MPs were 
selected based on hardness test and some criteria confirmed by previous 
study (particle size <5 mm, homogeneous and unnatural colour, no 
shape like cell tissue, and no branches or segments) (Suteja et al., 2021). 
Suspected MPs were classified according to their shape and colour. The 
size of suspected MPs was measured under the microscope by matching 
software (ZEN2.3 blue edition, Carl Zeiss Microscopy GmbH., Ger
many). A subset (1/4) of suspected MPs was randomly selected and 
identified using a Fourier transform infrared spectrometer (FTIR; Spot
light 400, Perkin Elmer Inc., USA) in ATR (attenuated total reflectance) 
mode. The instrument parameters of FTIR were set as follows: scanning 
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range from 750 to 4000 cm− 1, scanning times 32, pixel size 6.25 μm, and 
sampling size 400 μm × 400 μm. The resulting spectra were compared 
with the standard plastic spectra in standard spectra library (Sadtler 
FTIR Library), with the chemical type being deemed equal when the 
similarity exceeded 70 %. Pre-filtered ultrapure water was used as a 
blank group and the steps in Section 2.3 were repeated. No MPs were 
detected in the blank samples. 

2.4. Meteorological data and urban data 

The meteorological data for the Qingdao 54,857 Meteorological 
Station (120◦ 20′ E, 36◦ 04′ N) was obtained from the rp5.ru website 
(https://rp5.ru/Weather_in_the_world) (Raspisaniye Pogodi Ltd., 2023). 
The daily meteorological data during the sampling period was calcu
lated to monthly data and the four sampling quarters were classified into 
rainy season (Q2 and Q3 quarter, 183 days, 428.4 mm total rainfall) and 
dry season (Q1 and Q4 quarter, 182 days, 65.6 mm total rainfall) ac
cording to the total rainfall. The backward trajectory analysis of atmo
spheric motion was performed using the Hysplit model (web version) 
(https://www.ready.noaa.gov/hypub-bin/trajtype.pl?runtype=a 

rchive) (National Oceanic and Atmospheric Administration, USA). The 
GDAS (1◦, global, 2006-present) meteorological dataset was selected for 
24 h of backward trajectory analysis at 10 m, 100 m and 500 m altitudes, 
respectively. Additionally, information regarding population density, 
GDP, industrial production, and other data related to the districts in 
Qingdao jurisdiction was extracted from the 2020 Qingdao Statistical 
Yearbook (Qingdao Municipal Statistics Bureau, 2020). 

2.5. Data calculation and statistical analysis 

Deposition rate (D) was used to measure the abundance of AMPs. The 
unit of the deposition rate is items⋅m− 2⋅d− 1, which means the number of 
AMPs collected per square meter of sampling area per day. The specific 
calculation method is shown in Eq. (1): 

D =
n

s × t
(1) 

In this equation, n is the number of MPs in a single sample (items), s is 
the opening area of the sampling container (m2), and t is the total 
sampling time (day). 

The volume and weight of MPs were estimated with their size and 
shape according to the method proposed by Zheng et al. (2020). The 
mass of different MPs was obtained through multiplying their density by 
their volume. 

Vf = πr2h (2)  

Vn = 4
/

πr3α (3)  

W = Vf (Vn)× ρ (4) 

Vf and Vn represent the volume of fibers and non-fibers MPs 
respectively, and W represents the weight of MPs. Where r is the radius 
of fibers or non-fibers (for non-fibers, r is the geometric mean of the half 
of the length and width), h is the length of the fibers, ρ is the density of 
different MPs, and α is the shape factor (for fragment and film, α = 0.1; 
for granule and foam, α = 1). 

Statistical analysis was executed using Origin Pro 2022 and the 

Fig. 1. The sampling sites of AMPs in Jiaozhou Bay. The red dots in the large figure represent the location of the sampling sites, and the red box in the small figure at 
the lower left represents the position of Jiaozhou Bay relative to the surrounding sea and land. (For interpretation of the references to colour in this figure legend, the 
reader is referred to the web version of this article.) 

Table 1 
Characteristics of the sampling sites.  

Sampling 
sites 

Functional 
status 

Longitude 
(E) 

Latitude 
(N) 

Distance 
from the 
coastline 
(m) 

Height 
(m) 

S1 Cultural area  120.283647  36.211125  134.5  2.5 

S2 
Wetland 
reserve  120.128242  36.155275  0.7  6.1 

S3 
Commercial 
port  

120.310931  36.083481  2.2  1.2 

S4 Residential 
area  

120.290600  36.044622  56.4  1.1 

S5 
Industrial 
port  120.240636  35.979478  18.9  10.5  
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statistical package for the social sciences (SPSS). Mann-Whitney U test, 
Pearson Chi-Square test, Fisher’s Exact Test and Kruskal-Wallis test were 
performed to analyze the spatiotemporal changes of deposition rate and 
characteristics of AMPs with a significance level (p) at 0.05. 

2.6. Quality control 

To ensure that the experiment is not interfered by external factors, 
stringent quality control measures were adopted: (i) Pure cotton test 
suits were worn throughout the laboratory process; (ii) All liquid re
agents were pre-filtered prior to use; (iii) All containers were washed 
three times with pre-filtered distilled water before use. The sample was 
covered with glass cover or aluminum foil before and after the experi
ment; (iv) Each equipment and worktable in the laboratory was cleaned 
with pre-filtered 70 % ethanol before the experiment; (v) Air flow was 
limited by restricting the movement of people and closing windows of 
the laboratory; (vi) Usage of any plastic apparatus or equipment was 
avoided; and (vii) pre-filtered distilled water was used as blank samples 
in laboratory procedures. 

3. Results and discussion 

3.1. The characteristics of AMPs 

3.1.1. Shapes of AMPs 
A detailed analysis of the shapes of the deposited AMPs in Jiaozhou 

Bay revealed the dominance of fragments, fibers, and granules, with 
percentages of 61.9 %, 25.6 % and 10.5 %, respectively (Fig. 2a). 
Fragmented MPs were the most prevalent in all sampling quarters, with 
higher percentages in quarters Q2 and Q3 than in quarters Q1 and Q4 
(Fig. 2b). Conversely, the proportion of fibrous MPs in quarters Q1 and 
Q4 was higher than that in quarters Q2 and Q3. There was a significant 
difference in the percentage of shapes between different sampling 
quarters (Fisher’s Exact Test, p < 0.05), which suggests variations in 
environmental factors affecting MPs generation and diffusion. Addi
tionally, fragmented MPs were the most abundant across all sampling 
sites (Fig. 2c), and there was a notable difference in the percentage of 
shape between different sampling sites (Fisher’s Exact Test, p < 0.05). 
Significant variation in the percentage of MPs shape was also observed 
between the dry and rainy seasons (Fisher’s Exact Test, p < 0.05). 
Specifically, the deposited AMPs observed during the rainy season 
showed a higher percentage of fragmented MPs and fewer fibrous MPs 
relative to the dry season (Fig. 2d). 

Pervious research indicated that urban deposited AMPs predomi
nantly have a fiber-based shape, such as in Dongguan-China (90.11 %), 

Fig. 2. The percentage of AMPs shape in Jiaozhou Bay. (a) The percentage of all AMPs shapes. (b) The percentage of AMPs shapes in different quarters. (c) The 
percentage of AMPs shapes in different sampling sites. (d) The percentage of AMPs shapes in dry and rainy seasons. 
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London-United Kingdom (92 %), and Jakarta-Indonesia (86.36 %) (Cai 
et al., 2017; Purwiyanto et al., 2022; Wright et al., 2020). Mbachu et al. 
(2020) suggested that the prevalence of fibrous MPs is attributed to their 
smaller mass-to-area ratio compared with other MPs, thus facilitating 
their diffusion and resuspension. In addition, the clothing industry and 
laundry activities in urban population gathering areas provide a rich 
source of fibrous MPs as polymer fibers can fall off from textiles and then 
suspend into the atmosphere (Xu et al., 2022). 

Fragmented MPs, however, were dominant in some cities, such as 
Hamburg-Germany (95 %), Kathmandu-Nepal (71.3 %), and Beijing- 
China (70.9 %) (Klein and Fischer, 2019; Liu et al., 2022; Yukioka 
et al., 2020). One potential explanation for such a discrepancy lies in the 
difference in MPs production in different regions. Specifically, fiber- 
based MPs are generally derived from the textile industry and house
hold textile washing, while fragmented MPs result from the degradation 
of primary plastic products (Xu et al., 2022). Therefore, urban areas with 
unique industrial structures and population densities are likely to 
exhibit different MPs composition. Furthermore, the climate conditions 
have additional influence on the production and spread of MPs. 
Generally, fragmented MPs are generated from the disintegration of 
larger particles by mechanical wear and exposure to ultraviolet light 

(Bonifazi et al., 2023; Wang et al., 2023), thus increased temperatures 
and extended sunshine duration are expected to cause higher production 
of fragmented MPs. Fibrous MPs, however, are more prone to wind- 
driven transport (Bullard et al., 2021), which increases the possibility 
of them to be diffused and resuspended in the windy seasons. The impact 
of environmental factors on MPs morphology is further evidenced by the 
variations in MP shapes observed across different sampling sites in this 
experiment. Notably, site S5 features a significantly greater sampling 
height in comparison to other sites, and thus receives more fibrous MPs 
transported by wind, resulting in the highest proportion of fiber shapes 
among all sites. 

Investigations into the shape composition of MPs in various envi
ronmental media in Jiaozhou Bay have yielded inconsistent results. 
Zheng et al. (2020) highlighted that MPs in the sediments of Jiaozhou 
Bay were generally composed of polymeric fibers (70.6 %–90.4 %), 
while Liu et al. (2020b) depicted the high prevalence of fragmented MPs 
(52 %) in surface seawater. It is speculated that AMPs of Jiaozhou Bay 
stem primarily from Qingdao and nearby urban areas, largely influenced 
by climatic conditions and deposited into the surface seawater. How
ever, the shape composition of MPs in the water and sediments of the 
whole Jiaozhou Bay depends on more factors, such as runoff input of 

Fig. 3. The percentage of AMPs types in Jiaozhou Bay. (a) The percentage of all AMPs types. (b) The percentage of AMPs types in different quarters. (c) The 
percentage of AMPs types in different sampling sites. (d) The percentage of AMPs types in dry and rainy seasons. 
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MPs and biological disturbance in water and sediments (Jiao et al., 
2022; Ouyang et al., 2020; Zhang et al., 2023). 

3.1.2. Chemical types of AMPs 
We identified 14 types of MPs using FTIR in the selected samples. 

Cellulose (rayon), polyethylene (PE) and polyethylene terephthalate 
(PET) were the most abundant, accounting for 34.9 %, 31.6 % and 23.8 
% of the total MPs, respectively (Fig. 3a). The remaining MPs included 
polyamide (PA), polypropylene (PP), poly (1,4-cyclohexanedimethylene 
terephthalate) (PCT), polyoxymethylene (POM) and polyvinyl fluoride 
(PVF), which were grouped as “others” due to their low percentages (9.6 
% of the total MPs). Among these MPs, PA, POM and PP were the most 
prevalent, with 1.8 %, 1.65 % and 1.2 % of the total MPs, respectively. 
The chemical types of MPs varied significantly by sampling quarters and 
sites (Pearson Chi-Square test, p < 0.05) (Fig. 3b and c). For instance, 
cellulose (rayon) was the dominant type in quarter Q1, PE in quarters Q2 
and Q3, and PET in quarter Q4. Similarly, PE, PET, and cellulose (rayon) 
were the predominant types of AMPs at sites S5, S3 and S1, respectively. 
Notably, we observed a significant difference in chemical types of MPs 
between rainy and dry seasons (Pearson Chi-Square test, p < 0.05) 
(Fig. 3d). PE MPs had a higher proportion in the rainy season than in the 
dry season, whereas PET and cellulose (rayon) were less prevalent in the 
rainy season than in the dry season. 

PET is a common polymer that is synthesized by polycondensation of 
terephthalic acid and ethylene glycol. PET has been widely used in the 
production of polyester fibers and various textile products. Moreover, 
PET exhibits good corrosion resistance, insulation, heat resistance, and 
flexibility, which make it suitable for plastic films, bottles, and engi
neering plastics (Ratner, 2012). PE is another common polymer that is 
obtained by polymerization of ethylene monomer. PE has excellent 
insulation, corrosion resistance, and stable physical properties, which 
enable its use in pipes, plates, films, and high-strength fibers (Dhakal 
and Ismail, 2021). Cellulose (rayon) is a chemical fiber made from 
natural polymers through chemical and mechanical processing. Cellu
lose (rayon) is classified as an artificial fiber because it contains indus
trial additives such as dyes, flame retardants, and light stabilizers in its 
raw materials. It is mainly used for the manufacture of textile and 
apparel (Chen, 2015). 

The presence and dominance of PET, PE, and cellulose in urban 
AMPs has also been found in other cities such as Dongguan (cellulose 73 
%, PE 14 %, PP 9 %, PS 4 %), Jakarta (PET 81.82 %, PE 7.58 %, PB 7.58 
%, PS 3.03 %), and Mexico (cellophane 67.5 %, PE 12.5 %, PET 8.75 %, 
cellulose 7.5 %) (Cai et al., 2017; Purwiyanto et al., 2022; Shruti et al., 
2022). China is a major producer and consumer of PET and PE plastics. 
In 2017, China produced 41.1 million tons of PET and 14.72 million tons 
of PE, but only recycled and treated 79.5 % of PE and PET in waste 
plastics (Chu et al., 2023). Qingdao, a leading industrial city in northern 
China, had 281 textiles, clothing, and chemical fiber manufacturing 
enterprises and 268 rubber and plastic manufacturing enterprises in 
2019, which constituted 7.95 % and 7.58 % of Qingdao’s total industrial 
enterprises, respectively. In the same year, Qingdao generated a total of 
644,700 tons of plastic products and 39,100 tons of chemical fibers 
(Qingdao Municipal Statistics Bureau, 2020). The developed industrial 
production and the accumulation of plastic waste may provide a local 
source of AMPs in Jiaozhou Bay to some extent. 

The chemical types and proportions of MPs found in water, sedi
ments, and aquatic organisms within Jiaozhou Bay are comparable to 
that found in AMPs, but with some notable differences. Specifically, 
PET, PE, or rayon were the most abundant types in estuarine water (with 
PET comprising 78.57 % and PE 10.72 %), estuarine sediments (with 
PET at 43.37 % and PE and rayon each at 21.74 %), seabed sediments 
(with PET and rayon together at 62.2 %), and benthic fauna (with PE at 
62.4 %, PET at 11.4 %, and rayon at 14.9 %) (Zhang et al., 2023; Zheng 
et al., 2020; Zheng et al., 2019). Nevertheless, the proportion of rayon 
was significantly lower than that of AMPs in this study (with rayon at 
34.9 %, PE at 31.6 %, and PET at 23.8 %). We suggest that variations in 

the source and influence of MPs across different environmental media, 
as well as MPs’ shape, size, and density, may contribute to their differ
ential distribution. 

3.1.3. Size of AMPs 
The size of AMPs in Jiaozhou Bay ranged from 31.96 to 3407.546 

μm, with a mean of 331.507 ± 517.323 μm. The MPs were classified into 
six categories based on their sizes: 0–100 μm, 100–200 μm, 200–500 μm, 
500–1000 μm, 1000–2000 μm, and 2000–5000 μm. As shown in Fig. 4a, 
the relative abundance of AMPs decreased as the size increased. The 
smallest size category (0–100 μm) accounted for the highest proportion 
of AMPs (33.1 %). The size distribution of AMPs varied significantly 
across quarters Q1 to Q4 (Pearson Chi-Square test, p < 0.05) (Fig. 4b). 
All MPs in quarter Q3 were smaller than 1000 μm, and their proportion 
(100 %) was significantly higher than in other quarters. In contrast, 
quarter Q4 had the highest proportion of MPs larger than 100 μm (87 
%), which was significantly different from other quarters. The size dis
tribution of AMPs also differed significantly among sites (Pearson Chi- 
Square test, p < 0.05) (Fig. 4c). Sites S1 and S2 in the northern part of 
Jiaozhou Bay had similar proportions of MPs smaller than 200 μm (75 % 
and 70 %, respectively) to site S3 in the central part of Jiaozhou Bay (72 
%), and these proportions were higher than those at sites S4 and S5 in 
the southern part of Jiaozhou Bay (56 % and 52 %, respectively). 
Moreover, there was a significant difference in the size distribution of 
MPs between the dry season and the rainy season (Mann-Whitney U test, 
p < 0.05). The mean and median sizes of AMPs in the dry season were 
404.103 ± 596.327 μm and 165.175 μm, respectively, while those in the 
rainy season were 191.375 ± 259.289 μm and 102.911 μm, respectively 
(Fig. 4f). The proportion of MPs smaller than 500 μm was higher in the 
rainy season (93 %) than in the dry season (76 %) (Fig. 4d). Fig. 4e 
shows that the overall size distribution of AMPs in the dry season was 
larger than that in the rainy season. 

A similar pattern of small particle size MPs predominance was found 
in other studies of AMPs conducted in different cities, such as Shanghai 
(70.47 % MPs < 500 μm), Jakarta (87.88 % MPs < 500 μm), Mexico City 
(63 %–69 % MPs < 500 μm) and Sri Lanka (>50 % MPs < 500 μm) (Jia 
et al., 2022; Perera et al., 2022; Purwiyanto et al., 2022; Shruti et al., 
2022). However, the mean particle size of AMPs in Jiaozhou Bay 
(331.507 ± 517.323 μm) was lower than that in Shanghai (524.57 ±
619.49 μm) and Sri Lanka (768.63 ± 25.42 μm), and significantly lower 
than that in Jiaozhou Bay seawater (1290 ± 700 μm), sediment (1200 ±
780 μm) and benthic organisms (1103.4 μm) (Zhang et al., 2023; Zheng 
et al., 2019). These results may indicate that the main source of MPs in 
Jiaozhou Bay is the fragmentation and degradation of larger plastic, and 
the smaller mean particle size reflects a higher degree of weathering. 
This hypothesis is also in line with the highest proportion of small 
particle size MPs observed in quarter Q3 (summer), when the high 
temperature and sunlight exposure accelerated the breakdown of large 
plastics. Nevertheless, it should be noted that several factors may in
fluence the particle size distribution of the collected AMPs, as indicated 
by previous studies. These factors include the sampling height, the 
sampler inlet port sizes, and the laboratory pretreatment procedures. 
Specifically, MPs with different shapes and sizes have different aero
dynamic equivalent diameters, which affect their rates of deposition 
(Finlay and Darquenne, 2020; Henn, 1996). Fibrous MPs, characterized 
by larger dimensions, exhibit slower deposition rates and longer resi
dence times in comparison to granular MPs (Bullard et al., 2021). Hence, 
disparities in the sampling height can influence the obtained MPs’ size 
distribution. Klein et al. (2023) pointed out that studies with notably 
high fibrous MPs counts were predominantly executed on roofs in large 
metropolitan areas with heights between 15 and 50 m. In this study, site 
S5, distinguished by its largest sampling height, manifests the highest 
proportion of large-diameter MPs among all sites (27 % MPs > 500 μm). 
This result may illustrate the effect of sampling height on the particle 
size of MPs. Moreover, the study in Iran showed that a smaller inlet port 
of the sampler resulted in a smaller overall particle size of MPs (Abbasi 
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et al., 2019). The study in Jakarta used a stainless-steel sieve with a 200 
μm pore size for filtration in the MPs pretreatment, which may cause the 
loss of MPs below 200 μm (Purwiyanto et al., 2022). Therefore, further 
research is needed to verify the reason for the smaller particle size of 
MPs observed in this study. 

3.2. Occurrence and abundance of AMPs 

We detected MPs at all sampling sites and quarters. To estimate the 
abundance of MPs, we measured the deposition rate of AMPs. The AMP 
deposition rate in Jiaozhou Bay ranged from 8.395 to 80.114 item
s⋅m− 2⋅d− 1, with an average of 46.708 ± 21.316 items⋅m− 2⋅d− 1. The 
average AMP deposition rates in quarters Q1 to Q4 were 73.247 ±
11.096, 29.063 ± 6.189, 34.14 ± 17.556 and 50.382 ± 12.679 item
s⋅m− 2⋅d− 1, respectively, with corresponding medians of 80.114, 27.679, 
33.580 and 54.763 items⋅m− 2⋅d− 1. The Kruskal-Wallis test revealed 
significant differences among the quarterly averages (p < 0.05) (Fig. 5a). 
Furthermore, the average AMP deposition rates at sites S1 to S5 were 
39.083 ± 14.221, 54.54 ± 19.154, 44.941 ± 19.765, 45.491 ± 27.125, 

and 49.485 ± 21.085 items⋅m− 2⋅d− 1, respectively, with corresponding 
medians of 47.150, 46.727, 39.590, 52.233, and 41.614 items⋅m− 2⋅d− 1. 
However, no significant differences were observed among the site av
erages (Kruskal-Wallis test) (Fig. 5b). Additionally, the AMP deposition 
rates in the dry and rainy seasons were 61.563 ± 8.301 items⋅m− 2⋅d− 1 

and 31.587 ± 7.279 items⋅m− 2⋅d− 1, respectively, with corresponding 
medians of 58.765 items⋅m− 2⋅d− 1 and 36.179 items⋅m− 2⋅d− 1. The Mann- 
Whitney U test indicated that the AMP deposition rate in the dry season 
was significantly higher than that in the rainy season (p < 0.05) 
(Fig. 5c). 

We estimated the mass of MPs entering Jiaozhou Bay through at
mospheric deposition by using the formula in Section 2.5 and the density 
values of different chemical types of MPs (Table S1). The average mass 
of a single AMP was 1.006 × 10− 6 g. Based on the mass of AMPs, the 
deposition rate (items⋅m− 2⋅d− 1), and the water area of Jiaozhou Bay 
(444 km2), we can calculate the annual abundance and mass of MPs 
input into Jiaozhou Bay through atmospheric deposition. The results 
showed that atmospheric deposition added (7.569 ± 3.455) × 1012 

items and 7.612 ± 3.474 tons of MPs to Jiaozhou Bay every year. 

Fig. 4. Proportion of AMPs sizes in Jiaozhou Bay. (a) The percentage of all AMPs sizes. (b) The percentage of AMPs sizes in different quarters. (c) The percentage of 
AMPs sizes in different sampling sites. (d) The percentage of AMPs sizes in dry and rainy seasons. (e) Size distribution of AMPs in dry and rainy seasons. (f) The 
average size of AMPs in dry and rainy seasons. 
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According to previous studies, the total content of MPs in the surface 
seawater is estimated to be 1.786 ± 0.995 × 1010 items (sea area of 
Jiaozhou Bay: 444 km2; depth of the surface seawater: 0.5 m) (Liu et al., 
2020a). Zheng et al. (2020) and Zhang et al. (2023) reported that the 
sediment and benthic fauna in Jiaozhou Bay contain 3.71 to 6.06 tons 
and 36.4 kg of MPs, respectively. Meijer et al. (2021) modeled that 
Jiaozhou Bay emitted 614.9 tons of plastic per year. These results sug
gest that atmospheric deposition is a significant source of MPs for the 
water body of Jiaozhou Bay. Moreover, we observed a similar seasonal 
variation of AMPs and MPs in surface water and copepods in Jiaozhou 
Bay, both peaking in Q1 (winter) and Q4 (autumn) and declining in Q2 
(spring) and Q3 (summer) (Ouyang et al., 2020; Zheng et al., 2021). 
Since the MPs entering the ocean through land runoff increased with the 
precipitation in spring and summer, we inferred that the high abundance 
of MPs in copepods in autumn and winter might result from the inges
tion of AMPs deposited in surface seawater. This finding also provides 
evidence for the impact of AMPs on marine ecology. 

Jiaozhou Bay, which lies within the city of Qingdao, receives MPs 
from urban sources. To assess the level of AMPs in Jiaozhou Bay, we 
used passive sampling methods and compared the results with other 
coastal urban areas that applied the same methods (Table 2). The 
comparison showed that Jiaozhou Bay had a relatively low abundance 
of AMPs, only higher than Yantai (40 items⋅m− 2⋅d− 1) and Jakarta (15 ±
13 items⋅m− 2⋅d− 1), but significantly lower than Tianjin (244.9 item
s⋅m− 2⋅d− 1), Dalian (197.7 items⋅m− 2⋅d− 1), Guangzhou (114 ± 40 
items⋅m− 2⋅d− 1), Shanghai (3261.22 ± 2847.99 items⋅m− 2⋅d− 1), 
Hamburg (275 items⋅m− 2⋅d− 1), London (771 ± 167 items⋅m− 2⋅d− 1), and 
Ho Chi Minh city (71– 917 items⋅m− 2⋅d− 1). 

We attribute this finding to the different environmental character
istics of the sampling sites in different studies. For example, factors such 

as population density and industrial activity may influence the abun
dance of MPs, as more people and industries generate more sources of 
MPs. Cities such as Shanghai (3923 inhabitants/km2), Hamburg (2453 
inhabitants/km2), London (2976 inhabitants/km2), and Ho Chi Minh 
City (4375 inhabitants/km2) have higher population densities than 
Qingdao (1110 inhabitants/km2). On the other hand, Jakarta’s Ancol 

Fig. 5. The deposition rate of AMPs in Jiaozhou Bay during the sampling period. (a) The deposition rate of AMPs in different quarters. (b) The deposition rate of 
AMPs in different sampling sites. (c) The deposition rate of AMPs types in dry and rainy seasons. 

Table 2 
Abundance of the AMPs in different cities.  

Sampling area Sampling 
method 

City 
type 

Abundance Reference 

Yantai, China 
Passive 
sampling 

Coastal 
city 40 items⋅m− 2⋅d− 1 (Zhou et al., 

2017) 

Tianjin, China Passive 
sampling 

Coastal 
city 

244.9 
items⋅m− 2⋅d− 1 

(Tian et al., 
2020) 

Dalian, China Passive 
sampling 

Coastal 
city 

197.7 
items⋅m− 2⋅d− 1 

(Tian et al., 
2020) 

Guangzhou, 
China 

Passive 
sampling 

Coastal 
city 

114 ± 40 
items⋅m− 2⋅d− 1 

(Huang et al., 
2021) 

Shanghai, 
China 

Passive 
sampling 

Coastal 
city 

3261.22 ±
2847.99 
items⋅m− 2⋅d− 1 

(Jia et al., 
2022) 

Hamburg, 
Germany 

Passive 
sampling 

Coastal 
city 

275 
items⋅m− 2⋅d− 1 

(Klein and 
Fischer, 2019) 

London, UK 
Passive 
sampling 

Coastal 
city 

771 ± 167 
items⋅m− 2⋅d− 1 

(Wright et al., 
2020) 

Ho Chi Minh, 
Vietnam 

Passive 
sampling 

Coastal 
city 

71– 917 
items⋅m− 2⋅d− 1 

(Truong et al., 
2021) 

Jakarta, 
Indonesia 

Passive 
sampling 

Coastal 
city 

15 ± 13 
items⋅m− 2⋅d− 1 

(Purwiyanto 
et al., 2022) 

Qingdao, 
China 

Passive 
sampling 

Coastal 
city 

46.708 ± 21.316 
items⋅m− 2⋅d− 1 This research  
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(99 inhabitants/km2) and Yantai’s population density (452 inhabitants/ 
km2) are significantly lower. Moreover, since this study was conducted 
in the urban center and the suburbs at the same time, the average MPs 
abundance was reduced by the lower MPs abundance in the suburbs, 
such as the S1 site. 

Previous studies have shown that the abundance of AMPs obtained 
by passive sampling is also influenced by the distance to the coastline, 
the filter pore size, and the sampling height. Coastal areas have lower 
AMPs abundance due to the dilution effect of ocean air (Liu et al., 2019). 
Using filters with large pore size may miss small-sized AMPs during the 
laboratory analysis (Purwiyanto et al., 2022). Sampling height in
fluences the number of AMPs collected by passive sampling in different 
ways. Higher sampling sites have less interference from ground obsta
cles and more exposure to upper-altitude winds that carry distant AMPs. 
However, lower sampling sites may also increase the capture of ground- 
originated AMPs. These factors result in inconsistent findings on the 
relationship between sampling height and AMPs abundance in previous 
studies. Liu et al. (2019) found that the abundance of AMPs decreased as 
the sampling altitude increased. Truong et al. (2021) reported a positive 
correlation between sampling elevation and AMP deposition rates. In 
this study, the sites with the highest sampling altitude (S2 and S5) had 
the largest MPs deposition rates. However, the differences among all the 
sampling sites were not statistically significant, which could be attrib
uted to the mixing effects of convective airflows. 

3.3. Influence factors and sources 

Several factors influence the abundance and distribution of AMPs, 
such as precipitation and wind. Researchers have suggested that pre
cipitation accelerates the deposition of AMPs (Dris et al., 2016). Rainfall 
erodes and deposits many MPs on the ground, increasing their abun
dance and decreasing their particle size in wet weather compared to dry 
weather (Jia et al., 2022). Allen et al. (2019) found a positive correlation 
between MPs deposition and precipitation intensity and frequency, but 
not duration. Roblin et al. (2020) indicated that relative humidity and 
rainfall affect the wet deposition of MPs. Dong et al. (2021) reported that 
rainfall intensity had a significant positive correlation with MPs depo
sition flux, but rainfall amount did not. Wind also affects the deposition 
of MPs, but in complex and diverse ways. Wright et al. (2020) observed 
correlations between MPs abundance and wind direction and speed. 
Allen et al. (2019) showed that the frequency of winds with wind speed 

>1 m/s had a positive correlation with MPs deposition flux.Liu et al. 
(2019), Browne et al. (2010) argued that wind significantly influenced 
the spatial distribution of suspended AMPs, resulting in higher abun
dance in the downwind direction. Szewc et al. (2021) examined the 
relationship between AMPs and various meteorological factors and 
discovered that wind speed affected the deposition rate of MPs by 
influencing their dry deposition. Purwiyanto et al. (2022) claimed that 
wind lifted AMPs particles and prevented them from settling. 

As Fig. 6a shows, we examined the precipitation status during the 
sampling period. The Jiaozhou Bay area experienced the lowest pre
cipitation in quarter Q1, followed by an increase in Q2 and Q3, a peak in 
Q3, and a decrease in Q4. Out of the 365 days of the sampling period, 
286 days had no precipitation, 68 days had light rain (0–10 mm rainfall 
within 24 h), 5 days had moderate rain (10–25 mm rainfall within 24 h), 
and 6 days had heavy rain (>25 mm rainfall within 24 h). Moderate and 
heavy rain accounted for only 1.37 % and 1.64 % of the year, respec
tively. The rainy season had significantly smaller AMPs particle size in 
Jiaozhou Bay than the dry season, indicating the effect of precipitation 
on AMPs deposition (Fig. 4e and f). However, we found no significant 
correlation between precipitation and AMPs abundance. We suggest 
that one possible reason is the low amount and intensity of precipitation 
in the Jiaozhou Bay area, which reduces the impact of precipitation on 
AMPs deposition. Other factors, such as wind, temperature, and plastic 
production, may also influence AMPs deposition. Therefore, seasonal 
change in AMPs deposition does not reflect the effect of precipitation. 
Moreover, since we sampled quarterly in this study, the lower sampling 
frequency may have affected the correlation analysis between precipi
tation and AMPs abundance. 

We examined the annual and seasonal wind direction and wind 
speed in the Jiaozhou Bay area (Fig. 6a, b and Fig. S2). To identify the 
source of AMPs in Jiaozhou Bay, we used the Hysplit model (web 
version) to conduct a 24-h backward trajectory analysis for site S1 from 
December 2018 to December 2019 (Fig. 7). We performed the analysis at 
heights of 10 m, 100 m and 500 m, starting at 8 am on the 5th of each 
month. We also compared the atmospheric motion trajectories between 
different sites (S1 to S5) on March 4, June 4, September 3, and December 
5 by analyzing their 24-h backward trajectories (Figs. S3 to S7). The 
results of wind direction and wind speed analysis show that the annual 
wind direction in Jiaozhou Bay is mainly north-northwest and south- 
southeast, with higher wind speed in Q1 and Q4. The wind direction 
in Q1 and Q4 is mainly northwest, while in Q2 and Q3 it is mainly 

Fig. 6. The weather condition in Jiaozhou Bay during sampling period. (a) The rainfall (red square dash line), and average wind speed (black triangle dash line) 
during the rainy (blue line) and dry (yellow line) seasons. (b) The wind rose diagram depicts the predominant wind direction and speed in Jiaozhou Bay. (For 
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

C. Zhao et al.                                                                                                                                                                                                                                    



Marine Pollution Bulletin 196 (2023) 115568

10

southeast. The backward trajectory analysis shows that the airflow at 
site S1 mainly originates from the urban agglomeration of Shandong 
Peninsula in the north of Jiaozhou Bay in Q1 and Q4, and from the 
Yellow Sea in the southeast of Jiaozhou Bay in Q2 and Q3. The results 
are consistent with the wind direction. Different sites have similar at
mospheric trajectories, originating from the same area. Therefore, we 
suggest that the wind plays a dominant role in the distribution of AMPs 
in Jiaozhou Bay. In Q1 and Q4, the northwest wind carries the MPs 

particles produced by the urban agglomeration in the northern part of 
Jiaozhou Bay to Jiaozhou Bay, resulting in higher AMPs abundance. In 
Q2, the southeast wind blows from the Yellow Sea to the land, reducing 
the transport of MPs. In Q3, the increased precipitation raises the 
average humidity of the air, leading to more AMPs deposition. Finally, 
the quarterly distribution of AMPs abundance follows a pattern of Q1 >
Q4 > Q3 > Q2. 

To investigate the influence of human activities on the abundance of 

Fig. 7. The 24-h backward trajectory of site S1 during the sampling period. (a) to (m) represent the backward trajectory in different months. The bottom left corner 
of the image shows the time point at which the backward trajectory analysis begins, and the bottom right corner of the image shows the display distance corre
sponding to the length in the image. The red line represents the backward trajectory at 10 m altitude; the blue line represents the backward trajectory at 100 m 
altitude; and the green line represents the backward trajectory at 500 m altitude. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

C. Zhao et al.                                                                                                                                                                                                                                    



Marine Pollution Bulletin 196 (2023) 115568

11

AMPs, we examined the correlation between the human activity in
dicators of the administrative regions where the sampling sites were 
located and the AMPs deposition (Table S2 and Fig. S8). The correlation 
analysis showed a weak relationship between various human activity 
variables and AMPs. This could be attributed to the homogenization of 
AMPs due to the short distance among the sampling sites and the long- 
range transport of AMPs. 

4. Conclusion 

This study reveals that Jiaozhou Bay has a lower abundance of AMPs 
than other bay regions, mainly consisting of fragmented and fibrous MPs 
with PET, PE, and cellulose as the main constituents. The distribution of 
AMPs varies temporally and spatially, and differs between dry and wet 
deposition. Seasonal analysis indicates that the abundance of MPs fol
lows the pattern of winter (Q1) > autumn (Q4) > summer (Q3) > spring 
(Q2). Monsoons and precipitation affect the deposition of AMPs, with 
monsoons having a dominant role. Regional analysis indicates that there 
are significant differences among regions, but no clear correlation with 
population density and human activities. In future work, we will 
conduct high-frequency sampling of AMPs, and collect more detailed 
data on the surrounding environment to verify the relationship between 
various environmental factors and the distribution of MPs. Moreover, we 
suggest that future assessments of AMPs exposure risk should consider 
the monsoon changes in the assessment area, as well as the sources and 
atmospheric transport of MPs from surrounding areas, to provide a more 
comprehensive evaluation of the ecological risk posed by AMPs. 

Supplementary data to this article can be found online at https://doi. 
org/10.1016/j.marpolbul.2023.115568. 
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