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Extreme storms, such as tropical cyclones, are responsible for a significant portion of the
plastic debris transported from land to sea yet little is known about the storm response
of microplastics and other debris in offshore and open waters. To investigate this, we
conducted floating plastic surveys in the center of Sagami Bay, Japan approximately
30 km from the coastline, before and after the passage of a typhoon. The concentrations
(number of particles/km2) of micro- and mesoplastics were two orders of magnitude
higher 1-day after the typhoon than the values recorded pre-typhoon and the mass
(g/km2) of plastic particles (sum of micro- and mesoplastics) increased 1,300 times
immediately after the storm. However, the remarkably high abundance of micro- and
mesoplastics found at 1-day after the typhoon returned to the pre-typhoon levels in just
2 days. Model simulations also suggested that during an extreme storm a significant
amount of micro- and mesoplastics can be rapidly swept away from coastal to open
waters over a short period of time. To better estimate the annual load of plastics from
land to sea it is important to consider the increase in leakages of plastic debris into the
ocean associated with extreme storm events.

Keywords: hurricanes, macroplastics, mesoplastics, microplastics, Sagami Bay, tropical cyclones, typhoon

INTRODUCTION

Each year, approximately 20 million metric tons of land-based plastic debris makes its way into
aquatic systems, including oceans and freshwater networks, and this figure is only likely to rise
(Borrelle et al., 2020). Once they end up in the sea, plastic debris eventually accumulates in the
marine environment as most plastics are believed to take several hundred years, or even longer, to
break down completely (Derraik, 2002; Turner et al., 2020).
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One of the main sources of plastic debris that ends up in
the sea is mismanaged plastic waste that is leaked directly from
shorelines or indirectly through riverine waterways (Lebreton
et al., 2017), urban runoff (Weideman et al., 2020), sewage
discharge (Browne et al., 2011) and wind dispersal (Schmidt
et al., 2017). Particularly, flood events caused by heavy rainfall
enhance the movement of plastic debris of land-based origin into
the marine environments from multiple source points (Moore
et al., 2002; Axelsson and van Sebille, 2017; Kataoka et al., 2019;
Nihei et al., 2020). Therefore, extreme weather events that cause
strong winds, heavy rainfall, and associated flooding can greatly
enhance the leakage of plastic and other debris into the sea
(Veerasingam et al., 2016; Gündoğdu et al., 2018; Hitchcock,
2020; Ockelford et al., 2020).

Tropical cyclones, including typhoons and hurricanes, are the
most extreme episodic weather events occurring at low- and mid-
latitudes. They bring heavy precipitation resulting in increased
river flow and terrestrial runoff (Tsuchiya et al., 2015), and
when coupled with the powerful winds they generate tropical
cyclones can be a significant event that enhances the loading of
plastic debris from land to the marine environment (Pelamatti
et al., 2019; Wang et al., 2019; Hitchcock, 2020; Lo et al., 2020;
Garcés-Ordóñez et al., 2021). For example, a single typhoon
can contribute to more than 80% of the annual transport of
microplastics that flow in the Edo River in Japan (Kudo et al.,
2018). As such, an important focus of recent plastic research has
been to establish the role of extreme storm events on plastic
pollution and to determine how plastic debris varies in space
and time after such events (Wang et al., 2019). Studies of
past tropical cyclones have suggested that global warming may
lead to increasing intensities of these episodic events (Kunkel
et al., 2013; Tu and Chou, 2013) and therefore the impacts of
tropical cyclones on the transport of marine debris will also
be augmented. Understanding the leakage patterns of marine
plastic debris by tropical cyclones and other storm events is
essential for determining strategies to mitigate further pollution,
especially in regions where there are frequent typhoon or
hurricane events.

At present, most studies investigating how microplastics
and other debris respond to storm disturbances are based on
observing succession patterns by revisiting rivers (Hitchcock,
2020), beaches (Lo et al., 2020), shores (Zhao et al., 2015) or
nearshore waters (<10 km) (Gündoğdu et al., 2018; Chen et al.,
2019) after storm events. Although these studies provide valuable
information on the storm response of microplastics and other
debris in rivers, coasts and shallow waters, studies investigating
the responses offshore or in open waters are scarce. Debris
flowing into the coastal waters through rivers and shores via
storm events will experience rougher sea conditions, such as
higher waves and rapid currents, which may cause; an increase
in transportation of debris out to the open waters, debris to be
re-deposited into coastlines, or debris to sink to the sea bottom
(Kukulka et al., 2012). As a result, the abundance of debris flowing
into coastal waters may vary significantly over time after extreme
storms. Yet, the true extent of plastic debris that is flowing
into coastal waters and offshore through extreme weather events
remains unclear.

In September 2019, Typhoon Faxai, equivalent to a Category
4 typhoon made landfall near Tokyo, Japan (Suzuki et al., 2020;
Tamura et al., 2021). The destructive winds and storm surged
with a maximum wind gust speed of 210 km h−1 which caused
landslides, damage to buildings and homes, knocking out power
and uprooting trees across central Japan, resulting in 25 billion
USD economic loss (Eckstein et al., 2021). However, this typhoon
event provided unique research opportunities for estimating
the influence of extreme storm events on plastic debris in the
marine environment.

Here we present the study of floating micro- and mesoplastics
debris in the center of Sagami Bay, some 30 km away from the
Japanese coastline, at 3-days before, 1-day after and 3-days the
typhoon Faxai’s passage. Specifically, our study addressed two key
topics regarding typhoon derived debris through observations
and model simulations: (1) how much does the concentration of
floating plastic debris offshore change before and after a typhoon
passage? and (2) where does the debris that is carried from the
land to coastal waters by the typhoon go? This will significantly
contribute to our understanding of the fate of plastic debris after
an extreme storm.

MATERIALS AND METHODS

Typhoon Faxai
Faxai (T1915) occurred east of the International Dateline
presenting as a tropical depression on 2nd September 2019
before being upgraded to a typhoon on 5th September near
Minami-Torishima Island as it moved across the Pacific Ocean
(Japan Meteorological Agency, 2020; Figure 1A). The lowest
central pressure of Faxai was 955 hPa with maximum sustained
winds of 157 km h−1. Shortly before 03:00 JST (Japan Standard
time, + 9 GMT) on 9th September 2019, Faxai passed through
Sagami Bay in central Japan with the largest diameter of storm
wind determined to be 180 km (Figure 1B). The storm caused
heavy precipitation with a maximum of 109 mm of rain in 1 h,
resulting in urban flooding in Tokyo metropolitan area (Tokyo
Regional Headquarters, 2019). This was one of the strongest
typhoons to ever hit the region on record (Tamura et al., 2021).
After Faxai passed through the Tokyo area, it was downgraded
to an extra-tropical cyclone on 10th September 2019 off the
east coast of Japan.

Plastic Sampling
Sampling was conducted at a location in the center of Sagami
Bay (35◦1.25′N; 139◦22.65′E) over a water depth of 1,400 m
(Figure 1B). This site was located near the center of the
anticyclonic eddy of the bay (Iwata and Matsuyama, 1989) and
thus an accumulation of debris was expected. We conducted
sampling 3-days before Faxai reached the bay (September 7th),
and revisited the same survey site at 1-day after (September 10th)
and 3-days after (September 12th) the typhoon passed during a
cruise on the R/V Yokosuka (YK19-11).

Floating micro- and mesoplastic particles were collected
during the day (6:00–13:00) using a neuston net (mesh size,
333-µm; mouth opening size, 1.0 m width and 0.75 m height)
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FIGURE 1 | Track of typhoon Faxai off (A) the east coast of Japan and (B) over Sagami Bay. The colors of circles on (A,B) donate the central pressure (hPa) of Faxai.
Large circle on (B) represents the area of the storm with the wind speed of > 25 m/s (02:00 September 9th). Cross on (B) donates sampling site.

equipped with a pre-calibrated flow-meter (Rigo). Prior to
towing, the net without cod-end was rinsed from the outside with
running seawater in order to remove any contaminants in the net.
The neuston net was deployed 4 m from the ship’s starboard side
using a crane and dragged for 20 min at a speed of 1–2 knots in
the upper 0.4 m of the sea surface, where samples were collected
in the cod-end of the net (Michida et al., 2019). Triplicate samples
were collected at each sampling period by repeating the net
towing. Once onboard, the net was thoroughly rinsed from the
outside of net with running seawater to concentrate all particles
into the cod-end. Samples were then transferred to 450 ml glass
jars, fixed with 5% formalin and stored for laboratory analysis.
The formalin was filtered before usage applying a 30 µm stainless
mesh screen to avoid external contamination.

In addition to the neuston net sampling, floating macroplastic
debris was visually counted 3-days before and 1-day after the
storm. No visual observation was conducted 3-days after the
storm. Three to four researchers were stationed on both the
port and starboard side of the ship to observe floating debris
for 70–90 min while the ship was running at a speed of 1
knot. All debris > 25 mm within 4 m from the side of the
ship was visually counted. The lids of standard plastic bottles
(ca. 28 mm in diameter), which were often observed during the
observation, were used as a nominal calibration measure during
the enumeration of debris > 25 mm.

Laboratory Analysis
Plastic-fiber free lab coats were worn in the laboratory and
work surfaces were precleaned and dust-free prior to working.
Sample processing was conducted in a laminar flow cabinet
where possible. The neuston net samples were purified using
30% H2O2 at room temperature for 7 days (Hurley et al.,
2018) and then visually inspected using a dissecting stereo
microscope (Olympus, SZX16). All potential plastic particles

were sorted out by hand using forceps and transferred to glass
multiwell plates with glass lids. Particles were then dried at
room temperature for 3 days, photographed with a connected
camera (Olympus, DP74) to the microscope, and categorized
according to their shape: fragments (mixture of hard fragments
and films), line, foam, and pellet (Michida et al., 2019). Length
and width of each particle were measured using an image
software (Olympus, cellSens Dimension 2.1). Textile microfibers
were excluded from the analysis due to the large mesh size of
the net and to minimize the inclusion of external contamination.
For the samples collected at the 1-day after the storm with
many particles, large (>5 mm) or prominent plastic particles
were sorted first where possible, then the remaining sample was
split (1/8) using a stainless-steel splitter. All potential plastic
particles, except for foamed particles, were then sorted from the
split samples. As foamed particles were numerous in the split
samples these samples were split further (1/8) and all foamed
particles were sorted.

Polymer types for each of the sorted plastic-like particles were
identified using Fourier Transform Infrared spectroscopy (FT-
IR) with a single reflection diamond Attenuated Total Reflection
(ATR) (Nicolet iS5, Thermo Fisher Scientific). The samples were
positioned onto the ATR crystal and then compressed using
the instrument clamp to achieve optical contact, allowing at
4 cm−1 spectral resolution by co-adding 16 scans per sample,
and a background in air was collected every 60 min during
measurement. Each collected spectrum was compared to multiple
spectral database libraries containing both synthetic polymers
and non-synthetic materials (Omnic 9, Thermo Fisher Scientific).
A hit quality > 60% was used as the threshold for polymer types
(Galgani et al., 2013). In total, 1,821 particles were identified as
plastic polymers with FT-IR in this study.

Particles identified as plastic were pooled by each net tow
sample and transferred to a pre-weighed glass vial, then the
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weights of the plastic particles were measured. The plastic
particles collected from the neuston nets were characterized into
three size-categories: microplastic (<5 mm), mesoplastic (5–
25 mm), and macroplastic (>25 mm) based on the lengths of each
particle (GESAMP, 2019). After the counting of individual plastic
particles in each sample, densities (number of particles per square
kilometer) were calculated from the towed distance measured by
the flow-meter and the frequency of sample split.

Wooden and plant debris from the neuston net samples
were sorted out using forceps prior to the plastic analysis and
pooled by net tow sample. These pooled samples were dried for
24 h at 60◦C and then weighed. In addition, prominent insects
were also counted and sorted out, and identified to family level
wherever possible.

Particle Tracking Simulations After
Storm
We conducted particle tracking simulations at the surface
of Sagami Bay before and after the typhoon passage using
the surface current reproduced from a tide-resolution general
circulation model with the horizontal resolution of 1/36 (JCOPE-
T DA) (Miyazawa et al., 2021). See Supplementary Material for
the details of the model configuration. We aligned 100 model
particles on the coast of Sagami Bay 2, 7, 9, and 12 h after the
storm, and 1 week before the storm to see how many particles
could be flushed out of the Sagami Bay across different time
scales. We defined the extent of the bay as the inner side of the
line connecting the edge of Boso Peninsula and the edge of Izu
Peninsula (Figure 1B), and the particles which moved out of this
line were considered to have been transported out of the bay.
Finally, we compared the relative abundance of residual particles
in the bay between the different time set ups.

Statistical Analysis
The difference in the density, mass, and length of microplastics
and mesoplastics between different sampling periods (3-days
before, and 1- and 3-days after the storm passage) was determined
using a one-way ANOVA and differences among means were
then analyzed using Tukey-Kramer multiple comparison tests.
A difference at p < 0.05 was considered significant.

RESULTS

Changes in the Density and Mass of
Plastic and Other Debris
At 3-days before the typhoon passed (September 7th), the
densities of micro- and mesoplastics were on average (± SD)
101,762 ± 13,213 pieces km−2 and 11,340 ± 7,198 pieces
km−2, respectively (Figures 2A,B). At 1-day after the typhoon
passage (September 10th), the concentrations of micro- and
mesoplastics significantly increased by two orders of magnitude
(p < 0.01 for both micro- and mesoplastics, Tukey-Kramer),
being 226 times and 274 times greater than those at the pre-
typhoon period, respectively. Mean concentration of micro-
and mesoplastics 1-day after the typhoon passage reached

23,032,769 ± 8,372,347 pieces km−2 and 3,104,930 ± 1,847,652
pieces km−2, respectively. At 3-days after the typhoon passage,
the concentration of micro- and mesoplastics significantly
(p < 0.05 for both micro- and mesoplastics, Tukey-Kramer)
dropped to concentrations similar to pre-typhoon levels
(microplastic, 77,698 ± 10,863 pieces km−2; mesoplastics,
12,143 ± 10,244 pieces km−2). There were no significant
differences in the density of microplastics (p > 0.05) and
mesoplastics (p > 0.05) between the samples taken pre-typhoon
and 3-days after the typhoon passed.

The mass (g km−2) of plastic particles collected by the
net (sum of micro- and mesoplastics) showed the same trend
as the density data (Figure 2C). The mass was on average
0.070 ± 0.035 kg km−2 before the typhoon passage, which
significantly (p < 0.01, Tueky-Kramer) increased 1,309 times
immediately after the storm to 91.6 ± 30.9 kg km−2. Then, it
significantly (p < 0.01, Tueky-Kramer) decreased to the pre-
typhoon level at 3-days after the storm (0.11 ± 0.062 kg km−2).
There was no significant difference in the mass between pre- and
3-days post typhoon (p > 0.05, Tueky-Kramer).

In addition to plastic debris, a markedly large amount of
fine wooden debris and plant debris was collected from the
net 1-day after typhoon, reaching 415.3 ± 243.8 kg km−2

(Figure 2D). Wood and other plant debris were not collected
before the typhoon or 3-days after the typhoon. Some insects,
including wingless insects such as ants (Formicidae), were also
only collected at 1-day after the storm (Supplementary Figure 1).

Large plastic debris was also prominent on the sea-surface 1-
day after the storm. At 3-days before the typhoon passed, the
density of visually counted macroplastic (> 25 mm) ranged from
1,824 to 2,183 pieces km−2 with a mean of 2004 pieces km−2

(Supplementary Figure 2A). At 1-day after the typhoon passed
the mean density was 5.2 times greater than the pre-typhoon
period, ranging from 10,092 to 10,698 pieces km−2 with a mean
of 10,392 pieces km−2. The mean density of visually counted
macroplastic was lower than that obtained from the net sampling
at 1-day after the storm (29,269 ± 26,713 pieces km−2), though
no macroplastics were collected by the net 3-days before or 3-days
after the typhoon (Supplementary Figure 2B).

Changes in the Polymer Type, Shape and
Size of Micro- and Mesoplastics
Polyethylene (PE) and polypropylene (PP) were dominant
in microplastics and mesoplastics before the typhoon passed
(PE 59.7 ± 10.3% and PP 30.2 ± 6.3% in microplastics;
PE 80.0 ± 20.0% and PP 13.3 ± 11.5% in mesoplastics)
(Figures 3A,B). At 1-day after the typhoon, microplastics
consisted mostly of polystyrene (PS) (76.5 ± 14.1%) while
mesoplastics were comprised mainly of PE (38.4± 24.9%) and PS
(37.2± 18.3%). At 3-days after the storm, PS was still the highest
proportion of polymer seen in microplastics (63.4 ± 3.3%) while
mesoplastics were comprised mainly of PE (58.3± 52.0%) and PS
(33.3± 57.7%).

The morphological shapes of microplastics and mesoplastics
collected before the typhoon passed were predominantly
fragments including hard fragments and films (93.4 ± 5.9% in
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FIGURE 2 | Changes in the density and mass of plastic and other debris 3-days before, and 1- and 3-days after typhoon passage: density (pieces km−2) of (A)
microplastic and (B) mesoplastics, and mass (kg km−2) of (C) micro− + mesoplastics and (D) wood and plant debris. Error bars indicate standard deviation of mean.

microplastics; 80.0 ± 20.0% in mesoplastics) followed by lines
(6.6 ± 5.9% in microplastics; 13.3 ± 11.5% in mesoplastics)
(Figures 3C,D). At 1-day after the typhoon, foamed particles,
namely particles of expanded PS (EPS), were dominant in
microplastics (81.7 ± 9.9%). Foamed particles were also an
important component in mesoplastics (37.1± 17.9%) 1 day after
the storm but the most dominant shapes seen were fragments
(59.8± 15.1%). At 3-days after the storm, both microplastics and
mesoplastics consisted mostly or entirely of fragments (97.8± 3.8
and 100.0± 0.0%, respectively).

Boxplots of particle length (µm) of microplastics and
mesoplastics before and after the typhoon showed a presence of
larger particles in microplastics 1-day after the storm (Figure 4).
The mean size of microplastic particles at 1-day after the
storm was significantly higher (p < 0.01, Tueky-Kramer) than
before and 3-days after the storm, yet no significant difference

was observed between before and 3-days after the storm
(Figure 4A). For mesoplastics, no significant difference was
found in particle size across the study periods (p > 0.05, Tueky-
Kramer) (Figure 4B).

Particle-Tracking Simulations
Particle model analysis showed that plastic particles entering the
bay immediately after the passage of the typhoon were highly
likely to be transported out of the bay to the open ocean. In
contrast, plastic particles that entered the bay before the typhoon,
or more than 12 h after the passage of the typhoon, were less likely
to be transported from the bay to the open ocean (Figure 5, see
also movies in Supplementary Material). Most particles released
from the coastline at 2 and 7 h after the typhoon passed (i.e., 04:00
and 09:00 September 9th) remained in the bay for the first 24 h
(>90%), but only < 50% (45.7–49.3%) continued to persist in the
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FIGURE 3 | Changes in the composition of (A,B) polymer type and (C,D) shape of microplastics and mesoplastics 1-day before and 1- and 3-days after the
typhoon passage. PE, polyethylene; PP, polypropylene; PS, polystyrene. Fragments on (C,D) include hard fragments and films.

bay after 120 h due to leakage into the open waters (Figure 5).
Similarly, particles released 9 h after the typhoon passage (11:00
September 9th) showed persistence of ca. 60% in the bay after
120 h. In contrast, particles released 12 h after the typhoon, or 1
week before the typhoon, showed relatively higher persistence in
the bay with 78–82% still residing after 120 h.

DISCUSSION

Here we provide evidence that extreme weather events are one
of the major driving forces responsible for transporting large
amounts of plastic debris from the land to the sea. Although
earlier studies have documented debris succession patterns before
and after storm events in rivers, coasts, and shallow nearshore
waters, our results highlight the degree of debris found offshore
far from the coast (> 30 km) after an extreme storm event.

Flood events caused by heavy precipitation enhance the
movement of plastic debris of terrestrial origin into the

marine environments from multiple points, of which rivers are
considered one of the major pathways (Kudo et al., 2018; Nihei
et al., 2020). One typical debris that is abundant in rivers during
heavy rainfalls is wooden debris (Doong et al., 2011). Considering
the large amount of wooden debris found in this study, as well
as the presence of wingless insects (ants), the plastic debris
collected 1-day after the storm may be of river-based origin.
This hypothesis is further supported by satellite image data taken
at 1-day after the storm by Sentinel-2 showing muddy water
flowing from the coastlines to the center of Sagami Bay which
are occurrences of river runoff (Sentinel, 2019). In addition,
the surface chlorophyll data provided by the satellite Shikisai
(GCOM-C) showed that the bay at 1-day after the storm the bay
experienced very little influx of oceanic seawater that could be
a source of microplastics (Japan Aerospace Exploration Agency,
2019). Microplastics on the seafloor can be resuspended after
storms that cause sufficient turbulence in the water column
(Lattin et al., 2004). However, the study site has a total water
depth of 1,400 m making resuspension of plastic debris from
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FIGURE 4 | Changes in the length (µm) of (A) microplastics and (B)
mesoplastics 1-day before and 1-day and 3-days after typhoon passage. The
line in the middle of the boxes represents the median values; the tops and
bottoms of the boxes denote the 75 and 25% quartiles, respectively, and the
top and bottom of the errors show the maximum and minimum value,
excluding outliers (circles). Crosses denote the mean data.

sediments at this depth is unlikely. As such, we can infer that the
majority of the debris observed in the center of Sagami Bay after
the typhoon most likely originated from river sources.

Although comparatively fewer studies exist on plastic debris
before and after tropical cyclones, it is apparent that extreme
storms are responsible for a significant portion of the plastic
debris transported from land to aquatic ecosystems. Previous
investigations examining plastic debris before and after tropical
cyclones, and other storm events have revealed that an increase
in the abundance of microplastics and macroplastics is typically
observed after storms (Table 1). For example, measurements
of macroplastic debris densities in Hong Kong beaches during
typhoon Mangkhut in 2018 showed a 12-fold increase compared

FIGURE 5 | Relative abundance (%) of residual particles in Sagami Bay after
releasing particles from the shoreline at different time intervals based on the
typhoon passage: 1 week before (09:00 September 2nd), 2 h after (04:00
September 9th), 7 h after (09:00 September 9th), 9 h after (11:00 September
9th) and 12 h after (14:00 September 9th).

with measurements taken before the typhoon passage (Lo et al.,
2020). Similarly, typhoon Meranti in 2016 caused a 10 times
increase in floating macroplastics in Xiamen Bay, China (Chen
et al., 2019). Our results show that macroplastics (> 50 mm)
yielded a 5-fold increase in abundance immediately after the
storm, which is comparable to previous studies.

In studies of microplastics, previous investigations revealed
that storm events caused 1.1–43.5-fold increase in the density
of microplastics from rivers, beaches, estuary and nearshore
waters (Table 1). However, in our study, microplastics (<5 mm)
from offshore sites showed a 280-fold increase in density, which
is the highest recorded value to date. Unlike microplastics
found in rivers and shores, where microplastics continue to be
transited from the land to the sea, the offshore study site is
located near the center of an eddy in the bay and, as such,
microplastics are likely to be accumulated. This propensity for
accumulation at the offshore site compared to rivers and shores
may explain the higher enrichment factor in microplastic density
seen there. It is interesting to note that the study of the beaches
in Hong Kong (Lo et al., 2020) showed a higher enrichment
factor in the density of macroplastics than that of microplastics
(11.5 vs. 1.8, respectively), which contradicts our offshore results
that showed a higher enrichment factor for microplastics. This
suggests that smaller plastic particles may be more likely to be
transported offshore by storm events. Previous studies showed
that microplastics have a much shorter residence time in shore
waters than macroplastics so microplastics may be more easily
transported to offshore waters via backwash waves (Hinata et al.,
2017). This may also explain the higher microplastics enrichment
factor seen for our offshore site. Additionally, the breakage
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TABLE 1 | Comparative summary of the enrichment factors of macro- and microplastics in several bodies of water after storm events.

Study site Specific sampling
site/distance from
shore (km)

Typhoon Date Collection
method/mesh
size

Collection
media

Days after
storm

Density after
storm

Unit Enrichment
factor

Source

Macroplastics

Hong Kong, China Beach Typhoon
Mangkhut

16/09/2018 Hand picking Beach 2–3 0.54 Items/km2 11.5 Lo et al., 2020

Xiamen Bay, China Nearshore/ < 5 km Typhoon
Nepartak

09/07/2016 Net/333 µm Surface water 1 24a Items/km2 0.4 Chen et al.,
2019

Typhoon
Meranti

15/09/2016 312a Items/km2 10.4

Sagami Bay, Japan Offshore/30 km Typhoon Faxai Visual Surface water 1 Items/km2 Present study

Microplastics

Saitama, Japan River Typhoon Talim 17/09/2017 Net/350 µm Surface water 1–2 11 billion Transported
items/year

2.9b Kudo et al.,
2018

NSW, Australia River Storm 05/10/2019 Bucket/37 µm Surface waer 0 17,383 Items/m3 43.5 Hitchcock,
2020

Hong Kong, China Beach Typhoon
Mangkhut

16/09/2018 Quadrat Beach 2–3 335 Items/kg 1.8 Lo et al., 2020

Fuzhou, China Estuary Typhoon Soulik 13/07/2013 Pump/333 µm Surface water 1 1,246 Items/m3 1.1 Zhao et al.,
2015

Mersin Bay, Turkey Nearshore/ < 10 km Storm Dec 2016–Jan
2017

Net/333 µm Surface water 3 months 7,699,716 Items/km2 14.3 Gündoğdu
et al., 2018

California, US Nearshore/ < 5 km Storm 12/01/2001 Net/333 µm Surface water 0 63 Items/m3 6.3 Moore et al.,
2002

Banderas Bay, Mexico Nearshore/ < 3 km Hurrican
season

Net/333 µm Surface water – 0.044 Items/m3 3.4 Pelamatti et al.,
2019

Sanggou Bay, China Neashore/ < 10 km Typhoon
Haitang, Noru

30/07/2017,
06/08/2017

Bucket/50 µm Surface water 3 89,500 Items/m3 1.4 Wang et al.,
2019

Grab Sediment 3 3,035 Items/kg 1.4

Sagami Bay, Japan Offshore/30 km Typhoon Faxai Net/333 µm Surface water 1 23,016,841 Items/km2 226.2 Present study

aDensity was obtained from figures. bResult from a comparison with the annual cumulative transported microplastics.
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of fragile debris by rougher seas could also contribute to the
increased number of small plastic particles recorded.

The most significant contributor to the increase in densities
of micro- and macroplastics after the typhoon passed was
polystyrene foam or expanded PS (EPS) particles. Polystyrene
foams are extensively used as disposable take-way food boxes,
heat-insulated containers and buoys, where polystyrene foam
litter has been widely reported in the Asian-Pacific region
(Yamashita and Tanimura, 2007; Kim et al., 2015; Fok et al.,
2017). Most EPS particles found in this study were 2–3 mm in
length, which largely contributed to the size shift of microplastics
toward larger particles. Although the source of the EPS particles
is unclear in our study, one possible source could be insulated
containers such as the type used for transporting seafood
products amongst other things as many EPS insulated containers
are made of ca. 1–3 mm diameter of spherical EPS beads bonded
together (Subhan, 2006). EPS made containers are fragile and
are easily fragmented by external energy releasing small EPS
particles (Majanga et al., 2015; Song et al., 2020). High physical
energy associated with strong winds and rough ocean waves
during typhoons could encourage the breakdown of exposed
EPS containers into parts which could be further fragmented
into smaller pieces that drift into offshore waters (Lee et al.,
2013). As such, it is important to devise measures to prevent EPS
containers from leaking into the environment in order to reduce
microplastic leakage into the ocean.

The remarkably high abundance of micro- and mesoplastics
found 1-day after the typhoon (91 kg/km2) returned to the
pre-typhoon level in just 2 days (0.1 kg/km2). Essentially, ca.
90 kg/km2 of plastic particles moved on from the survey site
within a few days and it is not immediately clear where they
have relocated to. It is unlikely that most plastic particles sank
in just 2 days given that the predominant polymers were PP,
PE and EPS, which have lower specific gravity than seawater. In
fact, it would normally take several months to several years for
buoyant plastic debris to move from the surface to the deeper
water via events such as biofouling (Isobe et al., 2019; Nakajima
et al., 2021). As such, the plastic particles may have been pushed
back to the shore or swept away from the bay over a relatively
short time scale. Our model shows that particles remain in the
bay for a relatively longer period when they are not under the
influence of a storm (i.e., 1 week before and 12 h after typhoon
passage) probably due to the anticyclonic eddy in the Sagami
Bay (Iwata and Matsuyama, 1989). On the contrary, half of the
particles that moved into the bay right after the typhoon passed
were shown to have been swept away from the bay in a few days
probably due to the higher outflow from Tokyo Bay, next to
Sagami Bay. The higher outflow from the mouth of Tokyo Bay,
resulting from the typhoon which rotated counterclockwise and
increased water volume in the bay due to increased precipitation
(Okada et al., 2011), could have been responsible for the higher
leakage of particles from the mouth of the Sagami Bay to the
open waters. These results suggest that a significant amount
of micro- and mesoplastics can be swept away rapidly from
coastal waters to open waters by extreme storms. As such, it is
important to consider the enhanced leakages of plastic debris
into the ocean associated with extreme storm events to better

estimate the annual plastic load from land to sea. This will
be further emphasized in low- and mid-latitudes regions with
frequent occurrences of tropical cyclones including typhoons
and hurricanes. Notably East and Southeast Asia, the regions
with frequent typhoons, account for approximately half of the
plastic that ends up in the ocean (Jambeck et al., 2015), which
could be upwardly revised considering the effect of typhoons.
As the intensity of storm events is expected to increase with a
changing climate (Knutson et al., 2010; Kossin et al., 2020), this
study highlights the significance of the understanding the leakage
patterns of marine plastic debris caused by extreme weather
events. This will allow for the development of better strategies
to mitigate plastic pollution, especially in regions where there are
frequent typhoon or hurricane events.

It is important to note that while the effect of only a
single typhoon was analyzed in this study, we believe that this
adequately covers the significance of the debris leakage from land
to sea. This is evidenced by the highest enrichment factor being
recorded as a result of the typhoon Faxai. It should also be noted
that, unlike rivers or coasts which are relatively easily accessible
when typhoons occur, it is difficult to immediately investigate the
changes in debris abundances at such an offshore site, some 30 km
away from the coastline.

CONCLUSION

We provide insights into the fate of floating plastic debris
transported offshore when a typhoon passed over Sagami Bay,
Japan. Our investigation confirms the view that a tremendous
amount of waste can be transported from the land to sea by
an extreme storm event. This can result in two or three orders
of magnitude higher abundance of micro- and macroplastics
being recorded immediately after the typhoon compared to the
values recorded pre-typhoon. However, the remarkably high
abundance of micro- and mesoplastics found 1-day after the
typhoon returned to the pre-typhoon levels in just 2 days, because
the majority of the debris was swept away from the bay to
the open ocean over a short period of time. The annual load
of plastic debris being transported from land to sea will be
underestimated if episodic storm events are not fully considered.
In order to halt the leakage of plastic debris from land to sea, it
is important to take measures that consider unexpected natural
disasters such as typhoons.
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