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Abstract
Quantifying Atmospheric Microplastic Concentrations at Two Site in California

Lauren Hashman

Micro- (<5mm diameter) and nano-plastics (Inm-1 pm diameter) are
ubiquitous pollutants to aquatic and terrestrial environments and these particles can
be transported long distances through the atmosphere. While not fully understood,
microplastics are potentially detrimental to the health of humans and animals. This
study compares atmospheric microplastic particles (AMP) concentrations collected
from air samples over terrestrial and coastal regions in California: Lake Tahoe and
Monterey Bay, respectively. Atmospheric total suspended particulate matter was
collected weekly at the three site locations and AMP concentration in samples from
2006 to 2023 were determined using flow cytometry to quantify concentrations and
track changes in plastic particle abundance over time. NOAA HYSPLIT back
trajectories are used to infer probable AMP source regions. The coastal sites of Santa
Cruz and Elkhorn Slough Reserve are proximal to different land usage with similar
distances to the coast. Lake Tahoe is 285 km from the ocean and an altitude of 1897
m. Lake Tahoe samples recorded an average concentration of 2.39 particles m from
2005-2006 and 1.83 particles m™ from January-October 2009. Elkhorn Slough
Reserve recorded an average concentration of 4.56 particles m=. Samples collected
before and after a large wildfire at the Santa Cruz Mountains were also compared.
Santa Cruz recorded an average of 8.44 particles m™ prior to the CZU fire complex,

17.59 particles m during and 4.93 particles m™ directly after. Higher AMP

Vi



concentrations at all three sites correspond to long range transport with local and
regional (urban, wildfire) influence. This study aims to detect AMP in locations with
varying proximity to the ocean and land use in hopes to draw awareness about how
long-range transport of AMP is affecting the environment and subsequently the

public’s health.
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Introduction

The global plastic production is predicted to reach 940 million Mt in 2024
(Surendran et al., 2023). Of the plastic produced, 90 Mt could contribute to plastic
pollution by 2030 (Borelle et al. 2020). Macro-plastics can undergo physical or
chemical degradation resulting in smaller plastic pollution fragments (micro- and
nano-) which are abundant in every environmental medium. Microplastics include
plastic particles with a diameter ranging between 1 um and 5 mm. ‘Primary’
microplastics are classified by plastic particles manufactured to the size range of
lum-5 mm (Allen et al., 2022). Primary microplastics enter the environment directly
as particles in the calcified size range and usually originate from domestic products
(beauty products, textiles) and introduced to the environment via our wastewater
system (Horton & Dixon, 2017). ‘Secondary’ microplastics are derived from either
physical or chemical degradation of larger plastic pieces to the micro-size range
(Allen et al. 2020). Secondary microplastics are typically introduced to the
environment by pollution (either intentional or mismanaged) (Boucher & Friot,
2017). Microplastics have been detected and studies in soil (Sajjad et al., 2022), fresh
aquatic environments (Li et al., 2018) and marine systems (Cole et al., 2011), biota
(Hermsen et al., 2018) including in humans (Zhu et al., 2024) and within the
atmosphere (O’Brien et al., 2023). The atmosphere is an important medium of
microplastic dispersal hence focus on atmospheric microplastic is growing rapidly,
with the 70 peer reviewed articles of field and laboratory research published in 2020

increasing to 124 published sources by 2022 (Allen et al., 2020, O’Brien et al., 2023).



The amount of visible plastic pollution in the surface environment does not always
correlate with the amount of plastic pollution in the atmosphere due to the diverse
sources and transport mechanisms of microplastic (Brahney et al., 2020).

The size and density of microplastic particles allows for plastic pollution to
enter the atmosphere from surface sources. The surface ocean is an important source
of microplastic particles to the atmosphere and AMP are transported with the wind to
terrestrial environments as well. Allen et al., (2020) utilize the established model of
sea salt aerosols formation to model the ocean-atmosphere microplastic transfer flux.
Marine plastic pollution (micro- to nano-) enters the atmosphere by bubble bursting
and jet expulsion (Allen et al., 2020). Particles up to 20 um can be ejected by wave
action and dispersed by the wind like other aerosol particles. Microplastic particles
float in seawater; wind action can uplift these particles providing another pathway for
the introduction of microplastics from the marine environment to the atmosphere. The
ocean-atmosphere transfer can be exacerbated in coastal environments due to higher
wave action (Allen et al., 2022). Indeed, a study done in the Baltic Sea (Ferrero et al.,
2022), atmospheric microplastic accumulation was higher at the coastal site of
Gdansk harbor (161 & 75 m™) than in the open Baltic Sea (24 + 9 m™). On the surface
of Germany’s Rhine River, an average of 892,777 microplastic particles km were
found (Mani et al., 2015). Microplastics can be detected in influent (untreated in
flow) and effluent (treated discharged) water in wastewater treatment plants (Sun et
al., 2019). Wind over land can also introduce microplastics into the air. A study done

on agricultural land exposed to erosive winds recorded 0.08-1.48 mg m™ min!



microplastics emission (Rezaei, 2019). Microplastics are introduced to the
agricultural soil environments from polyethylene plastic mulching (He et al., 2018).
Cities and urban development areas have varying atmospheric microplastic
accumulation, with a study in Paris reporting 0.9 particles m™ (Dris et al., 2017) and
in a study Beijing reporting 5,700 particles m™ (Li et.al, 2020). Remote terrestrial and
marine environments are subject to atmospheric microplastic pollution despite
‘pristine’ air quality conditions, which typically consider only gas and smog
pollution, due to long range atmospheric transport. A study done by Allen et.al in
2020 detected 0.09-0.66 microplastic particles m™ air in the remote French Pyrenees
and attributed this to long-range transport. In remote areas in the western United
States an average of 132 particles m? day™! were detected (Brahney et al., 2020),
suggesting long-range transport of atmospheric microplastics to remote terrestrial
environments. A model to constrain point source emission of atmospheric
microplastics in the western United States concluded that 84% of atmospheric
microplastics originate from road dust sources, 11% from the ocean and 5% from
agricultural development (Brahney et al., 2021). California AMP pollution has been
detected on a small scale; California State University, California detected 9.8 £ 7.8
particles m (fibrous) and 6.8 + 5.2 particles m™ (fragments) (Gaston et al., 2020). In
this paper we compare the abundance of microplastics at three sites characterized by
different land-use, land-cover and distance from the ocean in California to assess the
effect of these variables on microplastic in the air. We also report data from samples

collected during a wildfire (CZU Lightning Complex fires of 2020) for comparison.



Methods:

Total suspended particles were collected at three sites in California, Lake
Tahoe, Elkhorn Slough Reserve near Moss Landing and on the Coastal Science
Campus of UCSC in Santa Cruz (Figure 1). The sites represent differing settings that

could contribute to atmospheric microplastic emissions and deposition. Lake Tahoe,
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Figure 1: Map of sampling location in California. Lake Tahoe is situated in the Sierra
Nevada Mountains near the California-Nevada border. Santa Cruz and Elkhorn
Slough Reserve are coastal sites on the Monterey Bay.

Lake Tahoe is situated approximately 285 km from the California coast. Lake

Tahoe (pop. ~ 21,000) is in the Sierra Nevada mountains with nationally protected

forests (Figure 2) to the west and the sparsely populated Great Basin Desert to the



east. Tahoe hosts approximately 15 million tourists annually; with plenty of lodging
options, popular summer and winter recreation, Lake Tahoe can reach 300,000

tourists in a day (The Tahoe Fund website 2024).
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Figure 2: Map of land use practices of the greater Lake Tahoe Basin area using
NLCD (Dewitz & U.S. Geological Survey, 2021). Sampler location indicated by
the black star. The corresponding color classifications, as provided by the NLCD
(Dewitz & U.S. Geological Survey, 2021), are presented in Figure 5.

Elkhorn Slough Reserve is a nationally protected sanctuary; however, it is
proximal to agriculture land (strawberries, artichokes, leafy greens). Elkhorn Slough
is also proximal to urban development with the nearest city being Watsonville,
California approximately 10 km to the north (Figure 3) but is frequented by visitors

and kayakers.
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Figure 3: Map of land use practices of the Elkhorn Slough Reserve and
surrounding areas. The black star indicates sampler location. Northwest of the
sampler location (beneath the map title) lies the city of Santa Cruz, while the city
of Monterey is to the southwest. The corresponding color classifications, as
provided by the NLCD (Dewitz & U.S. Geological Survey, 2021), are presented in
Figure 5.

Santa Cruz (pop. ~61,950) is at the northern headland of Monterey Bay, the
surrounding land use is dominated by forested mountains to the northeast and the
prevailing wind direction is from the ocean (Figure 4).The National Land Cover

Dataset (NLCD) (Figure 5) (Dewitz & U.S. Geological Survey, 2021) of the sampling



locations paired with back trajectory analysis is presented in Figure 6, to demonstrate

the potential influence of land use on atmospheric microplastic concentrations.

60000E 90000E

NO00OY 1

NO0000T 1t

Figure 4: Map of land use practices of Santa Cruz with the black star indicating
sampler location. Map includes the Greater San Jose Metropolitan Area to the
north. The corresponding color classifications, as provided by the NLCD (Dewitz
& U.S. Geological Survey, 2021), are presented in Figure 5.

NLCD Land Cover Classification Legend

BCRCERCCRNENNENARCON

11 Open Water

12 Perennial Ice/ Snow

21 Developed, Open Space

22 Developed, Low Intensity

23 Developed, Medium Intensity
24 Developed, High Intensity

31 Barren Land (Rock/Sand/Clay)
41 Deciduous Forest

42 Evergreen Forest

43 Mixed Forest

51 Dwarf Scrub*

52 Shrub/Scrub

71 Grassland/Herbaceous

72 Sedge/Herbaceous*

73 Lichens*

74 Moss*

81 Pasture/Hay

82 Pasture/Hay

90 Woody Wetlands

95 Emergent Herbaceous Wetlands

* Alaska Only

Figure 5: Color classification legend of the 2021
National Land Cover Dataset (NLCD), retrieved from
Jon Dewitz and the U.S. Geological Survey [10]



Back trajectory analysis for each sampling period was used to determine
possible land range emission sources of atmospheric microplastics. The NOAA
HYSPLIT back trajectory model was set with with a 48-hour run time to determine
the origin of air masses before collection (Stein et al., 2015; Rolph et al., 2017). The
GDASI1 database provided by NOAA was used to obtain back trajectory information
for all three locations. The GDAS database runs 4 times a day with an output of 6-
hour forecasts. The frequency grid resolution for the model is 1.0 degrees; the
frequency plot uses model vertical velocity motion and a height of 500 m above
ground level. This method does not depict the surface-atmosphere microplastic flux
accurately; rather this was used as a preliminary model to attempt to connect high
AMP concentrations to areas of urban development. In a study done by Steve Allen
(2020), modal trajectory elevation of AMP interacts with the surface at 60-72 hours
before reaching the sampler in the remote Pyrenees Mountains (altitude ~3404 m); at
this time, it is also suggested that there is mixing of microplastics into the planetary
boundary level (Allen, 2020). The back trajectory plots associated with the samples
were observed visually to estimate influences on AMP pollution (Figure 6). Samples
were categorized into surface land uses practices associated with 70-90% range on the
frequency plots; while it is unlikely that surface land use practices are directly
influencing AMP concentration, this method was used as an estimate. The model in
this study runs for 48 hours before sample was collected; the frequency plot chosen
was the number of endpoints per grid square divided by the maximum number of

endpoints in any grid square to receive the maximum frequency a trajectory passes



over a grid cell. It should be noted that AMP can travel 10-1000 km (Allen et al.,
2020). Residence time of atmospheric microplastics has not been well defined until
recently, but the observance at remote locations suggests long range transport. A new
study by E. Ward et al. (2024) looking at spherical polystyrene atmospheric
microplastics report particulate matter (PM.; and PM,,) microplastics have a residence
time in the atmosphere of 28 to 8 days. The back trajectory information we used was
the last 48 hours before collection date which does not guarantee a location signal
but rather focuses on local microplastic movement in the atmosphere.

NOAA HYSPLIT MODEL - TRAJECTORY FREQUENCIES
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METEOROLOGICAL DATA
Job ID: 116452 Job Start: Sun Jun 9 9 20:20:44 UTC 2024
Source I  lat.: 36.814386  lon.: -121.746242 height: 500 m AGL
Initial trajectory started: 2000Z 01 Mar 11
Direction of trajectories: Backward  Trajectory Duration: 48 hrs
Frequency grid resolution: 1.0 x 1.0 degrees
Endpoint output frequency: 60 per hour
Number of trajectories used for this calculation: 8
Meteorology: 0000Z 1 Mar 2011 - GDAS 1

Figure 6: Example back trajectory frequency plot from the NOAA HYSPLIT
GDASI database [23][28]. The endpoint location, marked by the star, is the
Elkhorn Slough Reserve. The trajectory ends on the sample collection date, March
1%, 2011. The color classification on the left depicts the frequency an air parcel
passes over each grid cell. This particular trajectory is categorized under the
‘marine with urban influence’ (Figure 14) land use as over 60% of the air parcel’s
path travels over Monterey, California.



Aerosols particulate matter samples are collected using high-volume total
suspended particle aerosol samplers (Figure 7). Flow rates differ between sampling
locations: Lake Tahoe 84.96 m? hr -!, Elkhorn Slough Reserve 84 m? hr -!, Santa Cruz
84.96 m? hr -1(2019-2020). Environmental samples are collected on QM-A quartz
filters. The auxiliary data from the sampling duration is recorded before samples are
stored in either Low-Density Polyethylene bags (Tahoe) or aluminum foil (Elkhorn
Slough Reserve and Santa Cruz). Two control filters were placed in Low-Density
Polyethylene bags for 1 and 3 years were used to account for possible microplastic
influence from the storage mechanism of the Tahoe samples. Samples are from
archive datasets; the gap in time in the Lake Tahoe dataset (2005-2006 to 2009) is
because these archive samples had the most continuous time series. The goal was to

have overlapping time between the Lake Tahoe and Elkhorn Slough datasets; the

auxiliary data of the Lake Tahoe High volume sampler
for Total Suspended Particulates

(TSP)

samples (November 2009 to February

Hood

2010) did not have total volume values,

Filter ]

making it impossible to calculate the v

partiCIG accumulation per CubiC meter @ -Air passes completely
through the sample

and filter system Flow

of air. .

-Particles are drawn
through the sampling
head and are trapped

Figure 7: Illustration of the basic on the filter
mechanism for a high-volume

sampler for total suspended Motor (Etectronics
particulates [29]. " '

Fan
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Sections of 7.5 cm? were cut from the environmental filter sample and added
to glass vials filled with deionized water. The vials are placed in an ultrasonic bath for
one hour to remove the particles from the filter matrix (Bein & Wexler, 2014). Before
adopting this method, filter segments from the Lake Tahoe 2005-2006 time series
were examined using optical microscopy both before and after sonication to confirm
resuspension of particulate matter. After sonication, the solution for sections from the
same filter were combined and the solutions were refiltered onto 47 mm GF-F filters
for further analysis. Samples were sent to the Israel Oceanographic & Limnological
Research Institute for further dyeing and microplastic concentration analysis. Samples
are dyed with a 10 mg/mL Nile Red dye solution with 1:1 Acetone:Ethanol (Liu et
al., 2021) for Flow-Cytometry Analysis. Total volume of air that flows through the
sample is found by the run time of the sampler multiplied by the sampler flow rate.
The product of the relative digested filter area (7.5 cm™/ total filter area) multiplied
by the total volume gives us the actual volume of air that passes through digested
filter segments. Blank filter controls and instrument blanks corresponded to a
maximum of 9.56 particles m=. The value of 9.5 particles m™ subtracted from the
absolute particle read from the Flow-Cytometry Analysis then divided by the actual

volume to yield a value of particles m™.

Results:

The average microplastic concentration of Lake Tahoe in 2005-2006 was 2.39

particles m™ with a maximum concentration of 6.72 particles m* (Figure 8). The back

11



trajectory showed that >90% of the air parcel associated with the maximum
concentration originated from Sacramento, California. Samples collected in Autumn
(October-December) had the highest AMP concentrations for this sampling period.

Figure 9 segregates sample AMP concentrations by surface land use practices.

Lake Tahoe November 2005-2006
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Figure 8: Lake Tahoe (2005-2006) AMP concentrations (particles m~) segregated
by seasons.
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Lake Tahoe November 2005-2006
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Figure 9: Lake Tahoe (2005-2006) AMP concentrations (particles m™) segregated
by surface land use practices.

The average microplastic concentration for Lake Tahoe in 2009 is 1.83
particles m~. and maximum microplastic concentration in 2009 is 8.59 particles m
(Figure 10). The back trajectory associated with the maximum concentration showed
that >90% of the air parcel originated from the Central Valley of California, where
population is relatively low but agricultural development is high. Majority of the
Tahoe samples from both sampling periods 2005-2006 and 2009 are of terrestrial

origin including agriculture and urban influence (Figure 9 & 11).
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Lake Tahoe January-October 2009
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Figure 10: Lake Tahoe (January-October 2009) AMP concentrations
segregated by season.
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Figure 11: Lake Tahoe (January-October 2009) AMP concentrations
segregated by surface land use practices.
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Rose diagrams of the air parcel back trajectory directions for the sampling
years are presented in Figure 12. Back trajectory direction for each sample was
estimated using the frequency plots. Air parcel back trajectory is predominantly to the
south and within the Tahoe Basin. Air mass back trajectory originating from the

southwest corresponds to the greater Sacramento and Central Valley areas.

Lake Tahoe 2005-2006 Lake Tahoe 2009
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Figure 12: Rose Diagram (polar histogram) of back trajectory directions for the
two sampling periods (top) and for the previous year (bottom) for Lake Tahoe.

The average microplastic concentration of Elkhorn Slough Reserve from
2010-2011 is 4.6 particles m™ with a maximum concentration of 31.22 particles m™.
As seen in Figure 13, the AMP concentrations are relatively consistent throughout the
seasons. The back trajectory associated with the maximum concentration showed
primarily marine origin with >50% of the air parcels having minor urban influence as

well. Air parcel back trajectories of urban origin seem to be associated with higher

15



microplastic concentrations (Figure 14) but cannot be confirmed without further
statistical testing. Of the samples with urban origin, the median value is 5.95 particles
m™ and the maximum is 22.38 particles m™. Figure 15 compares the air parcel
trajectories of the sampling duration to that of 2023-2024. The dominating air parcel
trajectory in both time intervals originates from the northwest, which is the back
trajectory direction associated with the maximum microplastic concentrations with

marine and urban influence 2010-2011 (Figure 14).

Elkhorn Slough Reserve November 2010-2011
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Figure 13: Elkhorn Slough Reserve (2010-2011) AMP concentrations
segregated by season.
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Elkhorn Slough November 2010-2011
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Figure 14: Elkhorn Slough Reserve (2010-2011) AMP concentrations

segregated by surface land use practices.
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Figure 15: Rose Diagrams (polar histograms) of the back trajectory directions
for the sampling duration and the previous year at the Elkhorn Slough Reserve.
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The average AMP concentration in Santa Cruz from October 2019-2020 was
8.68 particles m with the highest concentrations being during the summer (Figure
16). Figure 17 compares the AMP concentrations relative to the 2020 CZU Lightning
Complex fires. The microplastic concentration in Santa Cruz before the fires (October
8t 2019, to August 15", 2020) was 8.44 particles m™ on average. The highest
microplastic concentration of 44.21 particles m™ showed >90% of air parcel back
trajectory originating from Santa Cruz city with some urban influence from Silicon
Valley. The CZU Lightning Complex fires burned 86,509 acres in Santa Cruz and
San Mateo County for 37 days (Cal Fire). The average microplastic concentration
rose to 17.59 particles m™ during the fires (August 29™ to September 20™, 2020).
Directly after the fires the microplastic concentration dropped to 4.93 particles m=.
Samples following the fire that were of terrestrial origin had higher AMP
concentrations (i.e. 7.37 and 9.87 particles m™); samples of marine origin showed
lower concentrations like 0.93 and 1.94 particles m=. Many samples are of terrestrial
origin with some urban influence despite the proximity of the site to the ocean (Figure
18). The majority air parcel direction between 2019-2020 and 2023-2024 is north

(Figure 19), signifying the influence of urban pollution at this location.
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Santa Cruz October 2019-2020
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Figure 16: Santa Cruz (2019-2020) AMP concentrations segregated by season.
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Figure 17: Santa Cruz (2019-2020) AMP concentrations relative to the CZU
Lightning Complex Fires
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30 Santa Cruz October 2019-2020
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Figure 18: Santa Cruz (2019-2020) AMP Concentrations segregated by surface
land use practices.
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Figure 19: Rose Diagrams (polar histograms) of the back trajectory directions for
the sampling duration and the previous year.
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Discussion:

The sample locations in this study are all considered ‘pristine’ by global
standards. The atmospheric microplastic concentrations are relatively low compared
to other studies; the back trajectory analysis shows that long range transport of
microplastics could be contributing to atmospheric microplastic concentrations,
accumulating in pristine environments and impacting the people and ecosystems in
these areas.

High AMP concentrations in these areas are not a result of proximal plastic
pollution but rather the long-range transport of these materials. The CZU Lightning
Fire Complex directly influenced the amount of microplastics in the air due to the
incineration of ground material and increase of suspended particulate matter (Figure
17). Despite the obvious AMP increase due to the fires, the highest AMP
concentrations in Santa Cruz originate from land use practices beneath air parcel
trajectory. AMP concentrations rise significantly if the back trajectory originates from
land or urban areas compared to marine origin.

As seen in the Elkhorn Slough Reserve samples, minor urban influences (i.e.
agricultural development and small cities) seem to influence AMP concentrations.
The highest AMP concentrations in Elkhorn Slough have mixed marine and urban
influence; AMP concentration of 31.22 particles m* showed influence from Monterey
Bay but also the city of Monterey, California. The AMP concentration of 22.77
particles m* had influence from the neighboring city of Watsonville, an area of high

agricultural development and Santa Cruz.
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The Lake Tahoe AMP concentrations seemingly decrease with time; without a
continuous time, series it is difficult to draw any conducive conclusions regarding the
microplastic concentration throughout time. The rose diagrams of the locations are to
draw correlations between land use practices influencing AMP concentrations during
the sampling duration and present day in lieu of present-day AMP concentrations.
The dominating air parcel back trajectory direction remains seemingly constant
throughout time with some natural variability. Without further analysis regarding
other meteorological trends of the sites, the back trajectory directions that pose the

greatest AMP concentrations cannot be determined.

Conclusion:

With the increasing amount of plastic pollution in the environment, AMP pollution
will plague areas we deem as ‘pristine’. Our data shows significant differences
temporally at each site as well as differences between sites. Due to this variability to
assess impacts it is imperative to include high frequency monitoring of AMP possibly
combined with air monitoring of TSP. In addition, it is important to conduct studies
that can identify and predict the drivers for AMP content at each location and
regionally to ensure that measures are taken to reduce AMP impacts on human and
ecosystem health. While AMP pollution can only be quantified, making sure plastic
pollution stays out of the environment is the only way to ensure AMP concentrations

remain low.
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