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Importance of the water-
sediment bed interactions in
simulating microplastic particles
in an estuarine system
Emily Summers1,2*, Jiabi Du1,2, Kyeong Park1,2,
Marcus Wharton1,2 and Karl Kaiser1,2

1Department of Oceanography, Texas A&M University, College Station, TX, United States,
2Department of Marine and Coastal Environmental Science, Texas A&M University at Galveston,
Galveston, TX, United States
Retention of plastics in estuaries and storage in sediments likely contributes to the

mass imbalance between the amount of ocean plastic debris and input from land.

A sediment transport model, coupled with a hydrodynamic and wave model, was

employed to analyze howmicroplastics of varying settling velocities behave under

non-storm conditions and during extreme storm events in Galveston Bay, USA.

The model was informed by measured concentrations of microplastics in a main

tributary (Buffalo Bayou), which flows through the highly populated Houston-

metro area. Under non-storm conditions, concentrations of neutrally buoyant

particles are highest near the source location. In contrast, negatively buoyant

particles are highest near the bay mouth where bed shear stress, and thus the

potential for erosion/resuspension, is highest. Simulation of Hurricane Harvey, an

unpreceded 1000-year flood event, shows a drastic increase of overall

microplastic levels in Galveston Bay, approximately 5x that of non-storm

conditions, and an increase in corresponding flux of microplastics to the Gulf of

Mexico. The differences are attributed both to increases inmicroplastic loading and

erosion of microplastics from bed sediments during Harvey. Differences in

concentration between storm and non-storm conditions are most clear in the

upper bay, where shear stress is low under normal conditions but shows a

significant increase during storms due to wave-enhanced stress. Following

Harvey, negatively buoyant particles levels return to normal in less than a week,

but neutrally buoyant particle concentrations remain elevated over severalmonths.

Use of a sediment transport model that simulates erosion/resuspension to

understand particle behavior lends further understanding of processes of

microplastics not explored through previous use of particle tracking models that

do not account for erosion/resuspension. This is of upmost importance for

simulation of negatively buoyant particles, which have more potential to interact

with the sediment bed layer. Variation of critical shear stress for erosion, erosion

rate, and use of a wave model, all show significant impacts on particle behavior.

Future parameterization of microplastic behavior in sediments will enhance our

understanding of estuarine retention and export ability.
KEYWORDS

microplastic transport pathways, estuarine export ability, hurricanes, settling velocity,
sediment transport model
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1 Introduction

Human reliance on plastics, particularly single-use plastics, has

led to an accumulation of plastic debris at a staggering rate. Recent

years have seen an upward trend in interest, both scholarly and

publicly, in the topic of microplastics (size between 1 mm and 5

mm) and their impact on the world around us. Microplastics have

been documented to carry toxins, affect the growth of algae, and

cause internal damage or even death of animals (Rafa et al., 2024).

Microplastic presence has become ubiquitous in the environment,

with detection in food, tap water, soil, air, and even the human

blood stream (Akdogan and Guven, 2019; Wang et al., 2021; Leslie

et al., 2022).

It has been estimated that somewhere between 1.7 to 14.5

million metric tons of plastic waste is transferred from coastal

cities to the ocean each year (Jambeck et al., 2015; Wayman and

Niemann, 2021; Ritchie, 2023). The majority of microplastics enter

coastal waterbodies through either wastewater treatment plant

effluent or industrial discharge, where they then become

suspended in the water column, stored in sediments, or ingested

by marine life (Vivekanand et al., 2021). The fate and distribution of

these plastics within the water column has been found to be heavily

influenced by physical processes such as tides, wind, vertical mixing,

estuarine circulation, and settling velocity of the microplastic

particle itself (Critchell and Lambrechts, 2016; Hardesty et al.,

2017; Summers et al., 2023). However, few studies have so far

examined microplastic abundance and interaction with sediments

(Ridall and Ingels, 2022).

Tropical storms and hurricanes are known to have a strong

influence on estuaries and coastal ecosystems. Storm processes that

can impact estuarine sediments, and similarly microplastics, include

strong currents induced by storm surge, changes in wave action,

flooding from excess rainfall, and drastic alterations in temperature-

salinity stratification (Hayes, 1978; Critchell and Lambrechts, 2016;

Duis and Coors, 2016). A singular hurricane poses the possibility of

causing more erosion and deposition in an estuary in a few hours

than what would typically occur in a decade under non-storm

conditions (Hayes, 1978). Hydrodynamic effects induced by storms

(e.g., increased rainfall, high wind speeds, high levels of storm surge,

and fluctuations in salinity) are typically strong, but short lived

(Greening et al., 2006; Wilson et al., 2006). However, persistent

post-storm effects can be damaging on water quality and ecosystem

health, and can cause pollutants to be retained for months, or

longer, after a storm’s passing (Du and Park, 2019; Du et al.,

2020, 2021).

The increase in frequency of hurricane landfalls in the southern

United States has been documented over the past few decades, with

a predicted increase in decades to come with global climate change

(Goldenberg et al., 2001; Emanuel, 2005). The bathymetric,

geometric, and topographical features of the Gulf of Mexico coast

make this region extremely susceptible to tropical storms and

hurricanes, which have historically caused devastating damages to

property, severe coastal flooding, and loss of life (Chen et al., 2008).

Of the recent significant storms with direct impact on the Gulf of

Mexico coast, e.g., Ivan (2004), Katrina (2005), Rita (2005), Ike

(2008), Harvey (2017), Laura (2020), and Ida (2021), Hurricane
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Harvey was unique in heavy precipitation. It dumped 1.54 m of rain

in Southeast Texas, making it the wettest tropical cyclone on record

for the United States, necessitating over 120,000 rescues and

attributing to over 80 deaths (van Oldenborgh et al., 2018).

Despite the frequent occurrence of seasonal hurricanes and the

omnipresence of microplastics in the aquatic environment, little

research has been carried out to understand how, and to what

extent, severe storm conditions impact the transport of microplastic

particles. The Gulf of Mexico has been reported to have comparable

microplastic values (particles in m3) to that of the Great Pacific

Garbage Patch (Wessel et al., 2016; Di Mauro et al., 2017). However,

there currently exists a fundamental lack of knowledge in regard to

how the microplastic particles are transported and their

concentrations change during extreme storm events (Shruti et al.,

2021). It is estimated that Hurricane Harvey alone brought an

additional 14×109 m3 of freshwater and delivered 9.9×107 metric

tons of sediment into Galveston Bay (Du et al., 2019a). It is likely

that during Harvey the huge inflows of freshwater and sediment to

the bay were associated with microplastic pollution.

Past modelling studies in riverine environments that account

for sediment-water interactions have shown that settling behavior

of microplastics coincides with their concentration in the sediment

bed (He et al., 2021; Kumar et al., 2021). These studies have

indicated that heavy microplastics are prone to accumulate near

the source location under normal conditions, with high flow periods

having the potential to remobilize microplastics back into the water

column (Nizzetto et al., 2016; De Arbeloa and Marzadri, 2024).

However, there is currently a fundamental gap in knowledge

reflecting equivalent microplastic-sediment interactions in

estuarine environments. Most studies that currently exist for

estuaries focus on positive or neutrally buoyant particles, or do

not account for deposition/erosion/resuspension processes at the

water-bed interface (Isobe et al., 2009; Gorman et al., 2020; López

et al., 2021). Understanding of these processes is paramount to full

understanding of microplastic distributions and transport across

estuarine zones. A step towards closing this knowledge gap is

modifying currently existing sediment transport models (which

already account for deposition/erosion/resuspension processes) to

study microplastic transport in estuaries.

Lagrangian particle tracking models (PTMs) have been a

popular choice for modelling particle transport in aquatic

environments (van Sebille et al., 2018; Nordam et al., 2023;

Summers et al., 2023) including sediments (Argall et al., 2004)

and microplastic particles (Bigdeli et al., 2022). However, there have

not been many studies for PTMs with the parameterization of both

sediment particle deposition and erosion/resuspension at water-bed

interface. While some PTMs account for deposition to the bed,

many do not consider erosion/resuspension at the water-bed

interface (Argall et al., 2004; Preziosi-Ribero et al., 2020). A

model that operates in the Surface-water Modeling System (SMS)

interface (MacDonald et al., 2006; Gailani et al., 2007) does consider

deposition and erosion/resuspension (in the form of entrainment),

but more studies certainly need to be conducted for the

parameterization of deposition and erosion/resuspension in

PTMs. Using a sediment transport model in this study based on

advect ion-di ffus ion mass-balance equat ions with the
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parameterization of deposition/erosion/resuspension processes, we

aim to assess the importance of these processes at the water-bed

interface by comparing the sediment transport model results to

those of the PTM presented in Summers et al. (2023).

For this study, we use a 3D validated hydrodynamic model,

coupled with a sediment transport model adapted for microplastic

particles, and a wave model to account for the wave-enhanced

bottom stress, to examine how microplastics behave in Galveston

Bay, USA, both under normal conditions and during extreme storm

events. Microplastic particles are treated as sediment particles with

four different settling velocities determined from laboratory

experiments. We analyze how microplastic particles behave

within an estuarine environment before, during, and after the

storm event. Emphasis is placed on how many particles are being

retained overall inside the bay, and what areas of the bay are

particularly vulnerable at different periods of time. Hurricane

Harvey is the main storm of focus in this study, with additional

analysis carried out on Hurricane Nate, Tropical Storm Cindy, and

winter storm Jupiter.
2 Methods

2.1 Hydrodynamic model

A Semi-implicit Cross-scale Hydroscience Integrated System

Model (SCHISM; Zhang et al., 2015, 2016) is used for this study.

SCHISM is an open-source modelling system with an unstructured

grid. It uses a semi-implicit finite-element, finite-volume method

with an Eulerian-Lagrangian algorithm in order to solve the

turbulence-averaged Navier-Stokes equations, using the

hydrostatic approximation. It employs a length-scale model

(Umlauf and Burchard, 2003) with a stability function (Kantha

and Clayson, 1994) for turbulence closure. The model allows for a

flexible vertical grid system, resolving the complex topography in

estuarine systems without any smoothing (Zhang et al., 2016; Ye

et al., 2018).

A hydrodynamic model based on SCHISM was developed for

the northwestern Gulf of Mexico with a focus on the Galveston Bay

estuary (Du et al., 2019b). The model grid has a horizontal

resolution ranging from 10 km in the open ocean to 2.5 km on
Frontiers in Marine Science 03
the shelf. The bathymetry used in the model is based on the coastal

relief model (3 arcsec resolution; https://www.ngdc.noaa.gov). A

hybrid s-z grid is used in the vertical direction, with 10 sigma

layers for depths less than 20 m and another 30 z-layers for depths

20 to 4,000 m. The model, when driven by realistic forcing

conditions from the European Centre for Medium-Range

Weather Forecasts (ECMWF: https://www.ecmwf.int), the global

HYCOM model output (https://www.hycom.org/data/glbu0pt08),

and river discharge from USGS gauging stations, and with open

boundary conditions from FES2014 global tide, has successfully

reproduced observed hydrodynamic parameters, including water

level, velocity, salinity, and temperature under fair weather (Du

et al., 2019b) and storm conditions (Du and Park, 2019).

The model grid has been upgraded to resolve smaller features,

e.g., ship channels and intracoastal waterways, in major estuarine

bay systems in Texas and Louisiana west of the Mississippi River

outflow. Deep ship channels play a key role for the salt intrusion (Ye

et al., 2018) and are major transport pathway for offshore export of

microplastics (Summers et al., 2023). To improve model accuracy,

special efforts were taken to realistically resolve these narrow (100-

150 m wide) and deep (~15 m) ship channels existing in all of the

coastal bays in Texas and Louisiana, resulting in an updated model

grid with 86,009 nodes. The hydrodynamic conditions are

simulated for 2017, the year that experienced four storms

affecting Galveston Bay: Hurricane Harvey (the main event of this

study), Hurricane Nate, Tropical Storm Cindy, and winter storm

Jupiter (Table 1). The model reproduces very well the observed data

for water level from NOAA, salinity from the Texas Water

Development Board (TWDB), and temperature from TWDB/

NOAA (Du and Park, 2019; Du et al., 2019b). Examples of the

model validation for 2018 are presented in Summers et al. (2024),

and the model-data comparison is as good for 2017.
2.2 Sediment transport model

SCHISM contains a 3D non-cohesive sediment model

(SED3D), which was adapted from the Community Sediment

Transport Model (Warner et al., 2008; Pinto et al., 2012). SED3D

uses the same model grid and timestep as SCHISM. While SED3D

can simulate sediment transport by both suspended load and
TABLE 1 Summary of major storms that affected Galveston Bay, Texas in 2017.

Winter Storm Jupiter Storm Cindy Hurricane Harvey Hurricane Nate

Date 01/10-01/17
(hit Texas on 01/15)

06/20-06/23 08/17-09/01
(direct impact on Galveston Bay on 08/25–
08/30)

10/04-10/08

Category
(maximum)

Ice Storm Tropical Storm Category 4 Category 1

Location of landfall N/A (stretched from Oregon
to Texas)

Sabine
Pass, Louisiana

Rockport, Texas Mississippi River
mouth, Louisiana

Peak wind intensity 22 m s-1 27 m s-1 58 m s-1 40 m s-1

Rainfall
(maximum)

750 mm (snow) 136 mm 1539 mm 487 mm
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bedload, we consider only the suspended-load transport in this

study. SED3D also tracks the evolution of sediment bed. SED3D can

represent an unlimited number of user-defined sediment classes,

with each class having unique attributes of settling velocity, critical

shear stress for erosion, and erodibility constant.

Each sediment class is based on the mass-balance (advection-

diffusion) equation. Compared to salt-balance equation, the mass-

balance equation for the sediment class m has additional source/

sink terms (Csource,m) for settling in the water column and erosion/

deposition at the water-bed interface (Warner et al., 2008):

Csource,m =  −
dws,mCm

d s
  +   Es,m (1)

where ws,m is the user specified settling velocity, Cm is the

concentration of the sediment class m, s is the vertical sigma

coordinate, and Es,m is the erosional flux. The erosion term is

applied only to the bottom computational cell where the settling

term becomes the depositional flux. The sediment bed layer is

modified at each time step to account for erosion and deposition.

The erosional flux in Equation 1 is parameterized following

Ariathurai and Arulanandan (1978):

Es,m =   E0,m   (1 −  j)  
tsf − tce,m

tce,m
,    when   tsf >   tce,m (2)

where E0 is the erosion rate, i.e., a bed erodibility constant, j is the

porosity of the top bed layer, tsf is the bottom stress (induced by

combined wave and current), and tce,m is the critical shear stress for

erosion. The erosional flux for each sediment class is further limited by

the availability of that class in the top layer of the sediment bed layer.

SED3D has the bottom-boundary layer submodel that

parameterizes wave–current interactions that enhance bottom

stresses. SED3D hence is run in conjunction with the wind wave

model (WWM). This is especially important for shallower areas,

such as Galveston Bay, where the presence of waves can

significantly affect the bottom stress in the wave bottom boundary

layer. Comparison of bed shear stress with and without WWM

model is discussed in Section 4.5. A more detailed description of

SED3D and WWM can be found in the SCHISM manual (http://

ccrm.vims.edu/schismweb/SCHISM_v5.6-Manual.pdf).
2.3 Application of sediment
transport model

In the application of SED3D, we choose to consider four

sediment classes to represent microplastic particles in Galveston

Bay. The microplastic samples collected from Galveston Bay and

analyzed in laboratory experiments (Wharton et al., in prep)1

show four size classes associated with the highest concentrations,

with the settling velocities of 0 (neutrally buoyant), 7, 13, and 38 m d-

1. Microplastic settling behavior in this model is represented by these
1 Wharton, M., Summers, E., Du, J., Park, K., and Kaiser, K. M, Concentrations

and distributions of microplastics across Gulf of Mexico watersheds. Sci. Total

Environment (in preparation).
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settling velocities, and their density is not considered at this time.

Settling velocities were determined in an elutriation system using

countercurrents following the design of Peterson et al. (2005).

The extent to which microplastic erosion/resuspension into the

water column occurs, which depends on the properties of particles

and sediment bed, has not yet been researched in depth, with no

clear consensus on what erosion parameters are necessary to erode/

resuspend or deposit microplastic particles (Waldschläger and

Schüttrumpf, 2019a). Recent studies have shown that

microplastics can have a wide range of critical shear stress for

erosion (0.002-0.233 Pa) based on particle and sediment properties

(Ballent et al., 2013; Waldschläger and Schüttrumpf, 2019a). The

previous studies for sediment erosion in estuaries reported similar

results, e.g., 0.026-0.1 Pa for the York River estuary (Maa and Kim,

2001). In our study, tce in Equation 2 is considered constant for all

microplastic classes with the default model value of 0.03 Pa. The

effect of the variation in tce is discussed in Section 4.3. Like tce, few
studies have been conducted for the erosion rate (E0 in Equation 2)

for microplastic particles. In this study, E0 for all microplastic

classes is set at 24x10-11 kg m−2 s−1. This is estimated using the

constant for natural sediments default set in the model (6x10-5 kg

m−2 s−1) and an estimated weight of microplastic particles in total

sediment weight (4x10-6 kg in 1 kg of sediments, assuming 10 g of

microplastics in 1 m3 of sediments, ~2500 kg) for Galveston Bay.

The effect of the variation in E0 is discussed in Section 4.4.

Very little information is available for microplastic loading into

Galveston Bay. We consider in this study the microplastic load only

from Buffalo Bayou (see Figure 1 for its location). Buffalo Bayou is

an ideal source location to examine microplastic input into

Galveston Bay, as it flows through the highly populated Houston

metro area, which is home to roughly 40% of the U.S. petrochemical

production. Buffalo Bayou is approximately 80 km long, and its

watershed houses a population of over 444,000 people (Bukunmi-

Omidiran and Sridhar, 2021). Field data indicates concentrations of

microplastic loading from Buffalo Bayou are 1.32 (neutrally

buoyant), 1.76 (ws = 7 m d-1), 2.54 (ws = 13 m d-1), and 5.80 mg

m-3 (ws = 38 m d1) (Wharton et al., in prep.). The median river

inflow from Buffalo Bayou for 2017 is 9.6 m3 s-1 (Supplementary

Figure 1), which translates to a total of 9.5 kg d-1 of microplastic

input into Galveston Bay from Buffalo Bayou on average in 2017.

We use this constant loading information (Table 2).

In this study, we consider only one sediment bed layer. The

initial thickness of the sediment bed inside Galveston Bay is set at a

constant value of 5 m. It is assumed that no neutrally buoyant

particles are present in the sediment bed. The initial thickness of the

sediment bed outside of Galveston Bay is set at 0, making all

microplastics on the shelf both in the water column and the bed

sediment exported from Galveston Bay.
3 Results

3.1 During non-storm conditions

Observational data for microplastic concentrations are rare in

estuarine and coastal systems. In Galveston Bay, limited data is
frontiersin.org
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available for microplastic concentrations collected at various sites

during non-storm conditions in 2023 (Wharton et al., in prep.).

This study considers Buffalo Bayou as the most dominant

microplastic loading source to Galveston Bay. Model results

comparing measured and modeled microplastic concentrations

are shown in Figure 2. Measured concentrations are highest at

Sea Wolf Park (near the bay mouth) but the model results show the

peak at Burnet Bay adjacent to Buffalo Bayou. The model results

when normalized to the relative percentage (concentration at a site/

total concentration x 100) reproduce the observed spatial pattern of

relatively high concentrations at Sea Wolf Park and San Leon (west

of the ship channel: see Figure 1), with the relative percentage model

results overestimating the data at Burnet Bay and underestimating

the data at Trinity Bay (Figure 2B). With Buffalo Bayou being the

only loading source in this study, the overestimation at Burnet Bay

(just downstream of the loading location) is likely due to variable

loadings of microplastics. The underestimation at Trinity Bay is
Frontiers in Marine Science 05
likely due to limited microplastic loading from Trinity River,

despite it being the largest freshwater source to Galveston Bay

(Du et al., 2019b). Trinity Bay has a 20-year median flow value of

57.5 m3 s-1, which is more than thirteen times higher than Buffalo

Bayou, which has a 20-year median flow value of 4.2 m3 s-1

(Summers et al. 2024).

During the spring non-storm conditions (March-May), total

microplastic concentrations appear to be highest near the source

location (Burnet Bay), West Bay, and near the bay mouth (Figure 3).

The daily weighted-average of total microplastic concentrations

inside the bay typically varied between 0.003-0.008 mg m-3

(Figure 4). The particle flux from the bay shows that total

microplastics typically left the bay at a rate of 0-75 kg d-1 under

non-storm conditions (Figure 5). Variations in concentrations just

outside the bay (Figure 3G) and further westward down the coast

(Figure 3H) did show that microplastics of all types made it out of

Galveston Bay under non-storm conditions. These results indicate

that Galveston Bay may not trap 100% of microplastic particles that

enter it and thus is a source of microplastics to the Gulf of Mexico,

even under normal non-storm conditions.

The weighted-average concentrations of the neutrally buoyant

particles (settling velocity of 0) were virtually constant at ~0.001 mg

m-3 (Figure 4). In July-August before Hurricane Harvey, their

concentrations were higher than other classes, despite having the

lowest loading from Buffalo Bayou. Spatially, the concentrations in

March-May were higher in the upper bay closer to the source

location where tidal exchange is weak and lower in the lower bay

likely due to strong tidal currents flushing them out to sea

(Figures 3, 6). It is important to note that the flux of neutrally

buoyant particles leaving the bay was much smaller than that of
TABLE 2 Information used to estimate microplastic loading from Buffalo
Bayou in Galveston Bay, using the top four microplastic classes identified
by different settling velocities and with the assumption of constant
concentrations throughout the year.

Settling Velocity
(m d-1)

Concentration at
Buffalo Bayou

(mg m-3)

Percent of
Total

Microplastics

38 5.80 51

13 2.54 22

7 1.76 15

0 1.32 12
FIGURE 1

A map of Galveston Bay, Texas showing the locations mentioned in the text. North of 29.5°N (Middle Bay and above) is considered the upper bay,
and south of 29.5°N is considered the lower bay.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1414459
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Summers et al. 10.3389/fmars.2024.1414459
negatively buoyant particles (Figure 5), probably due to the smaller

loading and no erosion/resuspension from the bed for neutrally

buoyant particles.

All the settling (negatively buoyant) particles show similar

behavior during non-storm conditions. These heavy particles likely

settled out before entering the main bay, which is evident in the

model results at the Burnet and Trinity Bay sites (Figures 3A, B).

Burnet Bay, despite being close to the source location (Figure 1), had
Frontiers in Marine Science 06
very low concentrations of negatively buoyant particles, which

contrasts with the high concentrations of neutrally buoyant

microplastics. At Burnet Bay and Trinity Bay, the bed stress was

very weak, with a median value of 0.012 and 0.008 Pa, respectively

(Figure 7B). With a critical shear stress for erosion of 0.03 Pa, the

settling particles were not likely to be eroded and thus stayed in bed at

these sites under non-storm conditions. However, the bed stress at

the bay mouth was much higher, with a median value of 0.207 Pa
FIGURE 3

Microplastic concentrations (mg m-3), total and four classes, in 2017 at various sites of (A) Burnet Bay, (B) Trinity Bay, (C) Middle Bay, (D) East Bay,
(E) Bay Mouth, (F) West Bay, (G) Outside Bay, and (H) Coast in and around Galveston Bay (see Figure 1 for their locations).
FIGURE 2

Comparison of data (see Figure 1 for the site locations) in 2023 with the results of the base model run with the erosion rate (E0 in Equation 2) of
24x10-11 kg m−2 s−1 and the model run with E0 = 24x10-10 kg m−2 s−1 (10 times larger). The top panel is for actual concentration (mg m-3) and the
bottom panel is for the relative percentage (concentration at location/total concentration x 100). The model results are the averages during non-
storm conditions (March-May in 2017).
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(Figure 7F). The negatively buoyant particles in these areas were less

likely to settle indefinitely, and instead be easily re-suspended,

resulting in overall high concentrations of negatively buoyant

particles closer to the bay mouth (Figure 6). The particle levels in

Galveston Bay decrease with increasing settling velocity during non-

storm conditions (Figure 4).
3.2 During Hurricane Harvey

Hurricane Harvey formed in the Atlantic on August 17, 2017

and did not dissipate until September 1. From August 25 to 30, it

had the strongest impact on the Galveston Bay area, and thus we

focus on this timeframe as the ‘during storm’ period. We also
Frontiers in Marine Science 07
examine the months following to determine the lasting impact of

Harvey after its passing. The total microplastics on August 22-24,

just prior to the Hurricane Harvey impact, showed the highest

concentrations near the source location and near the bay mouth

(Figure 8). The concentrations of neutrally buoyant particles were

highest near the source location and the negatively buoyant

particles were highest near the bay mouth. This is comparable to

the results in Section 3.1, indicating Galveston Bay was likely at

normal microplastic concentration levels before Harvey.

After Harvey hit Galveston Bay on August 25, overall

microplastic particle levels increased drastically in Galveston Bay

(Figures 2, 3, 7). The highest value of weighted-average

microplastics within the bay area was on August 26 at 0.026 mg

m-3, over 30 times the concentration during non-storm conditions.
FIGURE 5

Flux (kg d-1) of microplastics (total and four size classes) leaving Galveston Bay in 2017, with positive [negative] fluxes indicate out of [into] the bay.
The inset shows a zoom-in of the time of Hurricane Harvey.
FIGURE 4

Daily weighted-average concentration (mg m-3) over the entire Galveston Bay (surface area of 4.13x1011 m2 and average depth of 1.8 m) in 2017 of
total microplastics and four size classes. The inset shows a zoom-in of the time of Hurricane Harvey.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1414459
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Summers et al. 10.3389/fmars.2024.1414459
Concentrations for total microplastics increased in all areas across

Galveston Bay and outside as well (Figures 3, 8). A negative flux

(into the bay) occurred at the beginning of Harvey, indicating that

particles were pushed into the bay initially, followed by a very large

outward flux (Figure 5), corresponding with increased riverine

inflow (Supplementary Figure 1). The average export out of the

bay during Harvey is estimated at 149 kg d-1. The exported

microplastics (QE) exceeded the microplastic input (QR) during

Harvey (Supplementary Figure 2), indicating erosion of legacy
Frontiers in Marine Science 08
microplastics in bed sediments during Harvey contributed to the

excessive export of microplastics from the bay to the inner shelf.

After Harvey, total levels of microplastics within the bay still

remained elevated for several months (Figure 4).

A clear difference in particle behavior, however, can be seen

between neutrally buoyant particles and all classes of negatively

buoyant particles during and following Harvey. Neutrally buoyant

particles show less reaction to Harvey on August 25-September 1,

with only a slight decrease in their weighted-average concentration in
FIGURE 7

Modeled bed shear stress (Pa) with (blue) and without (red) the wind wave model at various locations in and around Galveston Bay (see Figure 1 for
their locations) in 2017, with the median values written in texts (A-F). Modelled shear stress (Pa) under non-storm conditions and during Hurricane
Harvey (G).
FIGURE 6

Vertically averaged microplastic concentrations (mg m-3) in Galveston Bay during spring (averaged over March 1 – May 31, 2017) to represent non-
storm conditions for total microplastic concentration and the four constituents with the settling velocities of = 0, 7, 13, and 38 m d-1.
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the bay during the storm (Figure 4) and with the discernable

difference only near the source location (Figure 3A). This does

correspond to an increase in flux of neutrally buoyant particles

leaving the bay mouth (Figure 5), and an increase of neutrally

buoyant particles in the areas outside of the bay area (Figures 3G,

H), indicating that Galveston Bay was a source of neutrally buoyant

particles to the inner shelf during Harvey. After Harvey, the weighted-

average concentrations of neutrally buoyant particles increased past

normal levels (Figure 4), mainly at Burnet Bay, Trinity Bay, Middle

Bay, and East Bay (Figures 3A–D), which persisted into the end of

2017. This indicates that Galveston Bay likely has higher vulnerability

to long-term exposure to neutrally buoyant plastic pollution in the

months following a major storm event.

The negatively buoyant particles behave differently between non-

storm and Harvey conditions. The levels of all negatively buoyant

particles in Galveston Bay increased significantly during the storm’s

passing (Figure 4). The concentrations of microplastics in East Bay

and West Bay increased for all classes of negatively buoyant particles,

a behavior not seen in neutrally buoyant particles (Figure 8). The

most drastic difference shown for negatively buoyant particles is for

the size class with a settling velocity of 7 m d-1, which shows

significant increases throughout the bay during and after Harvey.

The classes with settling velocities of 13 and 38 m d-1 show increases

mainly in the lower bay areas. The influx of negatively buoyant

particles at the very beginning of Harvey was quickly replaced by an

even larger outflux (Figure 5), resulting in elevated concentrations

outside of the bay (Figures 3G, H), indicating Galveston Bay was a
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significant source of negatively buoyant microplastic particles to the

inner shelf during Harvey. After Harvey, concentrations of negatively

buoyant particles within Galveston Bay returned to normal non-

storm levels within a few to several days (Figures 3, 4). This indicates

that microplastic particles not flushed out duringHarvey likely settled

and deposited back into the bed sediments. The differences in

microplastic behavior during storms based on settling velocities is

further discussed in Section 4.2.
3.3 During relatively weak storms

Hurricane Harvey was an unpreceded 1,000-year flood event.

Its impacts are significant, but less likely to occur on a regular basis.

Then, it is important to explore storms that are more likely to recur.

Relatively weak storms that hit the Gulf of Mexico in the same year

(2017) with less direct impact on Galveston Bay are also examined.

More information on Tropical Storm Cindy, Hurricane Nate, and

winter storm Jupiter is summarized in Table 1.

Beginning with Cindy (June 20-23), the total concentration of

microplastics in Galveston Bay shows a dip in weighted-average

concentrations, followed by an increase directly following the storm

(Figure 4), although on a much smaller scale compared to Harvey.

The average flux of particles exiting the bay during Cindy is estimated

at 44 kg d-1 (Supplementary Figure 2), which falls within the range

expected under normal conditions (Figure 5), indicating this storm

did not cause an excessive increase in particle export to the Gulf of
FIGURE 8

Vertically averaged microplastic concentrations (mg m-3) for total microplastics and the four constituents with the settling velocities of = 0, 7, 13,
and 38 m d-1 in Galveston Bay during Hurricane Harvey from 8/22- 9/2 in 2017.
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Mexico above the typical level. There was a slight change in particle

behavior near the bay mouth (Figure 9). The particles here dispersed

further west and east, instead of clustering more uniformly at the

mouth. However, a week after the storm, this distribution returned to

pre-storm conditions. Tropical Storm Cindy overall had minimum

impact on Galveston Bay.

It is important to note Hurricane Nate (October 4-8) occurred

only a month after Harvey, when neutrally buoyant microplastic

concentrations were already elevated (Figures 4, 9). Nonetheless, Nate

did cause an additional increase in the concentration of neutrally

buoyant particles in the areas with weak flows (Figures 3A–D),

particularly Trinity Bay. However, this did not correspond to an

increase in outflux of particles (Figure 5), with the average flux

estimates during Nate at only 15 kg d-1 (Supplementary Figure 2).

Even after Nate, therefore, the concentrations of microplastics

remained elevated, particularly in the upper bay.

Both Cindy and Nate show a significant increase in the ratio of

QE/QR (Supplementary Figure 2), indicating that increases in

microplastics during these two storms were likely induced by

erosion of legacy microplastics in bed sediments, rather than the

increased loading of particles during the storms, similar to the case

of Hurricane Harvey but only on smaller scales. We then explore

the impact of winter storms, typically associated with high wind

levels that hold the potential to cause high erosion of microplastics.

A smaller winter storm occurred in late January 2017, which caused

a significant negative storm surge in Galveston Bay (Supplementary
Frontiers in Marine Science 10
Figure 1E). This storm was identified as winter storm Jupiter, a

Midwestern ice storm that stretched from Oregon to Texas (Belles,

2017; Dean and Loikith, 2017). The maximum wind speed of this

storm was reported at 22 m s-1 near Houston (Societal Impacts on

the State of Texas: January 2017 Summary Report, https://

climatexas.tamu.edu/products/societal-impacts-reports/january-

2017-summary.html), which is comparable to Tropical Storm

Cindy (27 m s-1). Unlike the other three storms, this storm shows

almost entirely positive (outflux) QE/QR (Supplementary Figure 2),

indicating particles were being consistently pushed out during the

duration of the storm. The average export capacity of this storm

(64 kg d-1) was actually higher than Cindy (44 kg d-1) and Nate

(15 kg d-1). The highest spike in flux was 219 kg d-1 on January 22.

These results indicate that winter storms with direct impact on

Galveston Bay might have a larger influence on microplastic export

from the bay to the shelf of the Gulf of Mexico than tropical storms

and hurricanes that make landfall farther away from Galveston Bay,

an interesting topic for future works.
4 Discussion

4.1 Comparison to particle tracking model

We compared the results from a previous study of microplastics

using a particle tracking model (Summers et al., 2023) and the results
FIGURE 9

Vertically averaged microplastic concentrations (mg m-3) in Galveston Bay one week before, during, and one week after Tropical Storm Cindy,
Hurricane Harvey, and Hurricane Nate (see Table 1 for the duration of each storm).
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from this study. The purpose is not to directly compare the two

models, but to highlight the potential importance of water-bed

interactions (deposition/erosion/resuspension) in simulating

transport of microplastics in estuarine systems, which are accounted

for in the sediment transport model but not in the previously used

particle trackingmodel. A recent study has highlighted the importance

of sediment-microplastic interactions in estuaries (Shiravani et al.,

2023), but this can be often difficult to parameterize in particle

tracking models and to validate due to lack of available data.

Results between the neutrally buoyant microplastics modelled

as particles (Summers et al., 2023) and concentrations (this study)

are qualitatively comparable during non-storm conditions

(Figures 10A, B). Particle levels in both models are higher near

the source location and lower in Trinity, East, and West bays. The

sediment transport model results further solidify the conclusion in

Summers et al. (2023) that neutrally buoyant particles take a more

direct path from the source to the middle bay, out through the

mouth, resulting in less retention within Galveston Bay than heavy

microplastics. Use of either model to simulate neutrally buoyant

particles in future study would generate comparable results.

However, there are significant differences between the particle

tracking and sediment transport models for negatively buoyant

particles. The PTM used in Summers et al. (2023) shows very low

concentrations of heavy microplastics near the bay mouth

(Figure 10D). In contrast, the sediment transport model shows a

high accumulation of heavy microplastics near the bay mouth

(Figure 10C), which is consistent with the elevated observed
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concentrations of total particles sampled near the bay mouth

(Figure 2); note ~90% of microplastics in these samples being

negatively buoyant (Wharton et al., in prep.). The most likely

reason for the high accumulation of heavy particles near the bay

mouth is erosion/resuspension caused by high bed shear stress

(Figure 7). Erosion of particles is not accounted for in the PTM.

Since the high concentration near the bay mouth is only seen in the

sediment transport model, it is likely that heavy microplastics

present near the bay mouth are not transported from Buffalo

Bayou, but from erosion of particles in the bed sediments, both

initially (legacy) in the bed and those deposited to the bed since the

simulation starts. This leads to a further need to accurately quantify

legacy microplastics within Galveston Bay sediments. If a high level

of microplastics is present in bed sediments, PTMs that do not

account for erosion may not be able to accurately simulate

microplastic hot spots in high stress areas. Furthermore, if

microplastics are stored in bed sediments, this will lead to a

significant potential of sediments becoming a source of

microplastics in the water column and ultimately to the adjoining

shelf, especially during extreme storm events when the bed shear

stress will be even greater.

Another clear difference between the two models for negatively

buoyant particles is that the PTM shows a high accumulation of

heavy microplastics in shallow areas along the coastline, particularly

in the upper bay (Figure 10D), while this accumulation is not shown

in the sediment transport model (Figure 10C). This is because the

particles in the PTM that sink to the bottom are still retained in the
FIGURE 10

(A–D) Relative comparison of microplastic hotspots simulated by a sediment transport model (this study) and a Lagrangian particle-tracking model
(Summers et al., 2023) during non-storm conditions for neutrally and negatively buoyant particles.
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water column just above the bed and thus are included in the overall

count of particles. As the particles sink to the bottom relatively

quickly in shallow areas, a high accumulation of microplastics is

shown in shallow water columns, e.g., Trinity and East bays

(Figure 10D). In the sediment transport model, however, the

particles that sink to the bottom will deposit to the bed and will

be eroded when the bed shear stress exceeds the critical value

(Figure 10C). In Trinity Bay, for example, bed shear stress is very

small, with a median of only 0.008 Pa (Figure 7B). With tce of 0.03
Pa used in this study, the particles in the bed are not likely to be

eroded under normal conditions but will be eroded under storm

conditions, resulting in high levels of heavy particles in Trinity Bay

during Harvey (Figure 8). This means that both models agree that

negatively buoyant particles have the potential to travel farther

eastward and reach areas such as Trinity Bay. However, the PTM

shows accumulation at the bottom layer of the water column, while

the sediment transport model shows accumulation in

bed sediments.

The difference between the two models highlights the importance

of the parameterization of deposition and erosion in PTMs before

being used for microplastic transport in an estuarine environment. In

addition, this difference could affect whether infauna or benthic

organisms in Galveston Bay are more vulnerable to long term

microplastic pollution. Both models also show elevated levels of

heavy microplastics at shallow Smith Point and San Leon,

indicating these locations could be key areas to watch for impacts

of long term microplastic exposure. It is important to note that both

models have limitations in representation of microplastic transport,

with many empirical formulations and parameters that are

constrained by lack of available data. As research into microplastics

expands and data to inform these models becomes more readily

available, understanding of processes most important to simulate

microplastic movement will likely improve.
4.2 Particle size classes (different
settling velocities)

Based on the stark difference in microplastic particle behavior

between particles of different buoyancies seen in this study, the

following two suppositions were drawn:

1) Neutrally buoyant particles will be less impacted during a

major storm event. However, following the storms passing,

neutrally buoyant particles that enter the bay will be retained for

longer periods of time. These particles will mainly accumulate in the

water column of the upper bay.

2) Negatively buoyant particles will increase in concentration

during major storm events. The lower the settling velocity of a

microplastic particle, the more drastic the increase in concentration.

Some of these particles will be exported to the Gulf of Mexico, and

some will settle back into sediments. The concentration of these

particles in the water column will return to normal after the

storm’s passing.

The slight decrease in neutrally buoyant particles (Figure 4) is

likely due to the high influx of freshwater flow from August 25th –

September 1st (Supplementary Figures 1A, B). Retention of neutrally
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buoyant particles within estuaries has shown strong correlation with

riverine inflow levels in past studies (Nizzetto et al., 2016; He et al.,

2021; Summers et al. 2024). However, the decrease is small, because

increased river discharge also brings about increased loading of

particles into the bay. Neutrally buoyant microplastics may

accumulate in the upper bay areas, as well as East Bay, following

the storm’s passing (Figures 3A-D). Past studies have shown that

Trinity Bay has small tidal range and slower salinity recovery

(Du et al., 2019b; Du and Park, 2019) and neutrally buoyant

pollutants have higher exposure time to this region following

extreme storm events (Du et al., 2020). This means that the upper

bay may be more susceptible to the long-term effect of neutrally

buoyant microplastics following storm events.

Different from neutrally buoyant particles, negatively buoyant

microplastics increase in concentrations during Hurricane Harvey

(Figure 8). This can be best observed in the upper bay areas, due to

the differences seen in the bed stress at the bay mouth and in other

areas of the bay (Figure 7). The bed stress at the bay mouth is very

high even during non-storm conditions (median of 0.207 Pa),

significantly greater than tce (0.03 Pa) easily resuspending the

deposited particles. The bed stress is much weaker at other areas

of the bay during non-storm conditions (median< 0.03 Pa),

meaning particles that settle are usually not resuspended.

However, a spike in bed stress (0.14-0.24 Pa) was induced during

Hurricane Harvey leading to higher resuspension in areas such as

Burnet Bay, Trinity Bay, Smith Point, San Leon, and East Bay. This

is likely why heavy microplastic particles in the Galveston Bay water

column increase so drastically during Hurricane Harvey. This is

comparable to studies on sediment response to Harvey with a

sediment load during Harvey equivalent to 18 years of the

average annual sediment load (Du et al., 2019a). Within the San

Jacinto estuary alone, 48 cm of the sediment column were eroded

during Harvey, followed by a heavy deposit following its passing

(Dellapenna et al., 2020).

Summers et al. (2024) shows that heavy microplastic particles

have the potential to be indefinitely retained in the northwestern

Gulf of Mexico estuaries under normal non-storm conditions.

Then, if Galveston Bay is in fact retaining high amounts of heavy

microplastic particles in its bed sediments, it poses a greater

potential to be a source of microplastics to the Gulf of Mexico

during extreme storm events. Our model results do not show drastic

increases in bed stress during Hurricane Nate or Tropical Storm

Cindy (Figure 7), which explains why these two storms show little

effects on particle concentrations (Figure 9).
4.3 Critical shear stress for erosion, tce

Although the modeling study in the Great Bay estuary in the Gulf

of Maine showed that flow rate and bed shear stress are the most

important determinant of spatial distribution of microplastic

particles, with the highest accumulation likely occurring in regions

with weaker hydrodynamic flows and lower bed shear stress (Cheng

et al., 2021), much is still unknown about the effect of tce for

microplastics. We started with 0.03 Pa for tce in this study, which

falls within the typical range in coastal areas (Sanford and Maa, 2001;
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Bale et al., 2006; Shi et al., 2018). Liu and Wang (2014) used 0.01 Pa

for fine sediments and 0.07 Pa for medium-size grains, implying that

the microplastic particles with tce of 0.03 Pa would behave closer to

fine sediments. Maa et al. (1998) reported for Baltimore Harbor that

tce strongly depends on the existence of a flocculent layer, with about

0.05 Pa if a flocculent layer existed and about 0.1 Pa in the absence of

a flocculent layer. The value we used (0.03 Pa) represents particles

that are more easily erodible, e.g., a likely thin layer of surface

materials (Sanford and Maa, 2001). This is believed to be

applicable to Galveston Bay, as flocculent visible particles were

observed on the surface during field sampling (although the naked

eyes could not tell whether these were plastic particles).

Microplastic behavior is often polymer specific (Guo andWang,

2019; Waldschlager and Schüttrumpf, 2019b; Wang et al., 2021),

and heavy, negatively buoyant microplastic particles show such

high potential for erosion during Hurricane Harvey (Figures 4, 8).

With tce ranging from 0.002- 0.233 Pa in Waldschlager and

Schüttrumpf (2019a), we further explore the effect of tce for the

values of 0.01, 0.05, and 0.065 Pa. The value 0.065 Pa is chosen from

the critical bed shear stress erosion curve vs. particle size (Ballent

et al., 2013) for a median diameter value of 0.03 mm from literature

review of microplastics collected from coastal and estuarine

sediments (Willis et al., 2017; Mendes et al., 2021; Bos ̌ković
et al., 2022).

The total microplastic concentrations do fluctuate with varying

tce during Hurricane Harvey, with lower tce resulting in higher

concentrations during the storm (Figure 11A; Supplementary
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Figure 3). However, the following general trend holds regardless

of tce. For a given tce, Burnet Bay shows the highest total

concentration, with high concentrations also found at West Bay

and the bay mouth (Figure 11A). Microplastics are exported out of

Galveston Bay into the shelf during Hurricane Harvey for all

simulations (Supplementary Figure 3).

As neutrally buoyant particles do not sink, variation in tce does
not bring about any changes in their distribution (Supplementary

Figure 3). However, negatively buoyant particles do show drastic

changes of increases in concentrations with decreasing tce for all size
classes. This is especially clear for particles with ws of 7 m d-1, whose

concentration increases in almost entire bay to > 5 mg m-3 for tce of
0.01 Pa (Supplementary Figure 3). For tce of 0.01 Pa, even the

heaviest particles (ws of 38 m d-1) are noticeably eroded, with

Trinity Bay being the only area to have concentrations of these

heavy particles< 0.5 mg m-3. This means that microplastics have an

even greater potential to be eroded during storm conditions for

relatively small tce.
Particles with a lower tce are more easily erodible under non-

storm conditions as well. Smaller changes occur for tce > 0.03 Pa,

but the concentrations increase drastically when tce is reduced to

0.01 Pa (Figure 11B). The areas with smaller tidal range (e.g.,

Trinity, Middle, and East bays) behave similarly, since shear

stress during non-storm conditions is too small to erode heavy

microplastics (Figure 7). However, the concentrations are high,

particularly for small tce (0.01 Pa), in the areas with strong tidal

exchange (e.g., Bay mouth) (Figure 11B). Large changes in particle
FIGURE 11

Total microplastic concentrations (mg m-3) at eight sites (see Figure 1 for their locations) for varying critical shear stress for erosion during Hurricane
Harvey between August 25-September 1, 2017 (A) and during a week of non-storm conditions between April 1-7, 2017 (B).
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concentrations for varying tce (Figure 11) indicate that accurate

selection of tce remains as a critical issue for the simulation of

erosion for microplastic particles.

The microplastic concentrations outside the bay and on the

inner shelf also increase with decreasing tce (Figure 11;

Supplementary Figure 3), indicating that tce impacts to what

extent Galveston Bay will be a source of microplastic particles to

the Gulf of Mexico. Waldschlä ger and Scḧttrumpf (2019a) shows

that polystyrene is more easily erodible from sediments, while

polyethylene terephthalate can be harder to erode from sediments

(Waldschlä ger and Scḧttrumpf, 2019a). This could mean that

lighter particles such as polystyrene could be flushed during

normal non-storm conditions, but a severe storm event may be

necessary to flush heavier particles, such as polyethylene

terephthalate, out of Galveston Bay. More studies are needed for

tce for microplastic particles in estuarine and coastal waters.
4.4 Erosion rate, E0

As in the case of tce, few studies have been conducted for the

estimation of the erosion rate (E0 in Eq. 2) for microplastic particles.

We use in this study a constant E0 (24x10
-11 kg m−2 s−1) for all size

classes (Section 2.3). As E0 can vary depending on many factors,

including timing of sampling (tidal phase) and influence of external

factors (e.g., stirring up of bed sediments by boats), we explore the

effect of E0.

When increasing E0 by a factor of 10 (24x10-10 kg m−2 s−1), the

microplastic concentrations during non-storm conditions become

much higher (Supplementary Figure 4) compared to the base run

(Figure 6). For example, the total concentration at the bay mouth (25

mg m-3) is 10 times higher than that in the base run (2.5 mg m-3). It is

interesting that this newmodel results with increased E0 becomemore

comparable to the data in terms of concentrations (Figure 2), but it

should be noted that the model runs forced with underestimated

loading are expected to underestimate the data, regardless of E0. In

relative percentage, the new model with increased E0 gives a better

agreement at Burnet Bay but overestimation at Sea Wolf Park (where

bed shear stress is very high even under non-storm conditions,

Figure 7F). The new model still underestimates the data in Trinity

Bay, likely due to no microplastic loading from Trinity River despite it

being the largest river input into Galveston Bay (Du et al., 2019b).

Additionally, the relative percentage of neutrally buoyant particles

becomes smaller with increasing E0, as their concentrations remain the

same regardless of erosion, while the concentrations of heavy particles

increase drastically with increasing E0 (Figure 6; Supplementary

Figure 4), however field data indicates the neutrally buoyant

particles should be making up roughly 10% of total particles in the

bay (Wharton et al., in prep).

The effect of increasing E0 by a factor of 10 (24x10
-10 kg m−2 s−1)

is also explored for the three storm events (Supplementary

Figure 5). The overall spatial patterns are compatible to those

from the base run (Figure 9), but the concentrations are

considerably higher, by a factor of around 5. The results indicate

that while E0 is less likely to influence the locations of hotspots for

microplastic erosion during storm events, it may affect the amount
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of erosion and thus the quantity of microplastics in the water

column available to be exported to the Gulf of Mexico, that is, to

what extent Galveston Bay is a source of microplastics during

extreme storm events. More studies are needed for E0 for

microplastic particles in estuarine and coastal waters.
4.5 Wind wave model

The hydrodynamic and sediment transport models are coupled

with a wind wave model (WWM) to account for wave-enhanced

bottom shear stress. To assess the importance of wave-enhanced

bottom stress, the bed shear stresses from two model runs, with and

without WWM, are compared (Figure 7). Both under non-storm

conditions and during Hurricane Harvey, both model results with

and without WWM show elevated stress near the bay mouth,

indicating that the contribution of wave to bed stress is minimum

and the current-induced bed stress is dominant near the bay mouth.

In the upper bay areas and East Bay, however, the bed stresses with

WWM are considerably larger than those without WWM

(Figures 7A-E). In all upper bay sites, the bed stresses without

WWM are so low compared to tce that erosion is not likely under

non-storm conditions and only with WWM erosion will occur at

these sites. It means that the bed stress in the upper bay areas is

mostly wave induced under non-storm conditions.

The large spikes in bed stress during Hurricane Harvey cannot be

reproduced without WWM in all sites except Bay Mouth (Figure 7).

At Trinity Bay, Smith Point, San Leon, and East Bay, the bed stresses

without WWM are not large enough to cause erosion. The large peak

in bed stress without WWM at Burnet Bay was caused by excessively

strong current necessary to drain out huge freshwater input during

Harvey (Du et al., 2019a): note a time lag between the wave-induced

peak and a current-induced peak at Burnet Bay during Harvey

(Figure 7A). During extreme storm events, without a wave model,

increased erosion of microplastic particles cannot be captured. It is

clearly shown in Figure 7G that with WWM, the bed stress in almost

entire bay exceeds tce (0.03 Pa). Without WWM, however, this value

is exceeded only at the bay mouth.

Previous studies have shown that wave models are necessary to

simulate increased wave heights and thus enhanced wave-induced bed

stress during hurricanes (Cooper and Pearce, 1982; Xie et al., 2003;

Teague et al., 2007). Our study also shows that use ofWWM is likewise

important to accurately capture microplastic behavior during Harvey.

Galveston Bay acts as a source of negatively buoyant microplastics to

the Gulf of Mexico during large storm events (Figures 3G, H, 5) via

erosion from bed sediments (Figure 7). WithoutWWM, the enhanced

bed stress during a storm like Harvey and thus resuspension of the

eroded particles cannot be reproduced. These results highlight the

importance of representing wave-enhanced bottom stress when

simulating heavy microplastics in estuaries.
5 Conclusion

One explanation that has been proposed to the ‘missing plastic

problem’ (Lebreton et al., 2018), a phenomenon where estimates of
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plastic input into the ocean are magnitudes higher than those of

particles actually floating on the ocean surface, is the potential for

accumulation of microplastics within sediments (Woodall et al.,

2014). Data from Galveston Bay indicates that microplastics have

high concentrations in areas (where previous particle tracking

models have indicated low risk zones) associated with high bed

shear stress and thus high potential for erosion, leading to the

necessity to further explore microplastic interaction with

bed sediments.

Consistent positive outflux of both neutrally and negatively

buoyant particles indicates that Galveston Bay acts as a source of

microplastics to the Gulf of Mexico under normal conditions.

Neutrally buoyant particle concentrations were typically higher

in the upper bay near the source location and lower in the lower

bay where tidal exchange is strong. However, all negatively

buoyant particles showed higher concentrations near the bay

mouth, where bed shear stress is strong and lower concentrations

near the source location. This indicates that heavy particles may

actually be settling out into the bed sediments near the source,

especially in low bed stress areas where bed stress seldom exceeds

the critical threshold for erosion. This highlights the importance

of using a sediment transport model during storm conditions, to

analyze how erosion/resuspension can release the bed-trapped

particles to the water column above, and the importance of using

a wind wave model to accurately capture wave induced stress

during storm events. Hurricane Harvey caused the shear stress

for erosion in many typically low stress areas to exceed the critical

erosion threshold, inducing erosion and increasing particle

concentration in nearly all areas of the bay. This corresponded

with an increase in outflux of these particles to the Gulf

of Mexico.

The use of the sediment transport model with deposition and

erosion/resuspension was determined to be a helpful tool to analyze

microplastic behavior that previously had not been captured using a

particle tracking model that does not account for deposition/

erosion/resuspension. However, this is a relatively new field, and

many interactions between microplastic particles and bed

sediments have not been well established, especially for the

critical shear stress for erosion and the erosion rate; sensitivity

analyses show that the results of the sediment transport model are

sensitive to both. The following areas are indicated as crucial for

future studies: 1) Quantification of microplastic concentrations

of different size classes in both suspended and bed sediments;

2) Determination of critical shear stress for erosion for different

types of microplastic particles; 3) Determination of erosion rate

for different types of microplastic particles; 4) Quantification of

microplastic loading; and 5) Further analysis into the impact of
Frontiers in Marine Science 15
winter storms on particle concentrations in estuaries. We look

forward to exploring these topics more in our future works.
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