Science of the Total Environment 721 (2020) 137715

Contents lists available at ScienceDirect

Science o«
Total Environment

Science of the Total Environment

journal homepage: www.elsevier.com/locate/scitotenv

Material and debris transport patterns in Moreton Bay, Australia: The L)

Check for

influence of Lagrangian coherent structures

Kabir Suara®*, Mohammadreza Khanarmuei?, Anusmriti Ghosh ?, Yingying YuP®, Hong Zhang®,
Tarmo Soomere €, Richard J. Brown ¢
2 Environmental Fluid Mechanics Group, Queensland University of Technology (QUT), QLD 4000, Australia

b School of Engineering and Built Environment, Griffith University, QLD 4215, Australia
¢ Institute of Cybernetics, Tallinn University of Technology, Tallinn, Estonia

HIGHLIGHTS GRAPHICAL ABSTRACT

LCS analysis is performed to visualise

structures responsible for the transport 7000 [[Sea
of materials in a tidal estuary. [FlLand
« Transport of debris in Moreton Bay, a - -
semi-enclosed tidal embayment, is 6990
strongly tied to the basin-scale struc- - . Q
tures. Z 6980 Bz
« For the areas protected by transport bar- Er: 4
riers attached to an island, over 80% of -2 q
the collected debris are land-based. % 6970
Z 93%

Wind influenced, the location and, the
rate of expansion/contraction toward 6960

- R Debris Count,

the barriers visualised by FTLE field. Ni;‘g 2‘6’2“‘

6950
510 520 530 540
Easting (km)

ARTICLE INFO ABSTRACT
Article history: Coastal tidal estuaries are vital to the exchange of energy and material between inland waters and the open
Received 27 August 2019 ocean. Debris originating from the land and ocean enter this environment and are transported by currents

Received in revised form 26 February 2020
Accepted 2 March 2020
Available online 5 March 2020

(river outflow and tide), wind, waves and density gradients. Understanding and predicting the source and fate
of such debris has considerable environmental, economic and visual importance. We show that this issue can
be addressed using the Lagrangian coherent structures (LCS) technique which is highly robust to hydrodynamic
Editor: Julian Blasco model uncertainties. Here we present a comprehensive study showing the utility of this approach to describe the
fate of floating material in a coastal tidal embayment. An example is given from Moreton Bay, a semi-enclosed
subtropical embayment with high morphologic, ecological and economic significance to Southeast Queensland,
Australia. Transport barriers visualised by the LCS create pathways and barriers for material transport in the em-
bayment. It was found that the wind field modified both the rate attraction and location of the transport barriers.
One of the key outcomes is the demonstration of the significant role of islands in partitioning the transport of ma-
terial and mixing within the embayment. The distribution of the debris sources along the shoreline are explained
by the relative location of the LCS to the shoreline. Therefore, extraction of LCS can help to predict sources and fate
of anthropogenic marine debris and thus, serve as a useful way for effective management of vulnerable regions
and marine protected areas.
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1. Introduction

Coastal waters are an ecologically rich habitat for a vast array of
transient and resident species. The waterways play an important
role in the exchange of energy and material between inland waters
and the open ocean (Geyer and MacCready, 2014). In economic
terms, some of these waters provide sheltered deep-water port ac-
cess, shorelines for fish breeding and support for the functioning of
the entire marine ecosystem, ground water discharge, effluent dis-
posal, fisheries/aquaculture, tourism and recreation. Any of these
functions can be severely impacted by catchment decisions, e.g. the
control of river discharge, that affect the transport of water and ma-
terial (Wolanski, 2015). In addition, mitigation and management of
pollutant and debris rely on realistic assessments and predictability
of the dispersal of these materials (Fischer et al., 1979). Therefore,
continuous improvement of the predictability of the fate of material
in coastal waters is important for keeping sustainability of the rele-
vant ecosystem (D'Asaro et al., 2018)

The horizontal spreading and mixing processes of various sub-
stances such as floating debris, pollutant spills, and plankton patchiness
in estuaries are impacted by underlying flow dynamics. In time-
dependent, chaotic flow, an Eulerian viewpoint provides limited infor-
mation about the transport of material, therefore, it is natural to ap-
proach the problems of material transport in a Lagrangian framework
(Vandenbulcke et al.,, 2009; Wei et al., 2018). Lagrangian particle track-
ing is applied to examine the fate, source and mixing of materials in
many geophysical flows (Fredj et al., 2016) including oil and debris in
the near shore (Suneel et al., 2016; Qiao et al., 2019). In addition, signif-
icant emphasis has been aimed at managing the floating marine debris
through intensive shoreline clean-up in different parts of the world
(Hardesty and Wilcox, 2011; AMDI, 2018; Yu et al., 2018; Chen et al.,
2019). While these shore-based studies may provide some approxima-
tion of the composition and abundance of debris in adjacent waterways,
they represent only the fraction of debris in the adjacent waterways
(Hardesty and Wilcox, 2011). Therefore, a more comprehensive under-
standing and management of debris would include incorporating
modeling approaches that can chart the likely path of material as well
as at-sea surveys, e.g. (Carlson et al., 2017).

Theoretical work on dynamical systems has characterised transport
barriers in unsteady flows as Lagrangian coherent structures (LCSs)
(Haller, 2001). These structures are locally attracting/repelling material
lines, that accumulate/spread materials, acting as the core of the La-
grangian transport pattern and form the major transport pathways
(Olascoaga et al., 2006). The LCS concept has been used to understand
a range of processes and problems in oceanic flow (d'Ovidio et al.,
2004; Prants, 2014). Coastal tidal flows have recently been a focus of
studies using LCSs (Huhn et al., 2012; Wei et al., 2018; Lacorata et al.,
2019). These flows are particularly challenging due to complex three-
dimensional boundaries, the interplay of unsteady forcings of wind,
tide and river discharge as well as their interaction with physical fea-
tures, including bathymetry and island structures (Suara et al., 2017).
How these different factors modify the pattern of transport pathways
in a tidal coastal embayment is yet not well understood.

In unsteady coastal waters, ‘perfect’ barriers to transport are uncom-
mon and exist within a relatively short timescale e.g., tidal inlet jets and
fronts. The transport barriers identified in this context are relative to
other parts of the flow field. This diagnostic approach, ridges of high
finite-time Lyapunov exponent (FTLE) values, which visualises poten-
tial LCSs and identifies parts of the flow field that accumulate/spread
materials more than others is applied. More robust and exact methods
for identification of LCS are in the literature (Haller, 2011). A similar
FTLE method was applied to identify transport barriers in coastal waters
using HF radar derived surface velocity (Lekien et al., 2005; Coulliette
et al., 2007), and numerical model velocity (Huhn et al., 2012; Wei
et al.,, 2018). The concept is applied here to identify transport barriers
in a tidal embayment using the Eulerian velocity obtained from a

hydrodynamic model velocity field and to examine the role of wind
and tides on transport barriers in such a system (Yu et al., 2016).

Moreton Bay (MB) is a semi-enclosed subtropical embayment high
in morphologic, ecological and economic significance to southeast
Queensland, Australia (Gibbes et al., 2014). The bay lies between 27°
and 28° south latitude, spans approximately 110 km north to south,
and has its major opening to the ocean of approximately 15 km on the
northern end (Fig. 1). The system holds the discharge from many
smaller rivers and estuaries (Suara et al., 2015), as well as the large Bris-
bane River, and is thus prone to strong changes in physicochemical
qualities due to anthropogenic activities and stormwater discharges. It
also serves as a natural protection for a section of Australia's east coast
from direct wave action. In recent years an increasing number of severe
flood events have resulted in large sediment transport in the bay
(Brown and Chanson, 2013; Yu et al., 2014a). The sub-tropical climate
of MB is characterised by high rainfall during summer months that
can lead to large runoff events and occasional floods, while the base-
flow is minimal during the winter dry season (Gibbes et al., 2014). For
most of the time, MB receives wind from the southwest and the north-
east directions in the morning and afternoon, respectively (ABM, 2018).

The aim of this work is to show how the identification of material
lines can improve our understanding of the circulation pattern and
fate of debris in a tidal embayment. The strongest attracting and repel-
ling material lines dictate the global mixing pattern and effectively sep-
arate masses of water of an unsteady flow at a finite time interval. These
material lines which can be visualised by LCS therefore act as transport
barriers. The dynamics of the transport barriers with tidal phase and
type are investigated. Furthermore, the effect of wind on LCS is exam-
ined through several levels of submergence of floating particles in the
tidal flow. Section 2 presents the diagnostic tool utilised for the identifi-
cation of the LCS from velocity output of a validated hydrodynamic
model of MB (Yu et al., 2014a, 2016). Section 3 presents the results
and discussion and Section 4 summarises the key outcomes.

2. Methods and data processing
2.1. The hydrodynamic model

The LCS analyses are carried out on the surface velocity field pro-
duced from a hydrodynamic model of Moreton Bay (MB). Please refer
to Yu et al. (2016) for a detailed model description including model val-
idation. The MB hydrodynamic model was developed using MIKE3D,
which has been widely used in studying dynamics of estuaries and
coastal waters (Yu et al., 2014b, 2016). The model solves the three-
dimensional Reynolds averaged Navier-Stokes equations with the as-
sumptions of Boussinesq and of hydrostatic pressure (Yu et al., 2016).
The computational domain (Fig. 1) was modelled as a network of un-
structured triangular grids consisting of 13,918 elements in the horizon-
tal plane. Grid size near the Brisbane River mouth was <100 m while the
size ranged 100-500 m in the other parts of the domain. The depth of
the model varied from 0 to 35 m, where 0 corresponds to the mean
sea level (Fig. 1b) The vertical direction was modelled using a variable
thickness sigma-coordinate system consisting of 10 layers of thickness
~0.5 m near the boundaries (surface and bed) and 2-3 m in the middle
depending on the depth. The western boundary (Fig. 1b) was imposed
with hourly river discharge data derived from observations by the De-
partment of Environment and Resource Management, Queensland (Yu
et al., 2016). The model was forced by prescribed tidal elevations in
the northern, eastern and southern boundaries which are connected
to the ocean. Wind data from Australian Bureau of Meteorology (ABM,
2018) were used as model wind input. Monthly average temperature
and salinity were used as the initial conditions while the model was
spun-up for a month period prior to the intended model period (Yu
et al.,, 2014a, 2016). This is to ensure that a dynamic steady state was
reached, and the output is not affected by the initial conditions.
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Fig. 1. (a) Map of Moreton Bay showing the main features (shoreline, islands and ocean passages) (b) The bathymetry of Moreton Bay (Yu et al,, 2016).

The hydrodynamic model was calibrated and verified using field ob-
servations (Yu et al., 2014b, 2016). The model generally produced accu-
rate results of the flow fields. The root mean square error (RMSE) of the
water level was a maximum of 7 cm. The normalised RMSE between the
observed (drifter) and modelled trajectories were 1.26% and 7.45% in
the northing and easting directions, respectively (Yu et al,, 2016). The
RMSE of the simulated water temperature and salinity were 0.9 °C
and 0.23 psu and are presented in details in (Yu et al., 2016).

The particle tracking and the LCS analysis here were carried out
using the surface velocity output (top layer) with a 15-minute time in-
terval between 23 July and 5 August 2013, interpolated into a structured
cartesian two-dimensional grid of 200 m spacing. The period was cho-
sen because it coincided with a period of intensive fieldworks which
was used in for validation purposes (Yu et al,, 2016). The 14 days output
covered spring and neap tidal types. Fig. 2 shows the averaged flow dur-
ing typical spring tide, neap tide and 14-day spring-neap average. Be-
cause of the flood and ebb pattern of the tidal flow, Fig. 2 uses the
horizontal velocity magnitude and the Northing direction (positive to-
wards the north). The figure shows that the circulation pattern in MB
was such that the major transport is northward. Also, localised voritcal
structures behind the islands were prominent structures within the
middle and the southern parts of the embayment.

2.2. Lagrangian coherent structures from hydrodynamic model

In this analysis, the finite time Lyapunov exponent (FTLE) is
employed as a diagnostic quantity for the LCSs. This diagnostic approach
among others is known for the simplicity and objectivity of its algo-
rithms and serving as proxies for LCSs (Peikert et al., 2014;
Hadjighasem et al., 2017). Comparison across different detection
methods is presented in detail in Hadjighasem et al. (2017). Here, the
Lagrangian particles are passively advected by the flow field and trajec-
tories and are obtained by solving the Lagrangian fluid particle motion
using:

X =u(x,t) (1)

where u(x,t) is the prescribed flow field, that is, the surface velocity out-
put of the hydrodynamic model described in Section 2.1. The calculation
is restricted to the two-dimensional surface velocity which is valid for
buoyant particles that are locked to the water surface. The flow map
& Ttakes the fluid particles from the locations at time ¢ to their final lo-
cations at time t + T such that:

DT x(0)—-x(t+7) )

The FTLE field can be obtained from the flow map such that it represents
the finite-time average of the maximum expansion or contraction rate
of the pairs of particles, A,ax advected by the flow map such that:

FTLE (xo, to) — % Inv/Amax(4) (3)

where A\ is the largest eigenvalue of the Cauchy-Green deformation
tensor A = Vy *Vy,, Vi, = 0D(t1,X0,t,)/0X, is obtained from the first
order spatial derivative of the flow map at the final trajectory positions
with respect to the initial positions and 7 = t; — ¢ is the integration
time while indices 0 and 1 indicates the initial and the final times. The
line of the FTLE field which intuitively is the curve that goes through
the local maxima of the FTLE evaluated along the direction of fastest
change in the FTLE signals a potential LCSs (Haller, 2001). This is readily
identified from visual examination and thresholding of the FTLE contour
plots (Rockwood et al., 2019). However, a more precise definition and
extraction procedures for LCS are provided in Haller (2011). Particles
are advected forward (7> 0) and backward (7 < 0), separately, in time
to reveal the repelling/stable and the attracting/unstable material
lines, respectively. Repelling (stable) material lines represent lines of
maximum spreading, so initially proximal particles separate rapidly.
The attracting/unstable material lines represent those with maximum
accumulation. Forward time integration of particle trajectories and the
ensuing FTLE field are useful for addressing problems that focus only
on particle fates. Combined information from backward and forward
time particle integrations is useful to identify both transport pathways
and fates of particles (Lipphardt et al., 2006). In the same vein,
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Fig. 2. Tidal circulation pattern of Moreton Bay shown as average horizontal velocity vector coloured by its magnitude and the direction (positive towards the north) for a typical, (a) Spring
tide, (b) Neap tide, (c) 14 days spring-neap average. Note that each vector represents a cluster of 8 grid point for clarity. (d) The blown-up inset black box in the northern end in
(a) showing secondary flow (e) Time series of the water elevation showing the time range for the averages in (a)-(c).

combined forward and backward FTLE fields, are useful to visualise
transport pathways and fate of materials.

The calculations of the FTLE field were completed using a set of
MATLAB algorithms developed in-house following the procedure
below (Shadden et al., 2005). Neutrally buoyant tracer particles are
seeded into the fluid domain at t,. At each time step, the algorithms
solve Eq. (1) using the Runge-Kutta (4, 5) method, i.e., the MATLAB
ode45 solver with an absolute integration tolerance of 10, for the par-
ticles to get their trajectories and final locations at t;. A linear interpola-
tion scheme is employed in space and time to obtain the velocities along
particle trajectories. A free slip boundary condition is employed and the
calculation of the trajectory of particles is stopped once they exit the
flow domain through the land or ocean boundaries. Because the avail-
able velocity field does not include areas outside MB, particles that
exit the domain cannot be tracked, resulting in a shorter integration
time, T for those particles. Therefore, to ensure consistency of the calcu-
lation of FTLE, Eq. (3) is evaluated at the point of exit of the particles that
cross the boundaries using t; as the time of exit (Lekien et al., 2005).
This FTLE equation is evaluated at the maximum integration time for
particles remaining in the domain. The deformation tensor is computed
using finite central differencing of the separation with the neighbouring
tracer particles (Coulliette et al., 2007).

In the calculation of the FTLE field, the initial tracer particle density
and the maximum integration times are of key consideration (Huhn
et al., 2012). The statistics of the FTLE field is examined as a function
of the FTLE resolution, i.e. the initial tracer particle density. A refinement
factor (RF) which is the ratio of the velocity field grid to that of the FTLE
is introduced. Fig. 3a shows the PDF of the FTLE field for different refine-
ment factors (RF). There was no significant difference in the distribution

of the FTLE field for RF > 4. The spatial average of the FTLE field becomes
independent of the ratio of the FTLE and velocity field resolution after a
factor of two whereas the maximum FTLE grows with the refinement of
the FTLE field (Fig. 3b). Therefore, an initial spacing of 50 m is employed,
i.e., a resolution four times higher than that of the velocity field. Further
increase in the spatial resolution of the tracer particles increased the
FTLE maximum, thus refining the LCS, but without revealing new LCS
information from inspection of the level sets. An integration time,
T = 72 hours is selected such that it is shorter than the average resi-
dence time of MB (>30 days) and longer than the smallest process of in-
terest, i.e.,, M2 tidal period (Yu et al.,, 2016; Ghosh et al., 2018). Particles
that left the domain before the 72 hour constitute about 25% of the ini-
tial seedings.

2.3. Windage effect on particle statistics

Floating materials do not necessary move with the water surface due
to additional forces from wind and waves, therefore this modified trans-
port needs to be accounted for in relevant LCS analysis (Allshouse et al.,
2017). Trajectories of floating tracer particles are directly affected by the
combination of current, wind and wave properties. These factors poten-
tially influence the estimate of the FTLE field and the ensuing hyperbolic
LCS structures. MB is a semi-enclosed system, sheltered from direct im-
pact of ocean waves and associated Stokes drift, therefore, the impact of
the waves is assumed to be negligible. Allshouse et al. (2017) examined
the impact of wind on LCSs in open coastal waters and showed that the
impact of wind cannot be known a priori and recommended that wind-
age should be accounted for in realistic applications of LCSs. For this rea-
son, the impact of windage on the Lagrangian trajectories and the FTLE
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estimates in MB is further examined. To account for the windage effect,
a hybrid velocity field is introduced into Eq. (1) such that:
u(x, t) = uc(x, t) + Cylw(x, t) (4)
where u.(x,t) is the water surface velocity field from the hydrodynamic
model, u,,(x,t) is the wind field adjusted to the standard 10 m height
above the sea level and G, is the windage coefficient. Although, there
are several aspects of windage that can affect the hybrid velocity field,
the orientation and the level of submergence of floating material are
the two dominant considerations (Yoon et al., 2010; Hardesty and
Wilcox, 2011). A simple linear model for the windage is employed
such that:

A

where A is the total cross-sectional area exposed in air, W is the total
cross-sectional area submerged in the water, k = 0.03 is the wind

()

pressure from an empirical relation following (Allen, 2005; Yoon et al.,
2010). Plastic materials contribute to about 72% of the debris collected
around Australian shores in 2018 (AMDI, 2018). Here we consider A/
W =0, 0.1 and 0.5 which is representative of most floating debris. A/
W = 0 represents debris that are neutrally buoyant, floating just
below water surface. A/W = 0.1 represents debris with 9.1% of their sur-
face area above water, such as plastic pieces (AMDI, 2018) while A/W =
0.5 represents those with 33.3% of their surface area above water such as
plastic floating lighters (Yoon et al.,, 2010).

The wind field was created by spatial interpolation of wind measure-
ments from 13 weather stations distributed in and around MB and de-
scribed in detail in the Supplementary material. Fig. 4 shows the
sample wind, flow and hybrid fields (Eq. (4)) for A/W = 0.1 and 0.5.
The locations of the weather stations relative to MB and an animation
over a 48-hour window for each windage are provided in the Supple-
mentary material (SV1 and SV2). The wind field is mainly dictated by
the observations from weather stations within close proximity of the
MB. The far field stations were only included to avoid errors that could
result from extrapolation. It can be observed that there is a strong
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Fig. 4. Typical wind field at 10 m above the mean sea level (blue arrows), water surface flow field (black arrows) and hybrid velocity field obtained from Eq. (4) (red arrows): Animations of
these figures over a 48-hour window are provided in the Supplementary material. (a) A/W = 0.1 (b) A/W = 0.5; July 29, 2013 at 23:48; Ebb tide.
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spatiotemporal variation in the wind field in MB indicating a level of im-
portance in the transport. In addition, the level of submergence dictates
the deviation of the hybrid field from the surface flow field.

3. Results
3.1. Transport barriers in Moreton Bay and island wakes

As described in Section 2, the FTLE fields are obtained from advecting
tracer particles with the Eulerian velocity field obtained from a hydro-
dynamic model of MB. Fig. 5 shows examples of the FTLE contour with
a forward and backward integration time 7 = 72 h, superimposed
with the corresponding residual circulation. The residual circulation
represented by the residual flow field is obtained by time averaging
the velocity field over the duration of the FTLE field. The residual circu-
lations show that the flow in the vicinity of the Northern Passage was
significantly larger (>0.5 m/s) compared to the Southern Passage and
other parts of MB. This indicates that the major oceanic exchange occurs
in the Northern Passage. The instantaneous and residual flow fields also
highlight the presence of distinct vortical structures (~2 km length) be-
hind the islands (e.g. Mud and Peel Islands) of MB (Supplementary
video SV5 and residual vectors in Fig. 5). Some small but distinct vortical
structures (~0.5 km) were also noticeable between islands in the south
eastern boundary. The presence of these structures at long advection
time 7 = 72 h suggests that they are unsteady with reasonable turn
over time and are sustained by the northward net transport within
MB. This also suggests that the transport of material in MB is strongly
connected with the interactions between the tide and the wakes of
the basin scale structures such as the islands and the shoreline irregular-
ity marked by headlands.

In Fig. 5(a) and (b), the FTLE fields highlight the prominent repelling
(stable) material lines in red and the attracting (unstable) material lines
in blue for 7 = 72 h, respectively. These lines indicate potential path-
ways for material transport by spreading (Fig. 5a) and accumulating
(Fig. 5b). Maximal and minimal FTLE values were around 0.08 h~! cor-
responding to the exponential expansion and contraction, respectively,
ata time scale equivalent to a semi-diurnal tidal cycle, 12 h 25 min. Fully
developed eddies were absent within the bay but filament structures
which are coherent up to the integration time appear in the wake of
the islands and sharp headlands. These type of motions which are
strongly circularly polarised and reveal numerous instantaneous eddy-

like structures but do not contain long-living eddies often occur in estu-
aries of comparable size and with complex geometry and bathymetry
(e.g. Veneziani et al., 2005; Viikmade et al., 2013). Unlike the work of
Huhn et al. (2012) where LCS were not pronounced in the middle of
Ria de Vigo estuary, the LCS in MB are attached to shorelines and islands
with the majority attached to islands. The LCSs fold and stretch from
these points of attachment into the flow depending on the integration
time. An important result from observing the dynamics of LCS in MB is
that while stable material lines are attached to both the shoreline and
the islands, the unstable material lines are radiated predominantly
from the wakes of the islands. This suggests that the presence of the ma-
terial lines depends on the relative location of the islands, the magni-
tude of the flow and eddy decay time scales within the bay.

Wolanski et al. (1984) describe the balance of eddy generation with
the destruction by vertical diffusion behind an island through an island
wake parameter, P, such that:

~ UH?

P K.

L (6)

where U is the velocity of the flow, K, is the vertical eddy diffusivity, L is
the characteristic length of the island and H is the average water depth.
This parameter describes the formation and dynamics of island wakes.
Values of P < 1 signify an absence of wake structure, while values of P
close to 1 indicate the presence of a steady wake. When P is above the
limiting value of 1, the island wake is unsteady, eddies are advected
away from the island and the wake behaves as that formed at high
Reynolds number (Wolanski et al., 1984). The islands within MB have
characteristic as follows; L = 1.2-4.02 km, H ~ 10 m, U ~ 0.5 m/s and as-
suming K, = 0.001 m?/s - the upper vertical eddy diffusivity limit in the
ocean and a value larger than those observed in a tidal estuary of similar
depth (Gargett, 1984; Etemad-Shahidi and Imberger, 2005). This results
in an estimate of P ranging from 12 to 50. This further indicates that the
presence of material lines attached to the islands in MB result from the
unsteady wakes generated by these islands.

3.2. The tidal variation
The dynamics of the MB flow is represented by the time dependent

FTLE field shown as snapshot images of one-hour interval over a 12-
hour period for a typical spring tide (Fig. 6). In order to meaningfully
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compare the FTLE field at different times, the results are normalised by
the maximum FTLE values for the forward and backward fields, sepa-
rately. A hyperbolic FTLE field = FTLE'* — FTLE™ is defined, combining
the forward and backward fields following d'Ovidio et al. (2004). This
visualisation approach suffers some deficiency in that there is tendency
for reduction in the resulting values in areas where stable and unstable
material lines coincide. However, it provides a simplified approach for
visualising potential hyperbolic LCS from the FTLE field and identifying
the dominant hyperbolic saddle points. The saddle points are locations
where lines of stable (red) and unstable (blue) material lines meet.
They are the main hidden features that dictate mixing and stirring of
tracers in the flow field.

The normalised FTLE fields (Fig. 6) showed that dynamics of the
northern and southern parts of MB are different. In the northern part,
the material lines are more distinctly separated and reveal different
pathways to material transport as a function of their initial location rel-
ative to the islands. It is therefore likely that masses of adjacent water
bodies with higher likelihoods of different physicochemical properties
often occur. On the other hand, the southern part has material lines
that are closely packed. This feature apparently results from the proxim-
ity of the islands to the shoreline and to one another. The associated dy-
namics of water masses involves strong stirring of massless neutrally

buoyant tracers. However, the presence of vortices can cause selective
dispersion of non-neutrally buoyant inertial particles (Chanson and
Tan, 2011; Pinton and Sawford, 2012).

Because of the arrangement of the stable and unstable material lines,
the northern part of MB has fewer numbers of saddle points than the
southern part of the bay. The main saddle points in the northern part
are located next to the northern ocean boundary resulting from material
lines attached to the northeast of the study area. Despite the presence of
large oceanic exchange through this boundary, the presence of saddle
points in this location is likely related to factors including vertical strat-
ification due to its proximity to the inlet and strong variations of the
water depth (Fig. 1b) that can cause divergence in such a quasi-two di-
mensional flow field (Suara et al., 2017). Contrariwise, the dynamics of
the southern part is governed by more pronounced saddle points. These
multiple saddle points are created by material lines radiating from both
the shoreline and islands and crossing in close proximity. The formation
of the complex structure can be explained by the ratio of tidal excursion
length and the length scale for material transport between the physical
barriers (islands and headlands) in the flow. The residual tidal current in
MB varied between 0.17 and 0.61 m/s, (Pattiaratchi and Harris, 2003; Yu
et al, 2016) corresponding to tracer displacement varying between 3.2
and 13.2 km within a single flood or ebb tide (Pattiaratchi and Harris,
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2003; Yu et al., 2016). However, the separation between the islands in
the southern part is small (<3 km, e.g., Mud Island and St. Helena Island,
Fig. 6). Therefore, eddies generated and propagated during a phase of
the tide as a result of the unsteadiness in the wake of the island are
more likely to encounter another island or shoreline edge before the
turning of the tide.

The flow structure and the location of these saddle points varied as a
function of tidal phase. For example, at low tides (e.g. Fig. 6G), the stable
material line (red) apparently connected the northeast shoreline to the
east. This structure folds and stretches with the tidal phase creating
multiple saddle points as it intersects the unstable material lines
(blue), radiating from the wakes of the islands. The stable material
lines stretch during the rising tide and reverse during the falling tide.
The opposite is observed with the unstable material lines. Similarly,
the point of attachment of the stable material lines (red) on Mud Island
rotates counter clockwise approximately 180°, starting from the north
in A, within the 12 hour snapshot (Fig. 6).

3.3. Effect of the wind on LCS

Transport of floating material in the surface layer of water bodies is
known to be significantly modified by wind (Yoon et al., 2010;
Hardesty and Wilcox, 2011). One of the strongest attributes of LCS anal-
ysis is its robustness to noise or uncertainties in the velocity field
(Haller, 2002; Allshouse et al., 2017). However, wind distribution, in a
semi-enclosed embayment of complicated shape, particularly for a
short time-scale is far from being random and therefore, the impact of
the wind field is expected to modify transport in the system.
Allshouse et al. (2017) investigated the impact of windage on a hyper-
bolic saddle point influencing the transport of material in an open
coastal water coral reef at Ningaloo Western Australia. They concluded
that the impact of wind is important and cannot be known a priori.
Here the impact of windage on the transport barriers in a tidal embay-
ment MB is examined using a realistic wind field. For this calculation,
windage is accounted for in the Eulerian flow field using Eqs. (4) & (5)
before being used in Eq. (1). The wind predominately blew from the
southwest for the duration covered by the analysis, which is typical of
the winter season in MB.

LCS are shown as the ridges of the FTLE field in Fig. 7. The ridges are
rendered by showing larger 50% of the maximum FTLE values. We com-
pare LCSs calculated from tracer particles seeded with two different
areas above water with those driven by only the water surface flow
field as shown in Fig. 7(a-c). The inclusion of the windage modified

both the locations and the rate of attraction/repulsion of the barriers
highlighted by the ridges of the FTLE field. One of the discernible im-
pacts of the windage is that it stretches out the material lines that
were connected to the islands in MB. For example, in the northern
part of the bay, the unstable material lines attached to Fisherman Island,
Mud Island and St Helena Island were stretched out northward with the
windage. This stretching connected the unstable material lines to the
northern ocean boundary and the northern shoreline for A/W = 0.1
and 0.5, respectively. The windage increased the maximum FTLE field,
which implies an increase in the rate of expansion and contraction
along the trajectory of the material lines for materials adjacent the sta-
ble and unstable material lines, respectively. On the other hand, the
stretching of the material line reduced the density of the hyperbolic sad-
dle points. The number of points where the normalised forward and
backward FTLE values were simultaneously obtained reduced by 30%
and 50% for A/W = 0.1 and A/W = 0.5, respectively. This can be seen
for example, in the southern part where hyperbolic saddle points are
spaced out with the increase in the windage and potentially reducing
mixing/stirring processes in the embayment.

In summary, the windage effect on the LCS in MB for partly sub-
merged materials is such that it (i) increased the rate of their contrac-
tion and expansion in the vicinity of the barriers, (ii) reduced the
mixing/stirring processes, and (iii) modified the direction of their trans-
port as unveiled by the barriers. The modification in the direction of
transport is consistent with the results in the Ningaloo Reef, where
wind modified the trajectory of dominant hyperbolic saddle points
(Allshouse et al., 2017). The results here are representative of real
wind conditions in the MB tidal embayment for wind predominantly
blowing from the southwest (i.e., towards the northeast). The wind
from other directions which are not covered here, are likely to impose
additional modification to the properties of the LCS in MB.

The current results however showed that wind effects on the LCSs
have a potential to influence the fate of pollutants and other passive ob-
jects. For example in the case of A/W = 0.5, the presence of the ex-
tended unstable material lines that are connected to the northern
shoreline would result in an increase in the residence time in MB be-
cause of reduction in the exchange of material with the ocean and in-
crease in the shore hits for floating materials coming from the western
shoreline. This effect is discussed in further detail in the next section
in which visualised LCSs are linked with the sources and the fates of
floating materials in the shore. The analyses here indicate that the
visualised transport barriers are affected by windage and the applica-
tion of the concept to pollution management requires a proper
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consideration of the wind among other effects such as inertial size,
which is not covered in this work.

3.4. Sources and fate of debris in the shoreline

3.4.1. LCS and source distribution for debris clean-ups

There is a significant effort on coastal water clean-up in Australia
particularly along the Queensland shorelines (AMDI, 2018). It is there-
fore important to examine the role of LCSs on the source and the fate
of debris in an embayment such as MB. This task has a practical implica-
tion to assist in identifying areas with relatively higher chances of debris
wash-up for managing the limited resources available for such activity.
The Australian Marine Debris Initiative is a non-government organisa-
tion that holds the database of most clean-ups along Australian shore-
line (AMDI, 2018). AMDI provides standard unified clean-up
procedures for volunteers and organisations for categorising debris col-
lected and for reporting into the database. This categorisation allows
sorting debris into different sources to assist in a Source Reduction
Plan (SRP) development that aims at a reduction of debris directly
from the source. The categorisation also allows differentiating between
debris from the land (i.e., from inland waters) from those originating
from the sea. For example, plastic containers and food packaging mate-
rials are categorised as originating from the land while fishing debris are
categorised as originating from the sea.

To examine the role of the LCS in determining the sources of debris,
the contributions of the land and sea-sourced debris to the total number
of debris collected along four different sections of the western shoreline
of MB between 2011 and 2018 are examined (Fig. 8). These sections are
selected because they are next to major cities with the highest popula-
tion along the MB shoreline and their proximity to the Brisbane River
which holds the largest discharge into MB and major shipping fairways
to the Brisbane Port within MB. Such locations have the tendency to re-
lease higher pollutants, debris and stormwater-driven substances into
the bay.

Fig. 8 shows the distribution of marine debris collected along the
shoreline in Deception Bay (DB), Redcliffe Headland (RCH), Bramble
Bay (BB) and Waterloo Bay (WB) over a period of 8 years
(2011-2018). The dataset is extracted from Marine Debris Database
(AMDI, 2018). The areas of the pie charts correspond to the scaled
total number of debris collected at the selected shoreline sections
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Fig. 8. LCS in Moreton Bay superimposed with the distribution of marine debris collected
along the shoreline: (DB: Deception Bay, RCH: Redcliffe Headland, BB: Bramble Bay, WB:
Waterloo Bay): The area of the pie chart is represented by the scaled total number of
debris collected along the indicated span of the shoreline during clean-up events from
2011 to 2018. N = 50,266 is the total number of debris collected from Bramble Bay
indicated for scale reference.

marked. The contributions of the sea-sourced debris for the DB, RCH,
BB, and WB were 32%, 16%, 7% and 26%, respectively. The figure suggests
that the relative location of the LCSs to the shoreline affects the source
distribution with the LCSs acting as a transport barrier that shapes the
contributions of debris from land and ocean.

For example, DB which had the least obstruction from the LCSs and
largest clearance to the Northern Passage, had a significant portion
(32%) of debris originating from the sea. On the other hand, RCH and
BB were obstructed because of their location between the shoreline
and the unstable material lines radiating from the Fisherman Island. It
is likely that the presence of transport barriers favours retentions, i.e. re-
duces the exchange of land-sourced debris with the oceans. This may
partly explain why >80% of the debris collected in BB and RCH are
land-sourced.

The large percentage of sea-sourced debris collected in WB (26%)
can be linked with the combination of the access to the Northern Pas-
sage provided between the LCS radiating from the Fisherman Island
and Mud Island, combined with debris washed-up into MB through
the Southern Passage. Another factor that can contribute to the increase
in land-sourced debris is the differences in the population size and rec-
reational water usage in these areas. This correlation is not examined in
this study. The results here do however suggest that there is a link be-
tween source of debris and the visualised LCSs in complex tidal embay-
ment. Extraction and prediction of LCS has a potential in the role of
predicting debris sources and can be a useful way for effective source
management plans for marine protected areas (MPA) such as MB.

3.4.2. LCS and fates of shoreline debris

The datasets for the debris clean-up within MB have shown the de-
bris are predominantly land-sourced and exchange with the ocean is in-
fluenced by the LCS. Here, the fate of debris initially concentrated along
the western shoreline in DB, BB and WB is examined. In order to quan-
tify the extent of beaching or escape into the ocean for debris that were
initially concentrated nearshore, particles were advected with the flow
and wind fields using Egs. (1), (4) and (5). In the analysis, the particles
that are advected out of the domain through the land boundary are con-
sidered beached while particles escape to the ocean through the ocean
boundaries. Particles are not reintroduced into the domain once they
leave by either of the mechanisms because of the absence of datasets
and appropriate parameterisation on this issue in the literature. Resus-
pension of beached particles as well as particle re-entrance during
flood tides are important factors of consideration in a realistic debris
fate models (Critchell and Lambrechts, 2016). However, for the
idealised case considered here, the fraction of particle that escaped
into the ocean after 12 days was generally low (<20%). Therefore, the
fraction that would re-enter into the domain later would be insignifi-
cant and is not included in this work.

The idealised case of debris fully submerged and perfectly locked to
the surface flow. i.e. A/W = 0, where wind drag is negligible is first
discussed. Fig. 9 shows the initial distribution of the virtual tracers at
DB, BB and WB. Their final locations just before exiting the flow domain
or at the end of the advection time of 282 h are shown in subsequent
plots. To obtain tidally averaged statistics, the same initial distribution
of virtual tracers was seeded to the flow at 24 different tidal phases
from around low tide to the next low tide. The particle beached, aver-
aged over a tidal cycle, as a function of time from release is presented
in Fig. 9(a). The results are presented for particles uniformly distributed
with a spacing of 100 m, obtained from sensitivity analysis. Further in-
crease in the particle density did not affect the statistics presented
here. The results showed that <14% of tracer from WB were beached
after 24 h while 35% and 50% of tracers from BB and DB, respectively,
were beached after 24 h. At the end of 282 h advection, 51% of particles
initially deployed from WB were beached, 18% escaped into the ocean
through the northern ocean boundary, while approximately 30%
remained within MB, trapped along the island shores and stretched
along the stable material line that connects with the shoreline adjacent
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north east of MB. In contrast to this pattern, > 95% of the particles de-
ployed in the vicinity of DB and BB hit the shoreline before the end of
the advection period and <5% escaped into the ocean. The large
beaching rate for these locations is consistent with the large land-
sourced dataset collected from the clean-up events (Fig. 8) and field sur-
veys from other coastal estuaries (Willis et al., 2017). The small number
of ocean escapes is consistent with the long residence time of
54-62 days within these bays (Dennison and Abal, 1999; Gibbes et al.,
2014). The results here further indicate that the hydrodynamics of the
north and south of MB are different.

The result confirms that the initial location of tracer particles relative
to the LCSs dictates, to a large extent, the fate of particles. In other word,
particles trapped between the shoreline and the LCS have a higher
chance of being beached while particles with clear pathway to the
ocean through adjacent LCSs have lower chance of being washed
ashore. For example, the tracer particles in the WB had clearer pathway
in between the unstable material lines generated by the unsteady wake
of Mud Island and Fisherman Island. This in combination with the ob-

(<1%) of the particles from WB ended up in the inner parts of BB and DB.
The results highlight the role of LCSs in the fate of debris in the embay-
ment and further confirm that the presence of the islands and head-
lands plays an important role in the distribution of debris and the
physiochemical makeup of such an embayment.

We also consider the effect of both the initial tidal phase and the
wind on fate of the nearshore tracer particles. Fig. 10(a) shows the
rate of tidal averaged percentage particles beached and Fig. 10
(b) shows the rate of escape of material into the ocean as a function of
the initial tidal phase for the three bays (DB, BB, WB). The result showed
that, consistent with tidal dynamics, the ocean escape is maximised for
DB around high tide. However, maximum ocean escape rates were not
particularly dictated by the tide for WB and BB.

The role of wind on fate of debris is examined through the level of
submergence A/W = 0.0, 0.1 and 0.5 covering submergence of different
plastic material which dominates the debris washed up on Australia
shoreline (Hardesty and Wilcox, 2011; AMDI, 2018). In general, the
wind was predominantly from the southwest (see wind roses in

struction provided by the islands explain why only a very small fraction Fig. 10c), favouring north-eastward material transport. The
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Supplementary videos (SV3 and SV4) show the trajectories of the
tracers with and without the wind drag included. The result is consis-
tent with the net northward transport within MB and wind effect on
the LCS. The rate of northward transport during the ebb tides increased
while the rate of southwestward transport during the flood tide de-
creased. Overall, the wind effect caused a decrease in material beaching
in the western shoreline and an increase in the material beaching in the
northern shoreline. The wind drag reduced the rate of ocean escape
close to <5%. This is consistent with wind effect on the unstable material
lines which is shifted counter-clockwise towards the north and
stretched out acting as a transport barrier for materials coming from
the western shoreline.

4. Discussion

Hydrodynamic models currently provide fairly detailed and ade-
quate information for the dynamics of tidal coastal embayments
where radar data are unavailable. The dynamics of such systems are
strongly time dependent on tide, wind, discharge from rivers/inlands
and bathymetry (Fischer et al.,, 1979; Suara et al., 2019). Here, the appli-
cability of the concept of LCS using a FTLE diagnostic approach to de-
scribing the fate of floating materials in a coastal tidal embayment is
demonstrated using MB as a case study.

There are some limitations in analysing Lagrangian structures from
FTLE ridges. For example, Haller (2011) exposed some of the weak-
nesses associated with defining LCS by the ridges of FTLE field and
showed that not all FTLE ridges are hyperbolic LCSs. In addition, two-
dimensional analysis of three-dimensional flows does not necessarily
reveal the ‘true’ Lagrangian transport (Branicki and Malek-Madani,
2010; Farazmand and Haller, 2013). Furthermore, hyperbolic structures
computed from separate forward and backward integration of particles
belong to different dynamical systems and do not evolve into each other
in aperiodic flows (Branicki and Malek-Madani, 2010; Farazmand and
Haller, 2013). The transport barriers defined in the context of this

work are not necessarily ‘perfect’. They are rather regions in the domain
with higher accumulation and spreading properties relative to others
and are targeted at materials locked to the surface flow at a periodic
tidal scale.

FTLE fields used as proxies to hyperbolic LCS highlighted the vir-
tual structures responsible for the modification of transport of mate-
rial at tidal scale. The relevant transport barriers are often attached
to the islands and headlands along the shoreline. The results of the
LCS analysis and parameters of the wake of the flow around the
islands suggested that the interaction of the tidal flow with the
islands generated unsteady wakes. These wakes leave a footprint of
transport barriers in the FTLE field at an integration time of up to
72 h. The results further showed that the northern part of MB with
no islands exhibited different dynamics to the southern part which
has multiple islands in close proximity to the shoreline. The reloca-
tion patterns of the LCSs were periodic with an oscillation period of
~12 hreflecting strong tidal dynamics (Fig. 6; Section 3.2). The struc-
tures were generally persistent with neap and spring tidal types. The
comparison of the spatio-temporal distribution of the visualised LCS
with the dataset from debris clean-up along the western shoreline in
MB signalled that the relative locations of the LCS to the shoreline in-
fluence the beaching of debris (Fig. 8).

The dynamical pictures of MB (Figs. 5-7) suggest a quantitative
measure of mixing in the system. The presence of a repelling LCS indi-
cates the proximity of a corresponding nearby attracting LCS. This is be-
cause an increase in eddy activity implies a simultaneous increase in
both dispersion and attraction of material. Therefore, the information
obtainable from the spatial average of the joint probability distribution
of the forward and backward FTLE fields can be obtained from just
one of the fields. Following d'Ovidio et al. (2004), the temporal variation
of spatial averaged FTLE™ which quantifies the mixing strength in the
system is evaluated.

The calculations of the LCSs for the northern and southern parts
were performed separately to examine the difference in their dynamics.
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This is combined with the temporal variation of the maximum FTLE field
to provide the summary of the dynamics of the embayment for the
10 days of available velocity field. Although the spatial structures of
the LCS are persistent and not significantly influenced by the tidal
type, both the mixing strength and the rate of attraction towards the
transport barriers varied as a function of time (Fig. 11). The maximum
value of the order of 0.075 h~! was attained, without a significant differ-
ence between the spring and neap tidal types, in the northern part.
Maximum values of ~0.085 h™! were attained during the neap tides
(29-31 July) with lower values obtained during the spring tides in the
southern part. Conversely, the spatially average FTLE field indicated
higher mixing activity during the spring tides compared to its level dur-
ing the neap tides for both the northern and southern parts of MB. This
implied that the rate of expansion/compression around the transport
barriers were higher during the neap tide while mixing within the em-
bayment was stronger for the spring tides.

The result showed that with the increase in windage, the rate of
attraction towards visualised LCS in MB increased while the overall
mixing strength reduced. The results also showed that inclusion of
wind drag in the LCS analysis is important for predicting the fate of
pollutant in such a tidal embayment. The wind stretched out the un-
stable material lines that were connected to the islands, radiating
them north-westward and connecting them to the northern shore-
line. This created a virtual barrier for transport of floating material
emerging from the western shore and therefore wind is an important
consideration for clean-up and pollutant management. Other effects
including modification of debris pathways and fates in tidal waters
due to the inertial size of debris, 3D flow dynamics, resuspension
and re-entrance of debris not included here are still under
investigation.

5. Conclusion

The study demonstrates the improved understanding of transport of
debris in a complex tidal embayment using the Lagrangian coherent
structures concept. The motivation for developing such an idea is the
conceptual robustness of Lagrangian transport to motion of materials
compared to that of a Eulerian concept and simplified trajectories of
particles which are sensitive to model error, times and locations. The La-
grangian concept applied here particularly helps in understanding the
fate of pollutants and the mixing strength in such systems. It also un-
veiled the likely pathways for floating material transport, important in-
formation for guiding at-sea clean-up of debris and management of
accidental floating material spillage. We performed the analysis in
which potential LCSs are visualised from ridges of the FTLE field ob-
tained from forward and backward integration of virtual particles. The
results showed that tidal scale motion, pathways and fate of floating
materials, are affected by the interaction of the tidal flow and physical
structures in such an embayment. Islands and headlands in the embay-
ment were shown to play an important role in the transport and mixing
of debris.

The analyses highlight the significant role of the wind field in mod-
ifying the location of the visualised LCS structures as well as the hyper-
bolic saddle points responsible for mixing in such a system. The period
was selected based on the available validated hydrodynamic model out-
put. Importantly, the analysis here showed that the orientation of the
visualised LCSs explains the dominant land-sourced debris from clean-
up datasets and the high residence time (>50 days) in the western
part of the embayment as reported in the literature. The results signal
that there is a link between the source of debris and LCSs, therefore, ex-
traction of LCSs can help to predict pollutant sources and thus, be a use-
ful way for effective Source Reduction Plans for marine protected areas
such as MB.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2020.137715.

CRediT authorship contribution statement

Kabir Suara: Conceptualization, Formal analysis, Writing - original
draft, Data curation, Writing - review & editing. Mohammadreza
Khanarmuei: Formal analysis, Writing - review & editing. Anusmriti
Ghosh: Formal analysis, Writing - review & editing. Yingying Yu: Vali-
dation, Writing - review & editing. Hong Zhang: Validation, Writing -
review & editing. Tarmo Soomere: Writing - review & editing. Richard
J. Brown: Conceptualization, Data curation, Writing - review & editing.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influ-
ence the work reported in this paper.

Acknowledgements

The authors thank the Australian Marine Debris Initiative, the com-
munity organisations and individuals involved in the collection and pro-
vision of the data used in this report. The project is supported through
Australian Research Council Linkage Project grant LP150101172 and
Discovery Project grant DP190103379. TS acknowledges support from
Estonian Research Council grant IUT33-3 and from the Estonian Re-
search Infrastructures Roadmap object Info-technological Mobility Ob-
servatory (IMO). The authors acknowledge the contribution of
Professor Hubert Chanson for advice and discussion on the work. We
thank the three anonymous reviewers for their helpful and constructive
comments.

References

ABM, 2018. Australian Bureau of Meteorology, Climate Data Online. Available from.
http://www.bom.gov.au/climate/data/index.shtml?bookmark=200, Accessed date:
25 April 2018.

Allen, A., 2005. Leeway Divergence, Technical Report CG-D-05-05. US Coast Guard Re-
search and Development Center, 1082 Shennecossett Road, Groton, CT, USA.

Allshouse, M.R,, Ivey, G.N., Lowe, RJ., Jones, N.L., Beegle-Krause, CJ., Xu, ]., Peacock, T.,
2017. Impact of windage on ocean surface Lagrangian coherent structures, [journal
article]. Environ. Fluid Mech. 17 (3), 473-483. https://doi.org/10.1007/s10652-016-
9499-3.

AMDI, 2018. Australian marine debris initiative database: debris clean-up data: materials
by year. Retrieved from. http://amdi.tangaroablue.org/dashboard.

Branicki, M., Malek-Madani, R., 2010. Lagrangian structure of flows in the Chesapeake
Bay: challenges and perspectives on the analysis of estuarine flows. Nonlinear Pro-
cess. Geophys. 17 (2), 149-168. https://doi.org/10.5194/npg-17-149-2010.

Brown, RJ.,, Chanson, H., 2013. Turbulence and suspended sediment measurements in an
urban environment during the Brisbane River flood of January 2011. ]. Hydraul. Eng.
139 (2), 244-253. https://doi.org/10.1061/(asce )hy.1943-7900.0000666.

Carlson, D.F,, Suaria, G., Aliani, S., Fredj, E., Fortibuoni, T., Griffa, A., Russo, A., Melli, V.,
2017. Combining litter observations with a regional ocean model to identify sources
and sinks of floating debris in a semi-enclosed basin: the Adriatic Sea. Original Re-
search 4 (78). https://doi.org/10.3389/fmars.2017.00078.

Chanson, H., Tan, K., 2011. Dispersion of fish eggs under undular and breaking tidal bores.
Fluid Dynamics & Materials Processing 7 (4), 403-418.

Chen, H., Wang, S., Guo, H., Lin, H., Zhang, Y., Long, Z., Huang, H., 2019. Study of marine
debris around a tourist city in East China: implication for waste management. Sci.
Total Environ. 676, 278-289. https://doi.org/10.1016/j.scitotenv.2019.04.335.

Coulliette, C., Lekien, F., Paduan, ].D., Haller, G., Marsden, J.E., 2007. Optimal pollution mit-
igation in Monterey Bay based on coastal radar data and nonlinear dynamics. Envi-
ronmental Science & Technology 41 (18), 6562-6572. https://doi.org/10.1021/
es0630691.

Critchell, K., Lambrechts, J., 2016. Modelling accumulation of marine plastics in the coastal
zone; what are the dominant physical processes? Estuar. Coast. Shelf Sci. 171,
111-122. https://doi.org/10.1016/j.ecss.2016.01.036.

D’Asaro, E.A,, Shcherbina, A.Y., Klymak, ].M., Molemaker, ]., Novelli, G., Guigand, C.M.,
Haza, A.C., Haus, BXK, Ryan, E.H., Jacobs, G.A., Huntley, H.S., Laxague, NJ.M,, Chen, S.,
Judt, F.,, McWilliams, ].C., Barkan, R., Kirwan, A.D., Poje, A.C., Ozg6kmen, T.M., 2018.
Ocean convergence and the dispersion of flotsam. 115 (6), 1162-1167. https://doi.
org/10.1073/pnas.1718453115.

Dennison, W.C., Abal, E.G., 1999. Moreton Bay study: a scientific basis for the healthy wa-
terways campaign. http://ian.umces.edu/pdfs/ian_book_4r21.pdf.

d'Ovidio, F,, Ferndndez, V., Hernandez-Garcia, E., Lopez, C., 2004. Mixing structures in the
Mediterranean Sea from finite-size Lyapunov exponents. Geophys. Res. Lett. 31 (17).

Etemad-Shahidi, A., Imberger, J., 2005. Vertical eddy diffusivity estimations in Swan river
estuary. Dyn. Atmos. Oceans 39 (3), 175-187. https://doi.org/10.1016/j.
dynatmoce.2004.12.001.


https://doi.org/10.1016/j.scitotenv.2020.137715
https://doi.org/10.1016/j.scitotenv.2020.137715
http://www.bom.gov.au/climate/data/index.shtml?bookmark=200
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0010
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0010
https://doi.org/10.1007/s10652-016-9499-3
https://doi.org/10.1007/s10652-016-9499-3
http://amdi.tangaroablue.org/dashboard
https://doi.org/10.5194/npg-17-149-2010
https://doi.org/10.1061/(asce)hy.1943-7900.0000666
https://doi.org/10.3389/fmars.2017.00078
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0040
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0040
https://doi.org/10.1016/j.scitotenv.2019.04.335
https://doi.org/10.1021/es0630691
https://doi.org/10.1021/es0630691
https://doi.org/10.1016/j.ecss.2016.01.036
https://doi.org/10.1073/pnas.1718453115
https://doi.org/10.1073/pnas.1718453115
http://ian.umces.edu/pdfs/ian_book_4r21.pdf
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0070
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0070
https://doi.org/10.1016/j.dynatmoce.2004.12.001
https://doi.org/10.1016/j.dynatmoce.2004.12.001

K. Suara et al. / Science of the Total Environment 721 (2020) 137715 13

Farazmand, M., Haller, G., 2013. Attracting and repelling Lagrangian coherent structures
from a single computation. 23 (2), 023101. https://doi.org/10.1063/1.4800210.
Fischer, H.B,, List, EJ., Koh, R.C., Imberger, J., Brooks, N.H., 1979. Mixing in Inland and

Coastal Waters. Academic Press, New York.

Fredj, E., Carlson, D.F., Amitai, Y., Gozolchiani, A., Gildor, H., 2016. The particle tracking and
analysis toolbox (PaTATO) for Matlab. Limnol. Oceanogr. Methods 14 (9), 586-599.
https://doi.org/10.1002/lom3.10114.

Gargett, A.E., 1984. Vertical eddy diffusivity in the ocean interior. J. Mar. Res. 42 (2),
359-393. https://doi.org/10.1357/002224084788502756.

Geyer, W.R,, MacCready, P., 2014. The estuarine circulation. Annu. Rev. Fluid Mech. 46 (1),
175-197. https://doi.org/10.1146/annurev-fluid-010313-141302.

Ghosh, A, Suara, K., Brown, RJ., 2018. Using Lagrangian coherent structures to investigate
tidal transport barriers in Moreton Bay, Queensland. 21st Australasian Fluid Mechan-
ics Conference (AFMC 2018), Adelaide, S.A.

Gibbes, B., Grinham, A., Neil, D., Olds, A., Maxwell, P., Connolly, R., Weber, T., Udy, N., Udy,
J., 2014. Moreton Bay and its estuaries: a sub-tropical system under pressure from
rapid population growth. In: Wolanski, E. (Ed.), Estuaries of Australia in 2050 and Be-
yond. Springer Netherlands, Dordrecht, pp. 203-222.

Hadjighasem, A., Farazmand, M., Blazevski, D., Froyland, G., Haller, G., 2017. A critical
comparison of Lagrangian methods for coherent structure detection. Chaos: An Inter-
disciplinary Journal of Nonlinear Science 27 (5), 053104. https://doi.org/10.1063/
1.4982720.

Haller, G., 2001. Distinguished material surfaces and coherent structures in three-
dimensional fluid flows. Physica D 149 (4), 248-277.

Haller, G., 2002. Lagrangian coherent structures from approximate velocity data. Phys.
Fluids 14 (6), 1851-1861. https://doi.org/10.1063/1.1477449.

Haller, G., 2011. A variational theory of hyperbolic Lagrangian coherent structures.
Physica D 240 (7), 574-598. https://doi.org/10.1016/j.physd.2010.11.010.

Hardesty, B.D., Wilcox, C., 2011. Understanding the types, sources and at-sea distribution
of marine debris in Australian waters. https://www.environment.gov.au/system/
files/pages/8ff786ed-42cf-4a50-866e-13a4d231422b/files/marine-debris-sources.
pdf;.

Huhn, F., von Kameke, A., Allen-Perkins, S., Montero, P., Venancio, A., Pérez-Muiiuzuri, V.,
2012. Horizontal Lagrangian transport in a tidal-driven estuary—transport barriers
attached to prominent coastal boundaries. Cont. Shelf Res. 39-40 (0), 1-13. https://
doi.org/10.1016/j.csr.2012.03.005.

Lacorata, G., Corrado, R, Falcini, F., Santoleri, R., 2019. FSLE analysis and validation of La-
grangian simulations based on satellite-derived GlobCurrent velocity data. Remote
Sens. Environ. 221, 136-143. https://doi.org/10.1016/j.rse.2018.11.013.

Lekien, F., Coulliette, C., Mariano, AJ., Ryan, E.H,, Shay, LK, Haller, G., Marsden, J., 2005.
Pollution release tied to invariant manifolds: a case study for the coast of Florida.
Physica D 210 (1-2), 1-20. https://doi.org/10.1016/j.physd.2005.06.023.

Lipphardt, B.L., Small, D., Kirwan, A.D., Wiggins, S., Ide, K., Grosch, C.E., Paduan, ].D., 2006.
Synoptic Lagrangian maps: application to surface transport in Monterey Bay. ]. Mar.
Res. 64 (2), 221-247. https://doi.org/10.1357/002224006777606461.

Olascoaga, MJ., Rypina, LI, Brown, M.G., Beron-Vera, FJ.,, Kogak, H., Brand, L.E., Halliwell,
G.R, Shay, LK., 2006. Persistent transport barrier on the West Florida Shelf. Geophys.
Res. Lett. 33 (22). https://doi.org/10.1029/2006g1027800.

Pattiaratchi, C.B., Harris, P.T., 2003. Hydrodynamic and sand-transport controls on en ech-
elon sandbank formation: an example from Moreton Bay, eastern Australia. 53 (7),
1101-1113. https://doi.org/10.1071/MF01288.

Peikert, R., Pobitzer, A., Sadlo, F., Schindler, B., 2014. A comparison of finite-time and
finite-size Lyapunov exponents. In: Bremer, P.-T., Hotz, L., Pascucci, V., Peikert, R.
(Eds.), Topological Methods in Data Analysis and Visualization III: Theory, Algo-
rithms, and Applications. Springer International Publishing, Cham, pp. 187-200.

Pinton, J.-F., Sawford, B.L., 2012. A Lagrangian view of turbulent dispersion and mixing. In:
Davidson, P.A., Kaneda, Y., Sreenivasan, KR. (Eds.), Ten Chapters in Turbulence. Cam-
bridge University Press, New York.

Prants, S.V., 2014. Chaotic Lagrangian transport and mixing in the ocean. The European
Physical Journal Special Topics 223 (13), 2723-2743. https://doi.org/10.1140/epjst/
€2014-02288-5.

Qiao, F,, Wang, G., Yin, L., Zeng, K., Zhang, Y., Zhang, M., Xiao, B, Jiang, S., Chen, H., Chen, G.,
2019. Modelling oil trajectories and potentially contaminated areas from the Sanchi
oil spill. Sci. Total Environ. 685, 856-866. https://doi.org/10.1016/j.
scitotenv.2019.06.255.

Rockwood, M.P., Loiselle, T., Green, M.A., 2019. Practical concerns of implementing a
finite-time Lyapunov exponent analysis with under-resolved data. Exp. Fluids 60
(4), 74. https://doi.org/10.1007/s00348-018-2658-1.

Shadden, S.C,, Lekien, F., Marsden, ].E., 2005. Definition and properties of Lagrangian co-
herent structures from finite-time Lyapunov exponents in two-dimensional aperi-
odic flows. Physica D 212 (3), 271-304. https://doi.org/10.1016/j.physd.2005.10.007.

Suara, K., Chanson, H., Borgas, M., Brown, R/J., 2017. Relative dispersion of clustered
drifters in a small micro-tidal estuary. Estuar. Coast. Shelf Sci. 194, 1-15. https://doi.
org/10.1016/j.ecss.2017.05.001.

Suara, K., Brown, R., Chanson, H., 2019. Characteristics of flow fluctuations in a tide-
dominated estuary: application of triple decomposition technique. Estuar. Coast.
Shelf Sci. 218, 119-130. https://doi.org/10.1016/j.ecss.2018.12.006.

Suara, KA., Brown, RJ., Chanson, H., 2015. Turbulence and Mixing in the Environment:
Multi-device Study in a Sub-tropical Estuary, Report No. CH99/15. Div.of Civil Engineer-
ing, The University of Queensland, Brisbane, Australia (ISBN 1742721389).

Suneel, V., Ciappa, A., Vethamony, P., 2016. Backtrack modeling to locate the origin of tar
balls depositing along the west coast of India. Sci. Total Environ. 569-570, 31-39.
https://doi.org/10.1016/j.scitotenv.2016.06.101.

Vandenbulcke, L., Beckers, ].M., Lenartz, F., Barth, A,, Poulain, P.M., Aidonidis, M., Meyrat, J.,
Ardhuin, F,, Tonani, M., Fratianni, C,, Torrisi, L., Pallela, D., Chiggiato, ], Tudor, M., Book,
J-W,, Martin, P., Peggion, G., Rixen, M., 2009. Super-ensemble techniques: application
to surface drift prediction. Prog. Oceanogr. 82 (3), 149-167. https://doi.org/10.1016/j.
pocean.2009.06.002.

Veneziani, M., Griffa, A., Garraffo, Z.D., Chassignet, E.P., 2005. Lagrangian spin parameter
and coherent structures from trajectories released in a high-resolution ocean
model. ]. Mar. Res. 63 (4), 753-788.

Viikmade, B., Torsvik, T., Soomere, T., 2013. Impact of horizontal eddy diffusivity on
Lagrangian statistics for coastal pollution from a major marine fairway Topical
Collection on the 16th biennial workshop of the Joint Numerical Sea Modelling
Group (JONSMOD) in Brest, France 21-23 May 2012, [article]. Ocean Dyn. 63
(5), 589-597 Retrieved from Scopus. https://doi.org/10.1007/s10236-013-
0615-3.

Wei, X, Zhan, H,, Cai, S., Zhan, W, Ni, P., 2018. Detecting the transport barriers in the Pearl
River estuary, Southern China with the aid of Lagrangian coherent structures. Estuar.
Coast. Shelf Sci. 205, 10-20. https://doi.org/10.1016/j.ecss.2018.03.010.

Willis, K., Denise Hardesty, B., Kriwoken, L., Wilcox, C.,, 2017. Differentiating littering,
urban runoff and marine transport as sources of marine debris in coastal and estua-
rine environments. Sci. Rep. 7, 44479. https://doi.org/10.1038/srep44479.

Wolanski, E., 2015. Estuarine Ecohydrology : An Introduction. 2nd ed. Elsevier Science.

Wolanski, E., Imberger, J., Heron, M.L., 1984. Island wakes in shallow coastal waters.
J. Geophys. Res. 89 (C6), 10553. https://doi.org/10.1029/JC089iC06p10553.

Yoon, J.-H., Kawano, S., Igawa, S., 2010. Modeling of marine litter drift and beaching in the
Japan Sea. Mar. Pollut. Bull. 60 (3), 448-463. https://doi.org/10.1016/j.
marpolbul.2009.09.033.

Yu, X, Ladewig, S., Bao, S., Toline, C.A., Whitmire, S., Chow, AT., 2018. Occurrence and dis-
tribution of microplastics at selected coastal sites along the southeastern United
States. Sci. Total Environ. 613-614, 298-305. https://doi.org/10.1016/j.
scitotenv.2017.09.100.

Yu, Y., Zhang, H., Lemckert, C., 2014a. Numerical analysis on the Brisbane River plume in
Moreton Bay due to Queensland floods 2010-2011. Environ. Fluid Mech. 14 (1),
1-24. https://doi.org/10.1007/s10652-013-9295-2.

Yu, Y., Zhang, H., Lemckert, C., 2014b. Salinity and turbidity distributions in the Brisbane
River estuary, Australia. J. Hydrol. 519, 3338-3352. https://doi.org/10.1016/j.
jhydrol.2014.10.015.

Yu, Y., Zhang, H., Spencer, D., Dunn, RJ.K,, Lemckert, C., 2016. An investigation of disper-
sion characteristics in shallow coastal waters. Estuar. Coast. Shelf Sci. 180, 21-32.
https://doi.org/10.1016/j.ecss.2016.06.005.


https://doi.org/10.1063/1.4800210
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0085
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0085
https://doi.org/10.1002/lom3.10114
https://doi.org/10.1357/002224084788502756
https://doi.org/10.1146/annurev-fluid-010313-141302
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0105
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0105
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0105
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0110
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0110
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0110
https://doi.org/10.1063/1.4982720
https://doi.org/10.1063/1.4982720
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0120
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0120
https://doi.org/10.1063/1.1477449
https://doi.org/10.1016/j.physd.2010.11.010
https://www.environment.gov.au/system/files/pages/8ff786ed-42cf-4a50-866e-13a4d231422b/files/marine-debris-sources.pdf;
https://www.environment.gov.au/system/files/pages/8ff786ed-42cf-4a50-866e-13a4d231422b/files/marine-debris-sources.pdf;
https://www.environment.gov.au/system/files/pages/8ff786ed-42cf-4a50-866e-13a4d231422b/files/marine-debris-sources.pdf;
https://doi.org/10.1016/j.csr.2012.03.005
https://doi.org/10.1016/j.csr.2012.03.005
https://doi.org/10.1016/j.rse.2018.11.013
https://doi.org/10.1016/j.physd.2005.06.023
https://doi.org/10.1357/002224006777606461
https://doi.org/10.1029/2006gl027800
https://doi.org/10.1071/MF01288
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0170
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0175
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0175
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0175
https://doi.org/10.1140/epjst/e2014-02288-5
https://doi.org/10.1140/epjst/e2014-02288-5
https://doi.org/10.1016/j.scitotenv.2019.06.255
https://doi.org/10.1016/j.scitotenv.2019.06.255
https://doi.org/10.1007/s00348-018-2658-1
https://doi.org/10.1016/j.physd.2005.10.007
https://doi.org/10.1016/j.ecss.2017.05.001
https://doi.org/10.1016/j.ecss.2017.05.001
https://doi.org/10.1016/j.ecss.2018.12.006
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0210
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0210
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0210
https://doi.org/10.1016/j.scitotenv.2016.06.101
https://doi.org/10.1016/j.pocean.2009.06.002
https://doi.org/10.1016/j.pocean.2009.06.002
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0225
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0225
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0225
https://doi.org/10.1007/s10236-013-0615-3
https://doi.org/10.1007/s10236-013-0615-3
https://doi.org/10.1016/j.ecss.2018.03.010
https://doi.org/10.1038/srep44479
http://refhub.elsevier.com/S0048-9697(20)31226-2/rf0245
https://doi.org/10.1029/JC089iC06p10553
https://doi.org/10.1016/j.marpolbul.2009.09.033
https://doi.org/10.1016/j.marpolbul.2009.09.033
https://doi.org/10.1016/j.scitotenv.2017.09.100
https://doi.org/10.1016/j.scitotenv.2017.09.100
https://doi.org/10.1007/s10652-013-9295-2
https://doi.org/10.1016/j.jhydrol.2014.10.015
https://doi.org/10.1016/j.jhydrol.2014.10.015
https://doi.org/10.1016/j.ecss.2016.06.005

	Material and debris transport patterns in Moreton Bay, Australia: The influence of Lagrangian coherent structures
	1. Introduction
	2. Methods and data processing
	2.1. The hydrodynamic model
	2.2. Lagrangian coherent structures from hydrodynamic model
	2.3. Windage effect on particle statistics

	3. Results
	3.1. Transport barriers in Moreton Bay and island wakes
	3.2. The tidal variation
	3.3. Effect of the wind on LCS
	3.4. Sources and fate of debris in the shoreline
	3.4.1. LCS and source distribution for debris clean-ups
	3.4.2. LCS and fates of shoreline debris


	4. Discussion
	5. Conclusion
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgements
	References


