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Developing ocean particle tracking tools for cross-disciplinary

oceanic research with applications in the Agulhas Current region

Abstract

Lagrangian ocean analysis is a powerful way to study ocean processes from in-situ observations and
numerical model simulations. As numerical modelling capabilities develop and physical mechanisms
of the ocean are better understood, the importance of particle trajectory modelling continues to in-
crease. Therefore, developing cross-disciplinary particle trajectory model applications for the Greater
Agulhas System is highly relevant due to its potential contribution to scientific studies and operational
applications. This thesis presents the results of developing particle trajectory model applications in the
Greater Agulhas System towards better understanding the physical mechanisms that drive ocean pro-
cesses in the region. The model is used in three applications that demonstrate their cross-disciplinary
potential. These applications include a search and rescue scenario, the study of ocean dynamics and
the study of the fate of juvenile turtles. Introducing spatially and temporally varying stochastic motion
to account for the processes not resolved in the ocean surface current products, as well as including
more appropriate boundary conditions, were shown to improve the accuracy of virtual drifters in repre-
senting the trajectory of a real surface drifter. Next, implementing the spatially and temporally varying
stochastic motion in the particle trajectory model and applying it to a search and rescue scenario of
a capsized catamaran revealed that including both winds and surface ocean currents in the particle
trajectory model allowed for an improved prediction of the capsized vessel’s trajectory.
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By comparing a pair of real surface drifters with the particle trajectory model and analysing high
resolution sea surface temperature (SST) fields it was shown that the formation of an eddy on the
Agulhas Plateau combined with the weakening of the core current velocity resulted in enhanced eddy-
current interactions facilitating the separation of the real surface drifter-pair as they passed through
this region. Lastly, the particle trajectory model was used to study the importance of including active
swimming characteristic when studying the fate of juvenile turtles. It was found that including active
swimming resulted in a change in the distribution of juvenile turtles and, therefore, needs to be included
to provide a proper understanding of the fate of juvenile turtles in the ocean. With further development
and refinement of the particle trajectory model, Lagrangian ocean analysis has the potential to provide
valuable information towards improving our understanding of physical and biological ocean processes

at a range of spatial and temporal scales with potential operational oceanography applications.
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Introduction

Particle trajectory modelling is a novel technique with applications in several important ocean disciplines - fish
egg and larval dispersal (Thorpe et al., 2004, Singh et al., 2018), spreading and concentration of litter (Onink,
2018) and oil spill modelling (Sayol et al., 2014). With the advancement of computing capabilities, numerical
models have been able to run at higher spatial and temporal resolutions resulting in an increased number of
applications for particle trajectory modelling. Different techniques and tools have been developed using particle

trajectory modelling that have been applied to different scientific applications.
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Although the tools follow the same general equations, they mainly differ in the interpretation techniques
used in the calculation of the particle trajectories and their parameterization. One of these parameters, stochastic
motion, is important in simulating diffusion, accounting for physical processes (Van Sebille et al., 2018) that are
not resolved by the numerical models due to limitations in the spatial and temporal resolution. In most studies,
accounting for these sub-grid scale processes is important in providing trajectories that have a more accurate
representation of reality.

The calculation of stochastic motion is complex in terms of formulation and methodology. Moreover, bound-
ary conditions become more important with the inclusion of stochastic motion. Boundaries occur at the edge of
the numerical model domain and land-sea borders. The virtual particles’ interaction with the boundary may
require a particular boundary condition to be set dependent on the process being studied.

Several studies have been conducted in the greater Agulhas Current utilizing particle trajectory modelling.
For example: in validating ocean products (Hart-Davis et al., 2018b); studying ocean dynamics (van Sebille
et al., 2009, Ragoasha et al., 2019); marine larval dispersion (Singh et al., 2018); plastic dispersion (Collins and
Hermes, 2019); and search and rescue (Hart-Davis et al., 2018a). More recently, improvement of numerical
models in the representation of physical processes in the Agulhas Current (Backeberg et al., 2014, Veitch and
Penven, 2017, Schwarzkopf et al., 2019) have opened the door for a greater amount of processes to be studied
in the region.

A variety of dynamical ocean processes characterise the greater Agulhas Current system, determining its
structure. The greater Agulhas Current system plays an important role in the local weather patterns of southern
Africa and the global climate system (Beal et al., 2011, Nkwinkwa Njouodo et al., 2018, Imbol Nkwinkwa et al.,
2019). Furthermore, the system’s complex physical processes have a drastic impact on the biodiversity of the
marine environment and the distribution of marine organisms around South Africa. The current also influences
marine shipping as it lies on the path of major shipping lanes linking Indian Ocean countries and Atlantic Ocean

countries.

10
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The meso- and sub-mesoscale variability of this region is extremely complex and still not fully understood,
particularly in the Agulhas Plateau region (Backeberg et al., 2008, Le Bars et al., 2013), south of the South African
coast. There are a variety of techniques used to study the dynamics of the Agulhas Current system, including
the use of virtual particle tracking (Doglioli et al., 2006, Blanke et al., 2009, Durgadoo et al., 2013, Cheng et al.,
2016, Veitch et al., 2018, Ragoasha et al., 2019). The research done in these studies suggests that virtual particle
tracking can be used to study the pathways of the Agulhas Current system as represented in numerical models.

The hypothesis that will be tested during this thesis is that: Lagrangian ocean analysis can be used to provide
a better understanding of the physical mechanisms that drive the processes occurring in the Greater Agulhas

System. The specific objectives are:

e To develop the appropriate Lagrangian parameterizations to optimize the particle trajectory model for use

in different experiments.

e To assess the accuracy of a particle trajectory model that combines surface currents, windage and stochastic

motion in search and rescue applications.

e To use the developed particle trajectory model to study the sub-mesoscale variability of the Agulhas

Plateau using the trajectory of two surface drifters.

e To evaluate the importance of including the initial swim speed of juvenile loggerhead turtles when mod-

elling their drift in the Greater Agulhas System.

The study is organized as follows: Chapter 2 presents a literature review that includes a general description of
the Agulhas Current system; Lagrangian ocean analysis; search and rescue operations; and juvenile loggerhead
turtles. Chapter 3 describes the data used in this thesis as well as a description of the methodology used to

calculate Lagrangian eddy diffusivity. The results presented in Chapter 4 are divided into four subsections.

11
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Subsection 4.1 presents the results of the developed parameters of Lagrangian ocean analysis that will be used
in the sections that follow as well as application in a search and rescue. Subsection 4.2 focuses on assessing the
trajectory of two drifters using two surface ocean products to understand the mesoscale variability of the Agulhas
Plateau. A study showing the importance of including the initial swim speeds when modelling the trajectory of
juvenile loggerhead turtles is presented in Subsection 4.3. The most significant findings and conclusions of this

study are summarized in Chapter 5.

12



Literature Review

Western boundary currents (WBCs) - such as the Gulf Stream in the North Atlantic, Kuroshio in the North
Pacific, the East Australian Current in the South Pacific and the Agulhas Current in the South Indian Ocean - are
strong, persistent currents that transport subtropical waters along the western boundaries of the world’s major
ocean basins towards the poles (Seager and Simpson, 2016). They transport significant amounts of heat, impact

shelf and coastal regions and are regions of intense air/sea fluxes (Atkinson, 2010).
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Therefore, understanding how these current systems work is fundamental to understanding the earth’s global
climate engine. Typically, WBCs have widths of approximately 100 km and average speeds of 1 m.s~!, with
the strength of the current decreasing with depth (Imawaki et al., 2013). WBCs are regions of strong air-sea
interaction thus playing an important role in the local weather patterns and global climate. The warm water being
transported by these currents is cooled and evaporated by cold, dry continental air masses which are carried over
the WBCs by the prevalent westerly winds (Imawaki et al., 2013). WBCs absorb large amounts of atmospheric
COs (Takahashi et al., 2009, Imawaki et al., 2013), which is important for photosynthetic organisms that reside
in the ocean.

The WBCs have several similar traits, but each current has its own unique characteristics (Lutjeharms, 20006).
Driven by the zonally integrated wind-stress curl of the adjacent oceanic basins (Lutjeharms, 2006), meanders
and Rossby-wave like motion is often associated with the separation of the WBC from the continental margins
(da Silveira et al., 1999). As a result of the separation, the current may either continue to meander towards the
ocean basin (e.g. the Gulf Stream) or the current can overshoot its separation location and retroflect (e.g. the
Agulhas Current) (da Silveira et al., 1999). In both types of separation, eddy detachment may occur. These
eddies, with diameters ranging between 200-250 km depending on region (Lutjeharms, 2006, Garcia-Jove et al.,
2016), transport warm water masses which is important for global ocean circulation and climate variability (Kelly

and Dong, 2004, Beal et al., 2011).

2.1 Agulhas Current System

The Agulhas Current is one of the fastest flowing WBCs in the world, with mean maximum velocities of about
1.5 m.s~!, and often exceeding 2 m.s~! (Rouault et al., 2010). The Agulhas Current System plays a key role in
the local weather patterns of southern Africa as well as the global climate (Beal et al., 2011, Nkwinkwa Njouodo
etal.,2018). It also plays a pivotal role in the global thermohaline circulation (Gordon, 1986) and the Meridional

Overturning Circulation of the Atlantic Ocean (Biastoch et al., 2008a).

14
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Figure 2.1: Schematic of the Agulhas Current system adapted from Lutjeharms and Ansorge (2001) illustrating all
the major oceanographic features.

The system consists of several oceanic features that all play unique roles in characterising the Agulhas Cur-
rent System (Figure 2.1). These features include, but are not limited to: the Agulhas Current, the Agulhas

Retroflection and the Agulhas Return Current. These features are discussed below.
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2.1.1 Agulhas Current

Hundreds of research papers have been published on the Agulhas Current, illustrating its importance on local and
global processes. It influences the oceanography of coastal and shelf regions through a range of large scale (>
100-200 km), mesoscale (50 - 100 km) and submesoscale (<10 km) processes, such as eddy shedding, plumes,
filaments and the intrusion of the current onto the coastal shelf (Lutjeharms, 2006). The Agulhas Current is
divided into two different parts, the northern and southern Agulhas Current, which exhibit distinct differences in

path characteristics (Lutjeharms et al., 2003) that combine to give the Agulhas Current its unique shape.

Northern Agulhas Current

The northern Agulhas Current is considered to be unusually stable for a WBC as the current is steered along a
narrow, steep continental slope (Lutjeharms, 2006). Studies using acoustic current profilers (Beal and Bryden,
1997) have shown a maximum surface current speed of 1.7 m.s~! with the core being on average 219 km
wide (Beal et al., 2015) and reaching a depth of 2,500 meters (Beal and Bryden, 1999, Lutjeharms, 2006). The
relatively stable nature of the current implies that there is very little meandering taking place (Lutjeharms, 2000),
with the current on average meandering less than 15 km to either side (Griindlingh, 1983). However, large solitary
meandering events, commonly referred to as the Natal Pulse, are a well-documented feature of the northern
Agulhas Current (Lutjeharms and Roberts, 1988). Studies have shown that these events occur on average 1.6
times a year (Rouault et al., 2010), although there have been recorded periods where up to six events have been
observed (de Ruijter et al., 1999). The Natal Pulse moves downstream at an estimated speed of 19 - 20 cm.s~!
(Lutjeharms and Roberts, 1988) and has an impact on the dynamics of the surrounding regions.

Variability in this region is influenced by both cyclonic and anticyclonic eddies, originating from the Mozam-
bique Channel and south of Madagascar (Backeberg and Reason, 2010, Braby et al., 2016). Recent studies

demonstrate seasonal variability in the geostrophic velocity of the Agulhas Current but no variation in the width

of the Agulhas Current’s core (Krug and Tournadre, 2012, Beal et al., 2015).
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Southern Agulhas Current

As the current continues to flow southward, the topographic steering of the current begins to weaken which
results in larger meanders of the current (de Ruijter et al., 1999). This is said to be a result of the current flowing
over the widening Agulhas Bank which causes a more unstable regime (Lutjeharms, 2006). The mean annual
surface velocities in the southern Agulhas Current range between 1.5 m.s~! and 2 m.s~!, with depths of the
current extending to the seafloor (Casal et al., 2009) and the mean width averaging around 100 km (Lutjeharms,
20006). Satellite altimetry has demonstrated that there is higher mesoscale variability in the sea level anomaly
(SLA) when compared to the northern Agulhas Current (Wakker et al., 1990), which is thought to be a result of

the increased meandering of the current (Lutjeharms, 2006).

2.1.2  Agulhas Retroflection

South of the Agulhas Bank, the Agulhas Current begins to turn eastward in an anticyclonic loop known as
the Agulhas Retroflection. The loop has an average diameter of about 340 km £+ 70 km (Lutjeharms, 2006),
with its exact geographical position varying between 27°E and 32°E (Lutjeharms and Van Ballegooyen, 1988,
Lutjeharms, 2006). The Retroflection contains some of the highest levels of mesoscale variability in the world’s
ocean (Garzoli et al., 1996) and is associated with the formation and shedding of large anticyclonic eddies known
as Agulhas Rings (Lutjeharms and Van Ballegooyen, 1988, de Ruijter et al., 1999). These Agulhas Rings have
an average diameter of 324 + 94 km (Lutjeharms, 2006), with observations showing these rings travel between 5
to 8 km/day away from the Retroflection (Olson and Evans, 1986). These rings as well as eddies and filaments
(Biastoch et al., 2008b, Beal et al., 2011) transport warm and salty water from the Indian Ocean into the South
Atlantic Ocean and are the main contributors to the Agulhas leakage (Gordon, 1986). The Agulhas Leakage
which represents the amount of water transferred from the Indian to the Atlantic oceans by the Agulhas Current

is thought to play a crucial role in the global climate system (Beal et al., 2011).
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2.1.3 Agulhas Return Current

The eastward flow resulting from the Agulhas Retroflection, the Agulhas Return Current, lies at about 40°S
and extends into the South-Indian Ocean as far as 70°E (Lutjeharms, 2006). The core width of this current is
around 70 km wide, with the mean velocities reaching up to 2 m.s~! (Lutjeharms and Ansorge, 2001, Backeberg
et al., 2008). It is characterized by strong mesoscale variability as a result of eddy generation (Lutjeharms
and Valentine, 1988, Lutjeharms and Ansorge, 2001) as well as large solitary meanders. These meanders are
topographically induced by the irregular seafloor topography of the region (Lutjeharms, 2006). The first of these

quasi-stationary meanders occurs around the Agulhas Plateau around 25°E and 29°E (Pichevin et al., 1999).

2.1.4 Agulhas Plateau

The Agulhas Plateau is located south of South Africa in the South-West Indian Ocean (Figure 2.2) and rises
about 2,500 m from the surrounding deeper ocean of 4,700 m (Parsiegla et al., 2008). A cyclonic-like meander
around the Agulhas Plateau can be depicted in satellite altimetry, passive microwave sea surface temperature
fields and numerical model simulations (Backeberg et al., 2008, Renault et al., 2017) as well as in surface drifter
observations (Lutjeharms, 2006). Large, warm anticyclonic eddies are known to occur on the Agulhas Plateau
(Morris et al., 2017), with east-west diameters of up to 600 km and north-south diameters of 200 km (Lutjeharms,
2006). However, the mechanisms affecting the mesoscale variability in this region remains unclear (Backeberg
et al., 2008). A study by Lutjeharms and Valentine (1988) used satellite imagery to suggest the prevalence of
large warm eddies over the Agulhas Plateau. Furthermore, satellite remote sensing has shown that the area in the
vicinity of the Agulhas Plateau is particularly active for cross-frontal eddy shedding (Lutjeharms and Valentine,
1988). It is expected that the mesoscale variability introduced by the eddy formed on the Agulhas Plateau could
have a substantial influence of the Agulhas Return Current trajectory, therefore, it is important to develop a

deeper understanding of this region.
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Figure 2.2: Bathymetry of the offshore region south of South Africa obtained from the GEBCO bathymetry data,
illustrating the structure and shape of the coastal shelf and the Agulhas Plateau.

2.2 Lagrangian Ocean Analysis

2.2.1 In Situ Drifter Observations

Several observational studies are inherently Lagrangian (Lumpkin et al., 2017, Van Sebille et al., 2018, d’Hotman

etal., 2019), such as the trajectories of surface drifters, Argo floats and the tracking of marine organisms. Unlike

Eulerian measurements which are based on describing fluid motion in a reference frame that is fixed in space as

time varies, Lagrangian measurements follow fluid parcels as they move (Van Sebille et al., 2018). Lagrangian

measurements provide a more general understanding of the complex flows of the ocean (Van Sebille et al.,

2018) meaning it is a valuable method when studying the pathways of the ocean. Surface drifters, also known

as surface drifting buoys, are instruments that are designed to follow the water near the ocean surface, thus

providing information about the ocean surface currents (Lumpkin et al., 2017).
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Figure 2.3: An illustration of two different types of drifters known as the Davis drifter (left) and the Holey Sock
drifter (right) (King et al., 2002)

Drifters are deployed to serve different functions, from mapping large-scale ocean circulation to following oil
spills to aiding in search and rescue operations, which has resulted in the development of a variety of drifter types
(Lumpkin et al., 2017) (e.g. Figure 2.3). In general, a drifter is comprised of a surface float and a drogue. Most
surface floats contain a transmitter to relay data, a thermometer that reads the temperature and a submerged sensor
that detects whether the drogue is still attached or not (over time drifters may lose their drogue). The drogue is
generally centred at 15-meter depths (this can vary if the study being done requires a different characteristic) to
minimize the direct effects of surface winds so that the trajectory of the drifter is mainly driven by upper ocean
currents (Figure 2.4) (NOAA, 2019). Most drifters that are deployed in the global ocean occur as part of the
Global Drifter Program (GDP, www.aoml.noaa.gov/phod/gdp/), which forms part of the Global Ocean Observing
System (www.aoml.noaa.gov/phod/goos.php). The GDP is designed to provide accurate in sifu observations of
the global ocean. Data obtained from surface drifters have been vital for numerical modellers in providing
validation for their model simulations (Barron et al., 2007, van Sebille et al., 2009, Hart-Davis et al., 2018b,

Cancet et al., 2019).
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Figure 2.4: An illustration about how a drifter works and how data is transmitted to scientists for real-time use
(NOAA, 2019)

2.2.2  Virtual Particle Tracking

Lagrangian ocean analysis through virtual particle tracking within ocean models began in the 1980s (Awaji
et al., 1980, Imasato et al., 1980). Since then, virtual particle tracking has been increasingly used by physical
oceanographers and marine biologists to study a wide variety of oceanographic processes (Van Sebille et al.,
2018, Dagestad and Rohrs, 2019) and applications including larval dispersion (Thorpe et al., 2004, Singh et al.,
2018), oil spills (Sayol et al., 2014), hydrodynamic connectivity (van Sebille et al., 2010), microplastic trajectory

simulations (Onink, 2018) and search and rescue operations (Breivik and Allen, 2008, Hart-Davis et al., 2018a).
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Virtual particle tracking methods are crucial and a powerful tool in the simulation of transport phenomena
(Soulsby et al., 2007) and to evaluate sediment transport pathways (Black et al., 2004). Virtual particle tracking
has been used in several numerical models to study the dynamics of the Agulhas Current system (Figure 2.1). The
dynamics of the Agulhas leakage has been particularly studied using virtual particle tracking to quantify the net
mass exchange between the Indian and the Atlantic Ocean (Doglioli et al., 2006, Cheng et al., 2016), to assess
the mechanisms responsible for variation in the leakage (Durgadoo et al., 2013) and to assess the connection
between oceanic regions (Blanke et al., 2009).

Virtual particle tracking tools fall into two categories: online and offline simulations. The online simulations
are calculated along with the velocity fields of oceanic circulation models while the offline simulations take place
after the calculations done by the ocean model have been completed (Dagestad et al., 2018). The latter has been
increasingly used to allow for the use of several different ocean models when running simulations (Dagestad et al.,
2018) and allow for the repeated use of the model outputs with different particle characteristics. As a result of
the increased use and broad range of applications, several virtual particle tracking tools have been developed

(Figure A.1, A.2 and A.3 of Appendix A).

2.3 Surface Current Components

The surface ocean currents consist of various components, which are governed by different physical processes.
These processes include geostrophic currents, Ekman currents, Stokes drift, inertial oscillations and tidal currents.
Geostrophic flow in the ocean is a response of the balance between the pressure gradient force and the Coriolis
force (Figure 2.5). Geostrophic currents flow along contours of constant dynamic height, with higher dynamic
height to the left/right of the flow in the Southern/ Northern Hemisphere (Friedlander, 1980). At larger spatial
(>50-100 km) and temporal (>3-10 days) scales the Kuroshio Current, Gulf Stream and Agulhas Current are

considered to be geostrophic currents.
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Figure 2.5: A schematic illustrating the resultant geostrophic flow as a response to the balancing of Coriolis forces
and the pressure gradient force (Wikipedia, 2019). The deflection to the right of the pressure gradient indicates a
flow in the northern hemisphere (as seen in this illustration), while in the southern hemisphere the geostrophic flow
is to the left of the pressure gradient.

The lowest-order equations governing such flows are the following simplified equations of motion:

g m
Vgeo f oz 2.1
__90m
Ugeo = oy 2.2)

where f = 2 () sing is the Coriolis parameter, with ¢ being the latitudinal position, {2 being the earths
rotational velocity and g the gravitational acceleration. The topography of the sea surface, 7, is the height of
the sea surface relative to a particular level surface (the geoid) (Cushman-Roisin and Beckers, 2011). In certain
ocean products, such as GlobCurrent, the 7 in equations 2.1 and 2.2 are exchanged by the Absolute Dynamic
Topography (ADT) obtained from satellite altimeters which allows for the direct estimation of the geostrophic

flow of the surface ocean currents.
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Figure 2.6: An illustration the ocean currents response to the surface wind stress known as the Ekman spiral
(Strickland, 2006)

Ekman currents are the response of the ocean currents to the surface wind stress in a rotating frame (Figure
2.6) (Ekman, 1905). Assuming that the ocean is of infinite depth with no boundaries, where the vertical eddy
viscosity, A, is constant with depth, the balance between the Coriolis force (f) and the induced two-dimensional

surface current is:

107,
- = _fvekman (23)
p oz

167,

=t = JUekman (2.4)
p 0z

where Uekiman and Vegman are the zonal and meridional Ekman velocities, 7 is the wind stress and p is the
water density (Onink, 2018). In practice, the Ekman currents are estimated using Argo floats and drifter data
together with the wind stress from the European Centre for Medium-Range Weather Forecasts (ECMWF) (Rio
etal., 2014). At depth z (0 m and 15 m), the Ekman response v, to the wind stress 7 is expressed by (Rio et al.,
2014) as:
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v (2) = B(z). 7.0, (2.5)

At the surface, the Ekman current is at a 45° angle to the wind stress and going down the water column the
magnitude of the current decreases and forms a rotating directional spiral, known as the Ekman spiral (Figure 2.6).
The direction of the Ekman spiral relative to the wind stress varies between each hemisphere, with the deflection
occurring to the left/right of the wind stress in the Southern/Northern Hemisphere. Unlike geostrophic currents,
it is possible for Ekman currents to converge as they are dependent on wind stress and it has been found that
Ekman currents are responsible for debris accumulation (Onink, 2018).

Another component of ocean surface currents is Stokes drift, which is induced by the presence of waves
and is defined as the difference between the Lagrangian and Eulerian averages of a flow field (Van den Bremer
and Breivik, 2017). Physically, as waves travel, the water particles that make up the wave travel in orbital
motion (Figure 2.7). Due to the particles spending more time in the forward-moving crest compared to the
backwards moving trough, the particle has a net velocity in the direction of the wave propagation, with the
net velocity being known as Stokes drift (Van den Bremer and Breivik, 2017). Huang (1979) found that wave
motion can influence the dynamics of the surface drift currents and produce a variety of flow patterns ranging
from Langmuir circulations to inertial currents. Stokes drift has been shown to have an important impact on the
drift of marine debris (Onink et al., 2018) and oil spills (Drivdal et al., 2014). Surface drifters are designed with
a drogue (discussed in Section 2.2.1), minimizing the impact of direct wind forcing and the surface wave-driven
processes such as Stokes drift (Lumpkin et al., 2017). Another influential factor on the drift of objects in the
ocean, is inertial oscillations. Inertial oscillations are a characteristic of the ocean surface layer that arises from
the interaction between the wind forcing (u, v) and the Coriolis force (f) (Pollard and Millard Jr, 1970). It is
well established that changes in the wind generate inertial oscillations in the surface layer of the ocean (Gonella,
1971, Pollard, 1980). The oscillations in water parcels trace out clockwise circles in the Northern Hemisphere

and anticlockwise in the Southern Hemisphere (Talley, 2011) (Figure 2.7).
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Figure 2.7: An illustration of the impact of Stokes drift, from linear wave theory, of a virtual particle from
Bakhoday-Paskyabi (2015) (left). An idealised case illustrating the impacts of inertial oscillations on the trajectory
of virtual particles in a two-day experiment (right).

Inertial currents act in both the zonal and meridional plane and are the solution of:

5
5—;‘ — fv (2.6)
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which assumes that advection, pressure gradient forces and dissipation are very small (Talley, 2011).

Inertial periods are often very close to that of tidal periods, so separating the tidal and inertial effects in time
series’ is difficult. The rise and fall of the tide are accompanied by the horizontal movement of the water, referred
to as the tidal current. Tidal currents have periods and cycles (two maximums and two minimums) similar to
those of the tides and are subject to similar variations based on the region. The magnitude of the tidal current is
correlated with the bottom topography, with large tidal currents being located over shallower regions and reduced
tidal currents occurring over deeper regions of the ocean (Poulain and Centurioni, 2015).

Accounting for the effects of gravity waves, tides and inertial oscillations is beyond the scope of this thesis
(readers are referred to the following literature for more information: Bakhoday-Paskyabi (2015), Bakhoday-
Paskyabi (2016) and Onink (2018)). Therefore, this thesis relies only on the mean ocean surface currents

(geostrophic and Ekman currents) to conduct a series of particle tracking scenarios.

26



CHAPTER 2. LITERATURE REVIEW M.G. Hart-Davis

2.4 Search and Rescue

Objects go missing in the ocean for a variety of reasons, with the influence of the ocean surface currents depend-
ing on the characteristics of the object. Each year numerous incidents, varying from ship sinkings, collisions,
recreational and professional marine activities and objects falling overboard, occur in the worlds open oceans
and the coastal regions. In South Africa, a significant part of these incidents involve the National Sea Rescue
Institute (NSRI) which, in 2017, conducted 1,050 rescue operations (NSRI, 2018). This resulted in the rescuing
of 1,224 people and a total of 2,723 hours of operational activity (NSRI, 2018).

To reduce operation times, operation costs and to improve the overall quality of operations, several new and
innovative techniques have been developed. In operation, search and rescue is essentially about estimating the
search area based on several unknowns and computing the evolution of the search area over time (Breivik and
Allen, 2008). These unknowns include physical forces that would act on an object such as winds, currents and
waves.

The complexity increases when computing the motion of different objects with varying shapes in the ocean
(Breivik and Allen, 2008). Initial techniques looked at the present wind direction and magnitude, making a rough
estimation on the position of the object based on the object type and position in the water column. The ability of
numerical models to make estimations about the ocean state and wind stress has resulted in these models being
increasingly used to estimate the pathway of objects in the ocean. Several tools have been created to account
for the type of object to better understand the drift of objects (Breivik et al., 2011, Sayol et al., 2014, Hart-Davis
et al., 2018a). The tools presented in Breivik et al. (2011) and Hart-Davis et al. (2018a) independently combine
the use of particle tracking and the leeway object divergence methodology presented in Chapter 5 of Allen and
Plourde (1999). This method provides an account of how different objects drift in the ocean based on their size
and shape as well as their interactions with the physical processes (ocean, windage and waves). Utilizing this
methodology allows for a more accurate estimation of the pathways of objects in the ocean and, therefore, can

be utilized to speed up operation times and potentially save lives.
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2.5 Juvenile Loggerhead Turtles

With the development of electronic tracking and biologging capabilities, the oceanic dispersal of loggerhead sea
turtles are a product of passive and active swimming movements (Briscoe et al., 2016). This suggests that the
ocean surface components along with the individual swimming behaviour play an important role on the fate of
the turtles.

Loggerhead sea turtles (Figure 2.8), Caretta caretta, are distributed widely in the tropical, sub-tropical and
warm temperate waters of the global oceans (Barceld et al., 2013). Loggerhead turtles occupy an important
position in the food chain, as predators of molluscs, crustaceans and other marine invertebrate species (Machado
and Bermejo, 2012). They are known to migrate over long distances, which involves some of the most remarkable
feats of navigation and orientation in the animal kingdom (Lohmann and Lohmann, 1996). This is seen when
they migrate across the open ocean from their foraging areas to their nesting grounds on their natal beaches
(Lohmann and Lohmann, 1996), their birthplace and where they return to reproduce. Adult female loggerheads
are known to nest between three to five times per season every two to three years and can lay 105 eggs on average
per clutch (Nel et al., 2013). The incubation period for these eggs is between 49 to 69 days (MarineBio, 2019).

Once they hatch, the hatchlings make their way to the ocean at night to avoid predation and the harmful
effects of direct sunlight (MarineBio, 2019). The period when hatchling sea turtles disperse from their natal
beaches into the ocean are known as the “lost years” (Carr, 1986), as hatchlings disappear into the ocean and are
the least understood stage of sea turtle life cycle (Scott et al., 2017). From the point where they enter the ocean,
very little is known about the dispersion and behaviour of these hatchlings largely due to animal tracking devices

being too large to allow for the tracking of these small organisms (Hazen et al., 2012).
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Figure 2.8: Photograph of newly hatched loggerhead sea turtles taken by Ms Diane le Gouvello on a beach in
Kwa-Zulu Natal, South Africa.

The proposed life history of juvenile loggerhead turtles suggests that after they swim away from their hatching
site, they spend more than a decade in the oceanic environment passively drifting in the ocean currents and only
actively swimming for two hours a day (Bolten, 2003b). Studies of the South African loggerhead population
Bolten (2003a) and Shamblin et al. (2014) have suggested that a portion of the hatchlings that emerge from the
beaches of South Africa enter the Agulhas Current and are then transported by warm water eddies of the Agulhas
Current System into the South Atlantic Ocean. The study by Bolten (2003a) modelled the dispersal patterns of
South African juvenile turtles under the assumption that they had passive drift. This study suggested that there
was a strong likelihood of dispersal of South African juvenile turtles into the South Atlantic but did not find
connectivity between the South Atlantic and Indian Ocean basin. However, the assumption that the juvenile
turtles are passive drifters is not realistic and the incorporation of their swimming behaviour would have likely

had an impact on the results of this study.
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Data and Methodology

The main focus of this thesis is the development and use of a particle trajectory model in the Agulhas Current
system to study the physical processes occurring in the Greater Agulhas Current System. In this section, the tool
being used (section 3.1), the ocean surface products (section 3.2) and the Lagrangian parameters (section 3.3)

being added to the particle trajectory model will be described.
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3.1 Virtual Particle Tracking

Parcels (Probably A Really Computationally Efficient Lagrangian Simulator) is a virtual particle tracking tool
aimed at exploring novel approaches for Lagrangian tracking of virtual ocean particles (Lange and van Sebille,
2017, Delandmeter and van Sebille, 2019). The main function of Parcels is to process large datasets generated by
contemporary and future ocean general circulation models (Delandmeter and van Sebille, 2019). The framework
and interface of Parcels is written in Python, with the computation kernels being generated and compiled in C
code during runtime for increased efficiency (Delandmeter and van Sebille, 2019). The structure of Parcels
allows for it to be easily adapted for use in a wide range of ocean products and models, which opens up many
more applications.

Parcels contains kernels defined for particle advection and types of stochastic motion, but Parcels also allows
for the creation of its own kernels that can impact the trajectory of the virtual particles. These kernels can be
created to represent a vast number of applications from the trajectory of instrumentation (e.g. Argo Floats,
Figure 3.1) to the behaviour of marine organisms to the properties of microplastics. This customizability allows
for the use of the tool in a variety of applications such as ocean connectivity (McAdam and van Sebille, 2018),
microplastic studies (Duncan et al., 2018, Onink, 2018, Lacerda et al., 2019), larval dispersion (Singh et al.,
2018), search and rescue (Hart-Davis et al., 2018a), ocean product validation (Hart-Davis et al., 2018b) and ocean
microbial studies (Mclnnes et al., 2019). Parcels, in the absence of stochastic forcing, computes the Lagrangian

trajectories of virtual particles by using the following equation:

t+AL
X(t+ At) = X(t) + / Vtotal (T, T)OT 3.1
t

where X is the position of the particle, v is the velocity field at location X and 7 is equal to ¢ (time at position
X) minus % (the initial time of the experiment). Here, the velocity field is composed as © = u, + 4, Where u,

is the ocean surface current and wu,, is related to the wind speed.
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Figure 3.1: An example of a kernel that was made during this Master's thesis that illustrates the trajectory of

a "virtual” Argo Float. Here, a simple representation of a virtual Argo float is presented showing how it sinks,
remains at a fixed depth (1,000 meters) for 10 days, then sinks down to 2,000 meters before resurfacing. The
points are coloured to show the changing depth of the virtual Argo float. The code for this kernel is available at:

www.oceanparcels.org.

The u,, can be adjusted to account for the shape and size of the object being studied as shown in Leeway drift
model presented in Breivik et al. (2011). In several applications of Lagrangian analysis, an additional term is
added at the right-hand side of Equation 2.1 that represents the unresolved physical processes not represented in
the velocity fields of the input data. This additional term is represented as v/2A4;.5t.0W;, where A, and 6W; are
the horizontal eddy diffusivity (further explained in Chapter 3.3.1) and a zero-mean white noise random number
(Bakhoday-Paskyabi, 2016). Parcels supports the use of input data on a variety of horizontal and vertical grids
(Delandmeter and van Sebille, 2019). As previously mentioned, the velocity field can be provided by the output

of ocean models or by ocean products. In reality, the vy, component is influenced by both the geostrophic

current and ageostrophic velocities.
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Figure 3.2: A snapshot of the G1SST product illustrating the SST in the Agulhas Current System

3.2 Satellite-Derived Ocean Products

3.2.1 Global 1km Sea Surface Temperature

It has been well established that high-quality global sea surface temperatures (SST) can be produced by blending
SST data from multiple satellites and in situ observations (Reynolds et al., 2005, Chao et al., 2009). The Group
for High-Resolution Sea Surface Temperature (GHRSST) provides a global SST product at a 0.01° by 0.01°
spatial resolution and daily temporal resolution from the 9th of June 2010 to the present day (Ocean, 2010). The
global 1 km resolution SST (G1SST) (Figure 3.2) product uses satellite data from multiple satellite sensors such
as MODIS (Moderate Resolution Imaging Spectroradiometer) and GOES (Geostationary Operational Environ-
mental Satellite), as well as from in situ observations from surface drifters and moored buoys (Ocean, 2010).
The blended SST fields with a high spatial resolution allows analysis of the structure of fine-scale structures in

coastal flow systems (Chao et al., 2009).
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A detailed description of the products that are blended together and the technique used to provide the spatial
and temporal coverage is given in Chao et al. (2009). Because of its high resolution, compared to GlobCurrent
(Section 3.2.2), the G1SST product is used in this thesis to provide additional information about the physical

processes of the sea surface for each experiment.

3.2.2 GlobCurrent Ocean Current Product

The GlobCurrent surface ocean currents product is a freely-available (http://www.globcurrent.org/) global ocean
dataset provided on a 1/4° spatial grid for the period between 1993 - 2019. The GlobCurrent ocean product v3.0
contains multiple different products consisting of geostrophic currents and Ekman currents provided separately
as well as combined at the sea surface and 15-meter depths. The ‘total 15-meter currents’ product is used in this
study to provide a better understanding of the oceanic conditions being experienced by the surface drifters. A
more in-depth description of how the total 15-meter currents are derived is presented in Rio et al. (2014). The
geostrophic component is derived from maps of satellite altimetry sea level anomalies (SLA), combined with
the Mean Dynamic Topography fields (Rio et al., 2013, Cancet et al., 2019). The Ekman currents are estimated
using Argo floats and surface drifter observations together with the wind stress provided by the European Centre
for Medium-Range Weather Forecasts (ECMWF) (Rio et al., 2014). The GlobCurrent total currents have shown
good accuracy in representing large-scale circulation (Lacorata et al., 2019) but have been found to underestimate
current velocities of two western boundary currents (Hart-Davis et al., 2018b, Cancet et al., 2019). However,
the use of virtual particle tracking with the GlobCurrent total currents is still relevant in studies of upper ocean
dynamics. The GlobCurrent data was downloaded from (http://www.globcurrent.org/) and a kernel (see section
3.1) was written for the Parcels tool that extracted the appropriate information from the GlobCurrent data to force

virtual particles in the experiment.
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3.2.3 Copernicus

The operational Mercator global ocean analysis and forecast system, Copernicus, provides 10-day, 3D global
ocean forecasts on a daily basis. This product includes hourly, daily, weekly and monthly mean files of tempera-
ture, salinity, currents, sea level height, mixed layer depth and sea ice. The global ocean output files are available
at a 1/12° horizontal resolution with regular longitude/latitude equirectangular projection and 50 vertical levels
ranging from 0 to 5500 meters.

The ocean model is forced using winds from the ECMWF (European Centre for Medium-Range Weather
Forecasts) Integrated Forecast System. The ocean current data are available from the Copernicus Marine Envi-
ronment Monitoring Service (CMEMS, http://marine.copernicus.eu/). For this thesis, a kernel was created for
the Parcels tool that extracts the appropriate temporal and spatial coverage of the CMEMS data, which varied
based on the experiment being conducted in the results, directly from the website. Once extracted, a second ker-
nel then calls the required information from the CMEMS data (typically the coordinates as well as the east-west
and north-south current velocities) to be used to force virtual particles with the appropriate characteristics for

each of the experiments.

3.3 Lagrangian Ocean Analysis

To account for the complexity of the motion of particles in the ocean, certain parameters can be added to the
equation to give a more realistic representation of the particle’s motion. These added parameters are themselves
complicated and require justification depending on the application and processes that are trying to be resolved.
In the next two sections, two of these parameters, stochastic motion (section 3.3.1) and boundary conditions

(section 3.3.2), are presented.
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3.3.1 Stochastic Motion

Turbulent processes, such as mesoscale (10 - 100 km) eddies and jets, cause virtual particles to disperse quickly
and increase the rate of mass, momentum and tracer spreading, leading to accelerated mixing (LaCasce, 2008).
Lagrangian eddy diffusivity is introduced to quantify the rate of dispersion related to the cumulative effect of
eddies (Riihs et al., 2018) and to account for the unresolved physical (sub-grid scale) processes not represented
in the ocean models (Van Sebille et al., 2018). Several different techniques are added to particle tracking tools
to account for these processes (see Figure A.1, A.2 and A.3 of Appendix A). The most commonly used method
is Brownian motion, which is also an optional kernel in Parcels.

Brownian motion (Hida, 1980) uses horizontal eddy diffusivity (K) and is applied to account for the unre-
solved processes in the particle trajectory model. The implementation of diffusion is important in the field of
research in the ocean Lagrangian community and cannot be neglected (Delandmeter and van Sebille, 2019). The
estimation of the horizontal eddy diffusivity is challenging and there are several different formulations that have
been presented (Taylor, 1922, Davis, 1991, Visser, 1997, LaCasce et al., 2014, Zhurbas et al., 2014, Van Sebille
etal., 2018, Riths et al., 2018). Horizontal Lagrangian eddy diffusivity can be estimated from both single-particle
and pair-particle statistics (LaCasce, 2008). Here, three different techniques are presented that were used or de-

veloped to be used in Parcels for the use in applications presented in this thesis (Section 4.1, 4.2 and 4.3).

1. The first and the most basic technique is the use of a single fixed value to represent the average horizontal
eddy diffusivity of a domain or region. In this case, a fixed value is calculated from in situ observations
(Bogucki et al., 2005) or a single mean value is extracted from a numerical model output (Riihs et al.,
2018). This technique is much quicker than other techniques but it neglects the fact that horizontal eddy
diffusivity varies both spatially and temporally. However, this technique still provides a better representa-
tion of processes affecting the trajectory of virtual particles in the ocean compared to simply using passive

particles.
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Figure 3.3: Surface horizontal eddy diffusivity calculated from surface drifters deployed between 1993 and 2017
using the methodology presented in (Oh et al., 2000, Zhurbas et al., 2014, Riihs et al., 2018).

2. The second technique is to calculate the horizontal eddy diffusivity directly from surface drifter observa-
tions. /n situ observations provided by satellite-tracked drifting buoy data, provide a good coverage of the
global ocean and can be used to study horizontal Lagrangian eddy diffusivity. However, due to the limited
number of drifter pairs that have been deployed, a particle-pair approach cannot yet be used to calculate
a spatially varying horizontal diffusivity (Oh et al., 2000). Therefore, the most popular way of extracting
horizontal diffusivity is from single-particle statistics (Taylor, 1922, Oh et al., 2000). The approach of
estimating eddy diffusivity presented in Riihs et al. (2018), was first introduced by Oh et al. (2000) and
further improved by Zhurbas et al. (2014) to account for mean flow suppression of eddy diffusivities. This
eddy diffusivity estimation involves three steps: a) binning of particle (surface drifter) trajectories on a
longitudinal-latitudinal grid; b) estimation of the mean flow, Lagrangian velocities and displacement; and

¢) estimation of the ensemble-mean eddy diffusivities for each bin (Riihs et al., 2018).
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In Figure 3.3, the domain is divided into 0.5° x 0.5° grids and each drifter that passed through the ocean
surrounding Southern Africa between 1993 to 2016 was considered. Only drifter trajectory segments
where the drogues were still attached to the drifter were considered. This is due to drogued drifters being
designed to remain at a fixed depth and once the drogue has been lost, the drifters’ vertical position can
vary considerably. Once the drifter data was extracted, the approach introduced by Zhurbas et al. (2014)

and Riihs et al. (2018) was followed to calculate the eddy diffusivity, K (z;t), as seen in Figure 3.3.

The single-particle diffusivity tensor, following (Davis, 1991), is defined as:
kjn(x,t) = — (v} (tol vz, to)-di (to — t], to)), (3.2)

where v' and d’ are the departures from the Lagrangian mean velocity and displacement respectively.
The notation (tg|z,to) represents the value of v} and dj, at time ¢ of a particle passing through v at
time tg (Oh et al., 2000). ¢y is the initial time point ¢ and the square brackets designate particle ensemble
averaging (Zhurbas et al., 2014). Following Swenson and Niiler (1996) and Oh et al. (2000), the diffusivity

is calculated as follows:

Every data point in each grid cell is considered as the initial point of a pseudo-trajectory with all values
of time yielding a displacement dt¢ as a function of time as well as individual value of velocity v(tp)
at the origin. By ensemble averaging, the mean values of displacement D(¢) and velocity U (ty) are
obtained, meaning the departures, d'(t) = d(t) — D(t) and v’ (t9) = v(to) — U(to), can be estimated. The
diffusivity k,y, is then estimated as the mean product of the departures from the displacement and velocity,
V' (to).d' (—t).

The next step in the methodology introduced by (Oh et al., 2000, Zhurbas et al., 2014) is the decomposition
of the diffusivity tensor into symmetrical and asymmetrical components kjsk = (kjr + ki;)/2 and kﬁ =
(kjr — krj)/2. The symmetrical and asymmetrical components are respectively describing the growth of

the particle dispersion (i.e. the diffusion) and the rotation of the particle ensemble (Zhurbas et al., 2014).
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To avoid rotational eddy fluxes, which are non-diffusive, only the symmetric part of k;; is considered,
which will now be referred to as k?g”is. The lateral diffusivities may also be assessed as half of the growth

rate of the Lagrangian particle’s dispersion tensor s, (Zhurbas et al., 2014):

; 146s;
disp _ 9%k
kjk (.’L’,t) - 2 &t ’ (33)
with
53k, 1) = (d(to + t, to)dy(to + ta, o). (3.4)

whereby the notation d) (to + t|z,t) represents the kth component of the residual displacement of a
particle passing through « at time ¢y, obtained from the forward trajectory of particles in time for the
period [to, to + t] (Rihs et al., 2018). Oh et al. (2000) showed that the minor principal components of

k%5 and k9%vis are less biased by shear flow.

Therefore, combining the two frequently used approaches for diffusivities estimations:

K (z,t) = [K7 (,t) + P (2, 1)] /2, (3.5)

yields a spatially and temporally varying horizontal eddy diffusivity K (z,t) (Riihs et al., 2018). This
technique utilizes the realistic representation of the ocean dynamics provided by the drifter observations
to present a spatially/temporally varying representation of horizontal eddy diffusivity. However, due to
the low frequency of drifter observations, a climatology of all the drifter observations needs to be created
to fill in the regional gaps in the data. This climatology provides a better representation than fixed eddy
diffusivity. However, the fixed temporal resolution restricts the accuracy of horizontal eddy diffusivity
compared to reality. This technique of estimating horizontal eddy diffusivity from drifter observations is

implemented by this thesis into the Parcels tool for use in section 4.1.
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Figure 3.4: An example of the surface horizontal eddy diffusivity extracted from a simulation run using the Re-
gional Ocean Modelling System (ROMS-Agrif)

3. To account for the spatial as well as temporal variation, the horizontal eddy diffusivity can be calculated
from numerical ocean model simulations, either online during the model run or offline after the model run.
In most cases, running a numerical model simply to get the online estimation of horizontal eddy diffusivity
(such as in Figure 3.4) is inefficient based on the time it takes to run and the process of validation of
the numerical model results. The offline calculation, on the other hand, allows for the use of multiple

numerical models.
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This technique gives a spatially and temporally varying horizontal eddy diffusivity that will provide the
best representation of the unresolved physical processes. Although this technique is limited by the spatial
and temporal resolution as well as the inherent capabilities of the numerical model, it is considered to be
the best option. The technique used to calculate the horizontal eddy diffusivity from the numerical model
output in this thesis is the baseline Smagorinsky model based on Smagorinsky (1963) and Lévéque et al.
(2007). The Smagorinsky model is the simplest and most commonly used eddy viscosity model (Lévéque
et al., 2007) with the major benefits being the manageability, the computational stability and the simplicity

of its formulation. The horizontal eddy diffusivity (vr) is calculated as follows:

vr(z,t) = (CsA)?[S(z, 1)), (3.6)

where [S| = (255 .?ij)l/ 2 represents the magnitude of the resolved rate-of-strain and Cy is a non-
dimensional coefficient (called the Smagorinsky constant) Lévéque et al. (2007). In this thesis, this ca-
pability is introduced into the Parcels framework in the form of a kernel that extracts all the appropriate
information from the ocean surface product to calculate the horizontal eddy diffusivity. This technique is

used in section 4.1, 4.2 and 4.3.

3.3.2 Boundary Conditions

The addition of the stochastic terms in the calculation of particle trajectories, enables the particles to encounter the
boundaries more frequently (Carlson et al., 2010). If a stochastic ‘jump’ results in a particle reaching a boundary,
that particle is temporarily ‘stuck’ on the boundary (Carlson et al., 2010) or the particles may move onto land.
These particles may enter the ocean in future time steps through a stochastic motion which is comparable to
floating debris being deposited onto a beach through wave action and possibly being swept back out to sea
(Carlson et al., 2010). In applications where this process of particles getting ‘stuck’ is not realistic, different

boundary conditions should be implemented that give a more realistic representation of what is expected.
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Figure 3.5: An illustration of the coastline of False Bay, South Africa represented by reality (the black line) and
how a numerical model represents the land-sea boundary (in this case showing a CMEMS model output).

For example, some applications require that particles do hit the land boundary and stop (marine organism
studies), whereas in other applications it is not realistic for particles to hit land (ocean dynamics studies). With the
limitations of numerical models to properly represent the characteristics of the coastal regions (Figure 3.5), the
pathways of particles in these regions are poorly represented and it is, therefore, important to develop different
boundary conditions that can be used for the different applications.

The use of the particle trajectory model, in this thesis, is to simulate two-dimensional applications, with no
vertical boundaries being included. It should be noted that there are applications where boundary conditions will
need to be implemented at the border of the numerical model domain, however, in this thesis particles will be

discarded from the study at the point where they leave the domain.
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Figure 3.6: A simple schematic showing the basic concept of reflection of a virtual particle off a boundary. The
red line represents the particle trajectory prior to reaching and hitting a boundary (at the angle of incidence). The
green circle represents the position where the virtual particle would hit the boundary. The blue line is the resultant

trajectory of the virtual particle once reflected off the boundary (at the angle of reflection).

Reflective Boundaries

One of the possible boundary conditions is reflective boundaries. Weitbrecht et al. (2004) implemented reflective

boundaries in their study of particles travelling down a river to prevent the particles from leaving the domain. In

this study, particles that would cross the upper or lower boundary at a certain time step were reflected into the

domain of study (Weitbrecht et al., 2004). A schematic is shown in Figure 3.6, illustrating the basic concept of

reflection, where a particle hitting a boundary is then reflected into the domain. The implementation of reflection

becomes more complex when you take into account the shape of the coastline as this will have an impact on the

angle of reflection.
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Reflection based on the real coastline is more representative of reality than reflection based on the numerical
model boundaries due to their boundaries being rectilinear (as seen in Figure 3.5). Reflective boundaries based
on the shape of the coastline have been developed in this thesis for the Parcels tool and are used in Subsection

4.1 and 4.2 of this thesis.

Dead Zones

When conducting particle trajectory modelling studies on marine organisms, it is important to take into consid-
eration the dominant oceanic properties (such as temperature and salinity), where it is expected that organisms
would not be able to survive.

In some studies, such as larval dispersion or migration of marine organisms, when particles hit a boundary
(such as the coast) it is expected that particles will become stuck at the boundary. Furthermore, the physical
properties of the ocean may have an impact on whether the marine organisms survive or not. Hence, when
conducting particle trajectory modelling studies on marine organisms as they encounter oceanic properties where
they would not survive, such as colder or toxic water, it is necessary to remove the particles from further trajectory
simulations. In this thesis, so-called ‘dead zones’ are implemented which removes virtual particles when they
hit regions where the object being studied is not expected to survive and records their final position. The ‘dead
zones’ have been developed and implemented into the Parcels tool and are used in the study of the juvenile turtles

in Section 4.3.
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Results

In this section, results are presented from a series of idealized and realistic experiments. As described in Chapter
1, these experiments have been designed to specifically investigate three key focus areas. Firstly, the effects
of changing different influential parameters in the particle trajectory model are investigated (section 4.1). Fol-
lowing this, the particle trajectory model is used to study drifter separation in the Agulhas Current from drifter
buoys observations (section 4.2) and finally, to evaluate the importance of initial swim speeds on juvenile turtle
dispersion (section 4.3). These results highlight the diverse application of the particle trajectory model, as well
as the importance of ensuring the correct parameters are used, especially in regards to the final application of the

model.
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Figure 4.1: The 6-hourly position of the real surface drifter 101808 (white dots) overlaid onto a weekly-mean SST
fields (9th to 16th of February 2014) and ocean surface current streamplots obtain from the CMEMS ocean prod-
uct.

4.1 Lagrangian Ocean Analysis

In both subsection 4.1.1 and 4.1.2, the trajectory of a surface drifter buoy deployed as part of the GDP program
(drifter 101808, Figure 4.1) is used to assess the ability and impact that the developed parameterizations have on
the virtual particle trajectory. Drifter 101808 was chosen as it moves relatively close to the coast, which means
there is a possibility that the virtual drifters used to imitate the drifter trajectory will get closer to the land-sea
boundary and can, therefore, be used to assess boundary parameterizations. The drifter was initially deployed
on the 10th of December 2013 at 38.720° E and 26.919° S but passes through the region illustrated in Figure
4.1 between the 9th and 16th of February 2014. Subsection 4.1.1, will assess the impact of stochastic motion,

subsection 4.1.2 the impact of the boundary conditions and 4.1.3 the parameters in search and rescue applications.

46



CHAPTER 4. RESULTS M.G. Hart-Davis

29.4°S

30°S

30.6°S

Drifter Observation
Fixed
Model-Derived

31.2°S Drifter-Derived

31.8°S

32.4°S

33°S

294°E 30°E 30.6°E 31.2°E 31.8°E 324°E 33°E 33.6°E

Figure 4.2: Trajectories for the observed (black) and virtual drifters for each of the experiments conducted. Only
the mean trajectory of the virtual drifters from each experiment is shown.

4.1.1 Stochastic Motion

Three different experiments were conducted to assess the impacts of stochastic motion and horizontal eddy
diffusivity on the trajectory of virtual drifters compared to the observed drifter. For each experiment, 1000
virtual drifters were deployed for eight days (Figure 4.2) into the ocean surface currents from the CMEMS ocean
product (Section 3.2.3). The experiments were divided as follows: the first experiment used a fixed value for
horizontal eddy diffusivity of 400 m?s!; the second had a spatially varying horizontal eddy diffusivity extracted
from a drifter data climatology (Figure 3.3); and the third had spatially and temporally varying horizontal eddy
diffusivity calculated from the ocean product input data using the baseline Smagorinsky model (Smagorinsky,

1963, Léveque et al., 2007).
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Figure 4.3: The distance between the observed surface drifter and the mean virtual drifter positions over time (a)
and the velocity of the virtual and observed surface drifter at each time step (b) is also presented.

As shown in Figure 4.2, the virtual drifters and observed drifter show a similar trajectory. Given that the
movement of the virtual drifters is only driven by the surface currents, it can be assumed that the Agulhas Current
jet is driving the trajectory of the surface drifter (Figure 4.1 and 4.2). In the first two days of the experiment,
all CMEMS forced virtual drifters underestimate the velocity of the observed surface drifter, which explains the
initial increase in distance separation (Figure 4.3). For all the virtual drifters, the mean velocity is relatively
stable compared to that of the observed drifter which shows a lot of fluctuations in the mean velocity. This lack
of fluctuation in the virtual drifter velocities explains as to why there is separation from the observed surface

drifter positions.
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Furthermore, this indicates that the CMEMS surface currents are not properly resolving the physical pro-
cesses being experienced by the observed drifter. The distance separation between real and virtual drifters of the
drifter-derived horizontal eddy diffusivity performs the best of all the experiments in the first two days. How-
ever, after three days the drifter-derived horizontal eddy diffusivity performs the worst and the model-derived
horizontal eddy diffusivity becomes the best performing method (Figure 4.3). The distance separation between
the model-derived horizontal eddy diffusivity remains relatively constant at between 20 — 30 km from day two to
just after six days. The spatially and temporally varying model-derived horizontal eddy diffusivity reduces the
separation distance between the observed surface drifter and virtual drifter to, on average, 2.99 km per six-hour
time step from 3.40 km for the drifter-derived and 3.80 km for the fixed horizontal eddy diffusivity. These results
suggest that in studies comparing virtual and observed drifters, using model-derived horizontal eddy diffusivity

provides a better representation of the physical processes not being resolved by numerical model outputs.
4.1.2 Boundary Conditions

To assess whether boundary conditions have an impact on the resultant trajectory of the virtual drifters, three
experiments were set up to test the different boundary conditions. The experiments were divided as follows:
the first experiment having no added boundary conditions; the second having reflective boundaries; and the
third having ‘dead zone’ boundaries (removing particles from the study when they interact with the boundary).
For all of the experiments, the fixed value horizontal eddy diffusivity parameter (of 400 m?s~!) was applied.
As in the previous section, the virtual and observed surface drifters show a similar trajectory pattern which
suggests little variation in the path of the current (Figure 4.4). Although the mean trajectory of the virtual drifters
does not demonstrate an interaction with the boundaries when looking at all of the virtual drifters (grey lines in
Figure 4.4) some do interact with the boundaries. This is due to the addition of the stochastic terms resulting
in the virtual drifters ‘jumping’ towards the boundary (Carlson et al., 2010). Therefore, applying the boundary
conditions (introduced in Subsection 3.3.2) will have an impact on the mean trajectory of the virtual drifters in

this experiment.
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Figure 4.4: The trajectory of the observed surface drifter observation (black) and the virtual drifters from each of
the boundary condition experiments conducted. The grey lines represent all 1,000 of the virtual particles that were
deployed in the reflection experiment only, with the coloured trajectories representing the mean of the experiments.

The velocity of the virtual drifters still does not properly represent the velocity of the surface drifter, which
rationalizes the significant separation between the observed and virtual drifters over time. However, the velocity
of the ‘dead zone’ and reflective boundary virtual drifters moves closer to that of the surface drifter explaining
why both boundary conditions produce less distance separation over time. As seen in Figure 4.5, both of the
boundary conditions improve the distance separation of the virtual drifters from the surface drifter over time,
with no boundaries resulting in an average of 3.40 km separation per six-hour time step while ‘dead zones’ and

reflective boundaries result in a 3.24 km and 2.88 km distance separation respectively.
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Figure 4.5: The distance between the observed surface drifters and the mean virtual drifter positions over time (a)
and the velocity of the virtual and observed surface drifter at each time step (b) is also presented.

Therefore, including boundary conditions improves the virtual drifter accuracy in representing the trajectory
of a surface drifter. Furthermore, the reflective boundary provides a greater improvement in the accuracy of
virtual drifters in representing the surface drifter trajectory compared to a ‘dead zone’ boundary. However, it is
important to note that boundary conditions should be chosen carefully based on applications and studies that are

being conducted.
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4.1.3 Search and Rescue

To test the hypotheses highlighted in Section 4.1.1 and 4.1.2, the particle trajectory model was used in a real search
and rescue experiment of a capsized catamaran. On the 18th of January 2016, the upturned hull of a catamaran
was spotted approximately 113 Nautical Miles off Cape Recife (25° 41° 59.46” E and 34° 24’ 11.08”S), near
Port Elizabeth (South Africa), which was first reported missing a year earlier, in January of 2015. Five days
later, on the 22nd of January 2016, the National Sea Rescue Institute (NSRI) found the capsized catamaran south
of Cape Agulhas (20° 07’ 32.58”E and 35° 01° 31.94”S). The positions of the capsized vessel provide valuable
information that can be used to address the shortcomings of the particle trajectory model developed in Hart-
Davis et al. (2018b) and Hart-Davis et al. (2018a). An approach is presented to assess the accuracy of using a
particle trajectory model that combines predicted surface ocean current velocities, 10-meter winds, ‘dead zone’
boundary conditions and stochastic motion to estimate the path of the capsized vessel. Windage was added to
the virtual particles based on the Leeway drift model presented in Breivik et al. (2011) to account for the shape
and size of the vessel, in this case a capsized catamaran. The ‘dead zone’ boundary condition is used in this
application as it is expected that when a capsized vessel hits the coast that it will beach. The analyses in Hart-
Davis et al. (2018b) are restricted to the conditions when there is no interaction between wind and current, such
as in the absence of spatial variability of turbulent forcing. For all of the following experiments, 1000 virtual
particles were deployed for five days starting on the 18th of January 2016 at the last known position of the
capsized vessel (25° 41’ 59.46”E and 34° 24’ 11.08”S). In the horizontal eddy diffusivity experiments, the use
of four different fixed horizontal eddy diffusivities in calculating the stochastic motion, Brownian Motion (Hida,
1980) are investigated with the ‘dead zone’ boundary condition. In the virtual particle forcing section, a series of
virtual particle experiments are conducted to investigate the importance of combining wind and surface currents
in an example of a capsized vessel. For all experiments, the ECMWF 1/10° daily mean winds and/or the 1/12°
Mercator ocean surface velocity data was used. The information of wind and surface currents were calculated

along the particle trajectories using bilinear interpolation for all the experiments done in this study.
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Table 4.1: . Summary of the results of the simulations using four different fixed values of horizontal eddy dif-
fusivity. The mean Lagrangian displacement was calculated by the formula adapted from (LaCasce, 2000) :
M,(t) = 1/N(xy — x,). Where N is the number of particles, z; is the position of particles at time ¢ and z, is
the initial position of the particles.

Fixed Hori- | Percentage of | Furthest particle | Percentage of particles | Mean Lagrangian | Standard devi-

zontal Eddy | particles that | from recovery | that passed through the | displacement (in | ation of mean

Diffusivity | hit the coast point of vessel | bin of the capsized cata- | m) Lagrangian

(m?.s™h (in km) maran on the final day displacement
of the simulation (in m)

200 87.51 135.28 9.99 0.02 0.01

500 91.16 186.40 25.49 0.02 0.02

1000 85.74 329.08 22.48 0.07 0.04

2000 76.69 357.94 26.74 0.06 0.04

Horizontal Eddy Diffusivity

To assess the impacts of stochastic motion on virtual particle trajectories along the southern coast of South Africa,
experiments were derived based on the research carried out by Abernathey and Marshall (2013) and Riihs et al.
(2018) who found an estimated range of surface horizontal eddy diffusivity for the Agulhas Bank of between 200
and 2000 m?.s~ 1. Therefore, four fixed values of horizontal eddy diffusivity were chosen for the estimation of
the stochastic Brownian motion Hida (1980), notably 200, 500, 1000 and 2000 m?.s~!, as shown and compared
in the following analysis (Table 4.1 and Figure 4.6). The percentage of virtual particles that hit the coast of South
Africa were calculated to assess how different horizontal eddy diffusivities impacted the outcomes of the virtual
particles. The relatively high values of particles reaching the coast in all of the experiments (>75 %) suggest that
the dominant flow results from the surface currents and windage in a north-westerly direction which is pushing
the virtual particles towards the coast. The experiment with the highest amount of diffusivity (2000 m?.s~!) had
the lowest number of virtual particles hitting the coastline (76.69%). Furthermore, this experiment also resulted
in the highest maximum distance from the recovery site of the capsized vessel (357.94 km). This is expected
since the large horizontal eddy diffusivity results in stronger turbulence that, in turn, makes it less likely for

particles to obtain comparable trajectories.
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Figure 4.6: lllustration of the impact of the four different fixed horizontal eddy diffusivities on the outcome and
pathways of the virtual particles. The fixed values of horizontal eddy diffusivity for each experiment is (a) 200, (b)
500, (c) 1000 and (d) 2000 m?2.s~1. The 0.5° x 0.5° bins represent the percentage of particles that fall within
each bin between the final day of simulations (day 4 — 5). The grey lines indicate the trajectories of all 1000 parti-
cles for the duration of the experiment. The black and white circle represent the last known position of the capsized
vessel and the black and white star represent the recovery site of the capsized vessel.

This is confirmed in the lower horizontal eddy diffusivity (200 and 500m?s) simulations, where there is a
greater percentage of virtual particles that reach the coast (87.51 % and 91.16 %) at a lower maximum distance
from the recovery site (135.28 and 186.40 km respectively). This spatial feature, in accord with the non-turbulent

pathways of particles, may be partly explained due to the lack of information associated with the statistical

properties of fluctuating components of motion.
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The tentative results of diffusion analysis suggest that the experiment with the lowest value of mean La-
grangian displacement (Mx) of 0.02 + 0.01 was the experiment with the lowest horizontal eddy diffusivity,
while the highest was 1000 m?2.s~! experiment with an Mx of 0.07 + 0.04. The influence of the horizontal eddy
diffusivity on the trajectory and final location of the virtual particles is presented in Figure 4.6. The overall di-
rection of the virtual particles for all the experiments tends to be in a westward direction regardless of the value
of horizontal eddy diffusivity. The horizontal eddy diffusivity influences the directional spread of the virtual
particles, with higher horizontal eddy diffusivity resulting in greater variability and vice versa. To better quan-
tify this variability, the percentage of total virtual particles in the ocean per 0.5° x 0.5° grid at the end of day 5
is calculated. This provides an estimate of the maximum likelihood for a virtual particle to be found in a 0.5° x
0.5° geographical grid on the last day of the simulation experiment.

As shown in Figure 4.6 the highest percentage of virtual particles on the day when the capsized vessel
was recovered (day 4-5) are found in the 0.5° grid cell that contains the location where the capsized catamaran
was recovered in three of the simulation experiments (Figures 4.6 b, ¢, d). The results suggest that the lowest
fixed horizontal eddy diffusivity (200m?s~!) based on the studies by Abernathey and Marshall (2013) and Riihs
et al. (2018), may be too low for this highly dynamic region. A relatively low 10 % of virtual particles that
were deployed in this experiment made it to the bin where the capsized vessel was located. In the other three
experiments, however, this percentage encouragingly exceeded 20 %. The experiments used a fixed diffusivity
and did not account for the spatial variability of diffusivity fields, which will have an impact on the results and

will be addressed in a future study.

Virtual Particle Forcings

To assess the importance of including both wind and surface current data when conducting simulations on cap-
sized vessels in the ocean, experiments were conducted to assess the contribution of each forcing field (Figure

4.7).
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Figure 4.7: A simulation of 1000 virtual particles deployed at the location where the capsized vessel was last seen
(white circle) forced (a) wind only, (b) current only, (c) wind and current only and (d) wind, current and Brownian
motion. The colorbar represents the time in days since deployment, reaching a maximum of five days. The orange
line on (d) represents the mean trajectory of the 1000 particles. It should be noted that (c) hits the coast after 4.1

days of the simulation.

The virtual particles in simulations forced with only surface currents (Figure 4.7b) are in agreement with

Hart-Davis et al. (2018b) who suggest that using only ocean surface currents to force the synthetic particles is

inadequate in terms of simulating the pathway of the capsized vessel. Although surface current velocity data

plays a key role, this result suggests that other parameters play important roles in determining the accuracy of the

trajectory of a capsized catamaran. Wind forcing only was also not sufficient (Figure 4.7a) and, although com-

bining wind and surface currents (Figure 4.7c) improved the result significantly, the results remained insufficient

in estimating the path of the capsized vessel.
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This could be due to the spatial resolutions of the surface current velocity data (1/12°) and the wind data
(1/10°) which are not able to represent the correct effects of unresolved processes of the region.

The resolved scales are provided from the ocean circulation model through the eddy diffusivity, which con-
tributes to the stochastic forcing of the particle trajectory model. In an attempt to parameterise the unresolved
processes in the particle trajectory model, Brownian motion (Hida, 1980) was applied to account for the turbulent
features not resolved in the velocity field (Figure 4.7). The results show a strong number of virtual particles that
pass through the point where the capsized vessel was recovered. When combining this result with the results
shown in Figure 4.6, it can be implied that the particle trajectory model performs the best when the wind, surface
currents and stochastic motion are incorporated as a high percentage of virtual particles end up in the region

where the capsized vessel was recovered at the end of the simulation.
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4.2 Comparison of Drifter Pairs

4.2.1 Drifter Observations

To further understand the impact of small scale processes on lateral transport of objects at the ocean surface,
the trajectory of two drifters deployed in the Agulhas Current is assessed in this section. On the 11th of April
2015 at 16:45, two drifters (drifter 14901 and drifter 14547) that were provided by the South African Weather
Service were deployed from the RV Algoa in the core of the Agulhas Current at 33,9034°S and 27,753°E as
part of ASCA and SAGE activities (Morris et al., 2015). Remarkably, these two drifters, after being deployed at
the same location, remained in close proximity to each other through their pathways in the Agulhas Current, the
Agulhas Retroflection and the Agulhas Return Current. Only in the vicinity of the Agulhas Plateau did the two
drifters separate.

To enhance insights on environmental conditions throughout the drifters’ pathways in the Agulhas Current,
the weekly-mean SST fields, calculated from the Global 1km Sea Surface Temperature (G1SST) Level 4 dataset
(Ocean, 2010), are compared to the drifter trajectories (Figure 4.8). The SST fields, with drifter tracks overlaid,
show that the drifter pathways tend to follow the shape of the current quite well. The trajectories of drifters in the
Agulhas Current core tend to converge to regions of higher velocities (Hart-Davis et al., 2018b) explaining why
there is little separation between the two drifters in week one. When the drifters reach the Agulhas Retroflection
(week two), the shape of the current (as seen in Figure 4.8) shows very little variation resulting in the drifters
following similar trajectories. In week three, the drifters begin to show slight variations, with drifter 14901
beginning to fall behind drifter 14547 but the drifters still follow the same pathways of the current. This slight
variation between the two drifters could be a result of the meanders of the current before the Agulhas Plateau
which is known to cause extreme levels of mesoscale variability (Lutjeharms and Ansorge, 2001). In week four,
drifter 14547 follows the U-shape of the current remarkably well, however, this is where drifter 14901 begins to

deviate from both the dominant current path and from drifter 14547.

58



CHAPTER 4. RESULTS M.G. Hart-Davis

Week One Week Two

Week Three Week Four

12 14 16 18 20 22 24
Temperature

Figure 4.8: The drifter trajectories overlaid onto sea surface temperature (°C) fields extracted from the satellite
derived G1SST Level 4 dataset (Ocean, 2010) for the first four weeks of the drifters lifespan. Drifter 14901 is rep-
resented by the blue line (only really visible during week four due to matching trajectories) and drifter 14547 by the
black line.

The formation of an eddy on the Agulhas Plateau and at around 25°E and 40.5°S influences the variability
of the region and invokes a change in the pathway of drifter 14901 from drifter 14547. Eddies in this region are
well-documented (Lutjeharms and Valentine, 1988, Lutjeharms, 2006) although their impact on the meso and

submesoscale variability of the region remains unclear (Backeberg et al., 2008).
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Figure 4.9: Distance separation (in km) between drifter 14901 and drifter 14547 over time. The blue dotted line
indicates day 22 which is the point after which the separation grows almost exponentially. The sub-figure illustrates
the distance separation for the first 22 days. The velocity (m.s~!) of drifter 14547 (blue) and drifter 14901 (red)
for the first 40 days (bottom). The grey dotted line indicates the 22nd day and the black line represents the differ-
ence in velocity between the drifters.

When considering the meanders and apparent formation of these eddies, it is assumed that the drifters are
experiencing significant mesoscale variability (Lutjeharms and Valentine, 1988). A time series of the drifter
separation is shown in Figure 4.9. On day 22 (week 4), a drastic increase in the separation between the drifters
is encountered, suggesting that the drifters were suddenly exposed to different dynamical conditions. This sep-

aration increases almost exponentially for the remainder of the drifters’ lifespans.
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To further examine and understand the trajectories of this drifter pair, the velocity and vorticity of the drifters
were calculated along their lifespan (Figure 4.9 and Figure A.4 of Appendix A). As expected, the drifter veloc-
ities remain high and similar throughout the first 20 days of their lifespan, which documents the minor drifter
separation. On the other hand, on day 22, an increase in velocity difference, as well as a spike in vorticity, can
be seen. This demonstrates that the pathway of drifter 14901 is less influenced by the strong Agulhas Return
Current and more strongly influenced by the meso and submesoscale activity that is occurring in this region.
The distance between the drifters on day 22 was 7.78 km, indicating that a submesoscale length process (1 km
to 10 km in size; (Trotta et al., 2017)) is occurring in this region and having an impact on the drifter pathways.
It is from this point onwards that the drifters’ pathways begin to differ for the rest of their lifespans. In order to
understand what processes may be affecting the drifter trajectories, surface ocean current products are introduced

into the study.

4.2.2  Surface Ocean Product Analysis

The GlobCurrent (3-hourly) and the CMEMS 15 m ocean current velocities were extracted at the drifter locations
and drifter dates to compare with the drifter velocities (Figure 4.10). Generally, the GlobCurrent ocean current
velocities and the drifter velocities show an agreement in terms of shape, except for some periods where the
GlobCurrent velocities tend to underestimate the velocities of the drifter. This is consistent with the study reported
by Hart-Davis et al. (2018b) which found that, in the Agulhas Current, GlobCurrent underestimated the velocity
of drifters by about 27 %. The mean velocities calculated from GlobCurrent and CMEMS underestimates the
mean velocity of the trajectory of drifter 14901 by 14.19 % and 19.27 % respectively. The underestimation
is even greater for drifter 14547, with the GlobCurrent velocities underestimating the mean drifter velocity by

25.10 % and CMEMS, 41.84 %.
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Figure 4.10: At each position of the drifter trajectories, the GlobCurrent (red) and CMEMS (blue) velocities were
extracted to compare against the velocities of the drifters (black).

The CMEMS product tends to vary considerably from the velocity profile of the drifters, in some regions
exceeding the drifter velocities (within the first three days) while in some periods the velocities are shown to go
in opposite directions. To characterize the consistency between both drifters and the GlobCurrent and CMEMS
products with quantitative metrics, the skill scores were computed (Figure 4.11) based on the methodology pro-
posed by Liu et al. (2011) and used by Cancet et al. (2019) to assess GlobCurrent in the East Australian Current.
This non-dimensional skill indicates the relative performance of the products compared to the drifter observations
(Cancet et al., 2019) and, therefore, allows for the comparison between the two ocean products in representing
the dynamic processes and variability encountered by the two drifters in the different regions of the Agulhas

Current system.
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For each position of the two surface drifters, the trajectories of the virtual drifters were estimated using both
the GlobCurrent and CMEMS ocean products. Instead of using one virtual drifter, an ensemble average of ten
virtual drifters were used to compensate for the horizontal diffusivity. The virtual drifters were deployed for
3-days with a sampling frequency of six hours to align with the surface drifters.

The skill score as formulated by (Liu et al., 2011) is written as follows:

s=1—-¢(c<1)

4.1
s=0(c>1)
where,
N .
o= 2t (42)
> k=1 lk

For each point on the surface drifter trajectory, N represents the number of virtual drifter dates during the 3-day
period, while M is the number of drifter dates during the same period. For both cases, N and M were always
equal (N = M = 12) as the virtual drifters were deployed with the same sampling frequency as the surface
drifters. c is the cumulative Lagrangian separation distance (d) divided by the cumulative length of the observed
trajectory (I) (Cancet et al., 2019). When ¢ > 1, the cumulative separation of the virtual drifters is larger than the
cumulative length of the observed trajectory. When s = 1, the virtual drifters are perfectly matching the drifter
trajectories. Figure 4.11 and 4.12 and Table 4.2, illustrate the skill scores during a 40-day period for both drifters
using the GlobCurrent and CMEMS product respectively. It is expected that due to the highly varying sub-meso
and mesoscale variability of the Agulhas Current System, the abilities of the ocean products will vary dependent
on the region the drifters are passing through. The fast flowing nature of the Agulhas Current, known to exceed
2m.s~! (Rouault et al., 2010), implies that the Lagrangian separation of the surface drifters will be relatively
high and due to the underestimation of the surface ocean currents by the ocean products, seen in Figure 4.10 and

shown in Hart-Davis et al. (2018b), it can be expected that the skill scores will be greatly affected in this region.
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Figure 4.11: Skill scores after three days of advection with 3-hourly total 15m GlobCurrent current velocities and
15m CMEMS current velocities. The light gray lines show the trajectory of ten virtual drifters deployed at each
position of the drifter trajectories and after three days of advection by the respective ocean product.

In the Agulhas Current, the overall shapes represented by the virtual drifters agree well with the surface
drifter trajectories for both products, particularly in the GlobCurrent product. Furthermore, both products have
similar skill scores in this region. This similarity is further shown in Figure 4.12 where initially the skill score of
CMEMS is higher but further along the trajectory GlobCurrent shows higher scores. Despite the underestimation
of the surface currents, the skill score in this region is still relatively good suggesting that the two ocean products
satisfactorily represent the Agulhas Current. Furthermore, in the Agulhas Retroflection, the shape of the virtual

drifter trajectories do a good job in representing the expected flow shape of the current.
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Figure 4.12: Time series of the skill scores along both drifter trajectories for GlobCurrent velocities (red) and
CMEMS velocities (blue). The black dotted vertical lines show the sub-regions (the Agulhas Current, the Agulhas
Retroflection, before Agulhas Plateau Meander and after Agulhas Plateau meander) that are discussed in the text.

Table 4.2: The average skill score in each of the experiments in the different sub-regions.

Sub-region GlobCurrent D14547 | GlobCurrent D14901 | CMEMS D14547 | CMEMS D14901
Total 0.439 0.593 0.549 0.610
Agulhas Current 0.587 0.572 0.567 0.570
Agulhas Retroflection 0.689 0.669 0.639 0.637
Before Meander 0.565 0.559 0.573 0.580
After Meander 0.279 0.607 0.517 0.637

Cancet et al. (2019) presented satisfactory skill scores (between 0.6 and 0.9) for GlobCurrent virtual drifters
in large-eddy structures, and this is further demonstrated for GlobCurrent in the Agulhas Retroflection with the
mean skill score being 0.664, with the values reaching as high as 0.860. In comparison, the CMEMS virtual
drifters perform relatively well in this region as well, showing a mean skill score of 0.638. Based on the spatial
resolution of GlobCurrent and CMEMS, it is expected that the large scale Agulhas Retroflection would be well

resolved by these two products.
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For a more detailed comparison, the remaining trajectory of the drifters along the Agulhas Return Current
is divided into two sections, before the Agulhas Plateau meander (up to 27°E and 36.7°S) and after the Agulhas
Plateau meander (after 27°E and 36.7°S). This is designed to assess the ability of the products during the time
of the strong separation of the two drifters. Before the meander, the shape of the GlobCurrent forced virtual
drifters again agree well with that of the surface drifters with the only major difference happening at the meander
that occurs before the Agulhas Plateau meander (at approximately 25°E). The trajectory of CMEMS forced
virtual drifters also matches the expected shape of the current, but there seems to be a greater deviation from the
observed surface drifter trajectories, particularly directly after the Retroflection and in the meander before the
Agulhas Plateau meander.

In terms of skill score (Table 4.2), the GlobCurrent virtual drifter performs relatively consistently at +0.6,
while the skill scores of CMEMS virtual drifters are rather inconsistent during the period directly after the mean-
der. However, both ocean products show a relatively drastic drop in terms of the skill score before the Agulhas
Plateau meander (at around day 18). During this period, the current is flowing relatively fast, at some points ex-
ceeding 2m.s~1, and both ocean products are underestimating the velocity of the surface drifters (Figure 4.10).
Even though the virtual drifters are following a similar shape to that of the surface drifters, the underestimation
in terms of velocity simply force the virtual drifters to travel a shorter distance. This explains why the skill scores
(due to the lower Lagrangian separation) suggest a poor performance of both ocean products in representing the
expected dynamics experienced by the drifters during this period.

The meanders of the Agulhas Return Current are also characterized by having strong mesoscale variability
(Lutjeharms and Ansorge, 2001) while the Agulhas Plateau is known for its recurrent eddy generation (Lutje-
harms and Van Ballegooyen, 1988). This variability provides a further explanation for the relatively low skill
scores as well as the velocity underestimation of both ocean products in this region. As the surface drifters
meander around the Agulhas Plateau both ocean products perform satisfactorily initially, but this is when the
performance of the ocean products becomes different for each surface drifter. The satisfactory initial skill scores

around the meander is encouraging as this is where the major separation occurs between the two drifters.
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Furthermore, the low skill scores thereafter (between day 23 and 24) indicates that the processes affecting
the drifters are not being represented by both ocean products. After day 25, both ocean products perform poorly
for drifter 14901. The poor performance of both ocean products in this region is largely due to both products
not being able to properly capture sub-mesoscale variability in this region which influences the trajectories of
the two observed surface drifters. However, of the two products in this part of the study, the CMEMS ocean
product performs the best, which is likely due to its higher spatial resolution. The trajectory of the virtual drifters
for both ocean products are shown to be affected by the Agulhas Plateau eddy as some continue to move in the
clockwise direction instead of flowing south. This suggests that the dominant current is relatively weak, which
can be seen in the velocity of the drifters from day 22 to day 30 (Figure 4.10), and, therefore, the eddy is having
an influence on the mesoscale variability in the region. When assessing the SST fields in Figure 4.8, it was
previously suggested that this eddy could be a reason for the deviation between the two surface drifters. As
the influence of these processes can be seen in both surface current products and the SST product, it can then
be implied that the separation between the two surface drifters was largely due to the sub-meso and meso-scale

variability introduced by the formation of the Agulhas Plateau eddy and the weakening of the current.

4.3 Early life dispersion of juvenile loggerhead turtles

Section 4.2 highlighted how Lagrangian particle trajectories can be used to study how passive objects (drifters)
can move from the ocean. Similar methods can be used to be applied to study the movement of passive drifting
marine organisms. Additionally, virtual particles can be given swimming characteristics to simulate how active
swimmers move in the ocean. The dispersion of marine organisms, particularly larvae, is mainly driven by the
ocean currents and several studies have used passive virtual particles to study their drift and trajectories (e.g.
Singh et al. (2018)). However, when studying the biological connectivity of certain marine organisms, their
behaviour needs to be taken into account to give a proper representation of their movement (Van Sebille et al.,
2018). For instance, very little is known about the movement patterns of sea turtles both in terms of horizontal

and vertical migration (Freitas et al., 2019).
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Figure 4.13: An illustration of the surface current velocities and sea surface temperatures (°C) around Beacon 4N
(represented by the white star) as represented by the CMEMS ocean product for 2017 (a) and 2018 (b).

As mentioned in Section 2.5, a study by Bolten (2003a) modelled the dispersal patterns of South African
juvenile turtles under the assumption that they had passive drift. However, the proposed life history of juvenile
loggerhead turtles suggests that after they swim away from their hatching site, they spend more than a decade in
the oceanic environment passively drifting in the ocean currents and only (Bolten, 2003a).

Hence when using particle trajectory modelling to study the fate of hatchling sea turtles, the swimming
characteristics of the turtle needs to be included to give a proper representation of their oceanic spatial distribution
and ecology. To investigate this within Parcels, an experiment was conducted to test the impact of initial swim
speed on the resultant trajectory of loggerhead turtle hatchlings (Chapter 2.5). Three separate scenarios over two
years were run at the known hatching site of loggerhead turtles on the east coast of South Africa (26.9960°S and

32.8658°E).
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Figure 4.14: An illustration of the first two days of the virtual turtles life for each of the three scenarios for both
2017 and 2018 overlaid onto streamlines of the surface current velocities from the CMEMS ocean product. The top
row is the 2017 scenarios and the bottom row is the 2018 scenarios. From left to right in each column: trajectories
with 1.0 m.s~! swim speed, with 0.5 m.s~! swim speed and with no swimming. The colorbar represents the time
in days since deployment of the virtual turtles.

The virtual ‘turtles’ were given three separate initial conditions: (a) 1.0m.s~! to represent the expected
maximum real velocity of the juvenile loggerheads; (b) 0.5m.s~! to represent the average expected velocity of
the juvenile loggerheads and (c) passive particles to represent no swimming. The input ocean surface velocity
data used to run the virtual turtles for all experiments was the CMEMS ocean product (Chapter 3.2.3) with
the ’dead zone’ boundary condition was used (Chapter 3.3.2). Figure 4.13 shows the surface current velocities
overlaid onto the sea surface temperature. For each scenario, 15,000 virtual turtles were deployed for 100 days
on the 15th of February (representing the peak hatchling time) over two years, 2017 and 2018, to incorporate the
strong inter-annual oceanographic variability at the nesting site, with the separate initial swimming conditions.

It can be seen that the inter-annual dynamics of the region varies considerably in 2017 and 2018.
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Figure 4.15: Density plots for the final position and full lifespan trajectories (black lines) of virtual turtles for each
scenario in 2018. The trajectories of turtles (a) with 1.0 m.s™! swim speed, (b) with 0.5 m.s™! swim speed and
(c) with no swimming.

This will have an impact on where the turtles end up and, therefore, provide a suitable test for the impacts of
swimming on the resultant trajectories of virtual turtles. For every scenario, the trajectory of the virtual turtles
will be assessed to evaluate where they end up within the ocean or if they become stranded along the coast of
southern Africa. Results of the simulations reveal that swimming has an impact on the resultant trajectories of
the virtual turtles (Figure 4.14, 4.15 and 4.16). It can be visually seen in the density plots that more virtual turtles
make their way down the coast of South Africa, particularly in the simulations run for 2017. As seen in Figure

4.15 of 2017, the currents are landward at the point where the virtual turtles are being deployed.
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Figure 4.16: Density plots for the final position and full lifespan trajectories (black lines) of virtual turtles for each
scenario in 2017. The trajectories of turtles (a) with 1.0 m.s™! swim speed, (b) with 0.5 m.s~! swim speed and

(c) with no swimming.

This means in the scenario where no swimming is added to the virtual turtles, a large majority of the virtual
turtles are pushed onto land and hit the boundary very soon after deployment (as seen in Table 4.3 and 4.4). In
fact, 64.26 % of the virtual turtles deployed hit the land within 10 km of the deployment site. When applying
swimming speed, this percentage decreases to 12.04 % with half swim speed and 0.30 % with the full swim
speed. Looking at the 2018 scenario, considerably less virtual turtles with no swim speed hit the land close to
the deployment site (28.33 %) which is mainly due to the dominant current being parallel to the coast at the time
of deployment, hence there is less of a landward push of virtual turtles. When applying the swim speed this

decreases even further with only 2.95 % and 0.07 % (only one) of the virtual turtles hitting the land for half swim

speed and full swim speed scenarios respectively.
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Table 4.3: The percentage of the 14,884 virtual turtles deployed for 100 days for each scenario that reach a region
of interest (a).

Scenario  Turtles Deployed  Turtles that hit Hit Land Closeto Benguela Agulhas

land Hatch Site Current Current
2017 a 14,884 74.46 0.30 1.81 13.11
2017 b 14,884 78.92 12.04 1.28 29.00
2017 ¢ 14,884 93.89 64.26 0.25 23.17
2018 a 14,884 16.27 0.07 12.17 7.16
2018 b 14,884 71.55 2.95 19.86 22.34
2018 ¢ 14,884 78.80 28.33 6.81 49.32

Table 4.4: The percentage of the 14,884 virtual turtles deployed for 100 days for each scenario that reach a region
of interest (b).

Scenario  Agulhas Return  Agulhas South-East Agulhas Indian
Current Retroflection Atlantic Ocean Recirculation  Ocean
2017 a 29.76 1.92 21.81 29.52 1.93
2017 b 20.44 1.85 14.71 21.69 1.97
2017 ¢ 5.16 0.44 2.91 6.21 0.52
2018 a 11.39 6.54 7.26 55.42 0.01
2018 b 7.69 7.46 9.80 31.66 0.00
2018 ¢ 1.99 2.73 2.99 7.64 0.00

These findings illustrate the importance of including the initial swim speed on getting virtual turtles away
from the deployment site. If an experiment was conducted studying the pathways of turtles in 2017 using no
swimming, the results would be skewed as only 355 virtual turtles would make it away from the deployment
site. Table 4.3 and 4.4 reinforces this statement when looking at the final positions of the virtual turtles.

More virtual turtles end up in the Agulhas Return Current and the Benguela Current for both the swimming
scenarios. This illustrates an important reason swimming behaviour of marine organisms needs to be considered
when conducting connectivity studies or when trying to assess their movement behaviour. For instance, it is
thought that the turtles that end up in the Benguela Current, where the temperatures are relatively low, have a

lower survival probability than those that end up elsewhere in the Agulhas system.
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If only the final locations of the passive virtual turtles are considered, it appears only a small percentage of
turtles end up in the Benguela (0.25 % and 6.81 % for 2017 and 2018 respectively). When including swimming,
this percentage increases for both years and both swim speeds (up to 19.86%). The ocean surface currents play
a vital role in the fate of juvenile turtles once they enter the ocean, however, it is shown that incorporating
swimming characteristics when studying the fate of juvenile turtles is important in providing a more realistic

estimation of their pathways.
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Summary and Conclusion

The research presented in this thesis investigated the following hypothesis: Lagrangian ocean analysis can
be used to provide a better understanding of the physical mechanisms that drive the processes occurring in the
Greater Agulhas System. This thesis had four objectives that all combined to contribute to testing the hypothesis,

these are summarized in the below subsections 5.1 - 5.4.
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5.1 Lagrangian Ocean Analysis

The importance of Lagrangian parameterizations, horizontal eddy diffusivity calculations and different boundary
conditions, were assessed to understand the developed optimal particle trajectory model for different applications.
The results showed that by using model-derived horizontal eddy diffusivity, the trajectory of virtual drifters better
represents the trajectory of the real drifter. This was due to the spatially and temporally varying horizontal eddy
diffusivity accounting for the lateral and vertical mixing processes not resolved properly by the ocean model
data. It was shown that the implementation of boundary conditions improved the representation of the real
drifter trajectory by the virtual drifters. Furthermore, the reflective boundary condition proved to be the best of

the boundary conditions in improving the accuracy of virtual drifter simulations for studies of ocean dynamics.

5.2 Search and Rescue

A particle trajectory model combining ocean surface currents, winds and stochastic motions was assessed for
potential application in a search and rescue scenario for a capsized catamaran drifting past Cape Recife, South
Africa. The surface current product used, CMEMS, includes the influence of geostrophic and Ekman currents.
The use of geostrophic currents itself cannot cause virtual particles to move towards land but when combined with
Ekman currents the virtual particles can move towards land (Onink et al., 2018). It is shown that, by incorporating
wind and surface current data into the particle trajectory model, the model more accurately predicts the drift of
the capsized vessel over a five-day period. Furthermore, by incorporating the impacts of stochastic motion
into the model, the model provides a better probabilistic forecast of the outcome of the capsized vessel. It is
anticipated that with some refinement (such as using spatially varying horizontal eddy diffusivity calculations)
and the incorporation of other parameters (e.g. interactions between wind, current, wave and turbulence), the
accuracy of the particle trajectory model will improve and result in the increased use of this model in scientific

and operational applications.
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5.3 Comparison of Drifter Pairs

In section 4.2, the trajectory of a pair of surface drifters in the Agulhas Current system is analysed by looking at
the sea surface temperatures as well as the particle trajectory model.

The surface drifters remained in relatively close proximity to one another for twenty-two days, following the
Agulhas Current, the Agulhas Retroflection and part of the Agulhas Return Current. The drifter-pair separated
from each other during their meandering trajectory around the Agulhas Plateau. Using the G1SST sea surface
temperature product and considering the drifter velocities during the time of separation, there appears to be a
weakening in the current strength and the formation of eddies on and south of the Agulhas Plateau. The formation
of these eddies combined with the weakening of the current would enhance eddy-current interactions which may
explain the almost exponential increase in the separation of the surface drifters.

The use of virtual drifters forced using the GlobCurrent and CMEMS ocean products provided interesting
results to support this statement. Both products performed relatively well in imitating the trajectory of the real
surface drifters when they were in regions dominated by larger-scale features (the Agulhas Current core and
the Agulhas Retroflection). In the regions where smaller structures appear to be present, both products perform
significantly worse, largely due to their underestimation of the drifter velocities. This suggests that the spatial
and temporal resolution of the ocean products are too coarse to properly capture the sub-mesoscale dynamics of
the region.

During the time where the separation occurs between the surface drifters, the virtual drifters of both products
are shown to be influenced by the Agulhas Plateau eddy. It is, therefore, suggested that the eddy on the Agulhas
Plateau and the weakening of the current velocity caused a regional enhancement of eddy-current interactions.
This increased sub-mesoscale variability, not captured in the surface ocean products, facilitated the separation
of the surface drifter-pair as they passed through this region. Following this, both surface drifters are exposed to

different physical processes which result in the almost exponential separation between the drifter-pair.
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5.4 Early life dispersion of juvenile loggerhead turtles

In reality, tracking juvenile turtles is an extremely difficult task as they are too small to carry the weight of GPS
devices and cannot be followed with the naked eye for long periods. It is, however, important to understand the
movement behaviour of these threatened turtles for legislative and conservation purposes. The introduction of
new and innovative techniques such as the one presented in this thesis allows for the increased understanding of
the geographical distribution of juvenile turtles.

The results of the study presented in section 4.3 emphasize the importance of including swimming behaviour
when modelling the trajectories of juvenile turtles in the ocean and highlight the need to improve our knowledge
of this life stage of sea turtle life history. As demonstrated, simply including the initial swimming behaviour of
the juvenile turtles has a significant impact on where they end up 100 days later.

An important conclusion from this work is the necessary inclusion of the swimming behaviour to develop
a better understanding of their geographical distribution and as a result, estimating the survival rate of these
juveniles. Doing so will have implications for identifying areas where fisheries bycatch can cause enhanced
mortality rates in juvenile turtles. Therefore, a better understanding of where juvenile hatchlings are likely to

end up has implications for conservation measures put in place to protect the turtles.

5.5 Concluding Remarks

This thesis builds on the research done by Hart-Davis et al. (2018b) and presents the first attempt at developing
a cross-disciplinary particle trajectory model for the Greater Agulhas System. In this thesis, a particle trajectory
model is used in a search and rescue scenario, studies of ocean dynamics and studying juvenile turtle dispersion.
The combined results of this thesis, confirm that Lagrangian ocean analysis can be used to provide a better

understanding of the physical mechanisms driving processes occurring in the Greater Agulhas System.
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With the refinements of Lagrangian parameters specifically for each of the experiments presented in this
thesis, Lagrangian ocean analysis has provided valuable information for the better understanding of different
processes being studied. Despite demonstrating that the particle trajectory model developed during this thesis
is able to represent important processes in the Greater Agulhas System in a relatively accurate manner, several
areas of improvement have been identified. Notably, the resolution of the ocean current and wind products used
to force the particle trajectory model do not resolve the sub-grid scale processes that impact the trajectory of
virtual particles in the ocean. Although this thesis adds horizontal eddy diffusivity to account for these turbulent
motions, an improvement in spatial and temporal resolution of the input data forcing the virtual particles will
allow for improved understanding of submesoscale processes. Therefore, future work could include using higher
resolution numerical model ocean surface current and wind data to force the particle trajectory model. Further-
more, as mentioned in section 2.3, the trajectory of objects in the ocean is impacted by a variety of surface current
components. Therefore, the particle trajectory model could be improved by incorporating these processes as well
as by the improvement of spatial and temporal resolution of the numerical model data.

Finally, the applications of particle trajectory modelling developed during this thesis can be expanded to
other applications to assist with the management of ocean-based operations. These applications could include,
for example, incorporating the characteristics of other marine organisms’ migration patterns, submesoscale ocean
dynamics (using very high-resolution ocean and wind models), which in turn could assist with oil spill response
management and studies of plastic dispersion.

With further refinement and development, particle trajectory modelling will provide a unique method to

quantitatively study the oceanic processes and the distribution of objects in the ocean.
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Figure A.3: Some existing trajectory models for various oceanic and atmospheric applications from Dagestad et al.

(2018).
Name Reference/URL Main application
Ariane Blanke et al. (1997) Oceanography
BSHDmod Dick and Soetje (1990) 0il
Connectivity Modeling System  Paris et al. (2013) Ocean, generic
CIS iceberg model Kubat et al. (2007) Icebergs
CLaMS McKenna et al. (2002) Atmospheric chemistry
EMEP Simpson et al. (2012) Air pollution
FLEXPART, FLEXSTRA www.flexpart.eu, Nuclear, air pollution
Stohl et al. (1995)
HYSPLIT Stein et al. (2015) Atmospheric transport
Ladim Adlandsvik and Sundby (1994) Plankton transport
LAGRANTO Wernli and Davies (1997), Meteorology
Sprenger and Wernli (2015)
LAGRANTO.ocean Schemm et al. (2017) Water mass properties
Leeway Breivik and Allen (2008), Search and rescue
Allen and Plourde (1999)
LTRANS Schlag and North (2012) Plankton (including larvae)

MEDSLIK, MEDSLIK-IT

MIKE

MOHID

MOTHY

OD3D

OILMAP, SIMAP, CHEMMAP,
MUDMAP, SARMAP
OILTOX

OILTRANS

OSCAR

OSERIT

PARCELS
POSEIDON-OSM
PyGNOME/GNOME
SeaTrackWeb, PADM
SNAP

STILT

THREETOX
TRACMASS

VOS

De Dominicis et al. (2013),
Lardner et al. (1998)
www.mikepoweredbydhi.com
www.mohid.com

Daniel (1996)

Wettre et al. (2001)

www.asascience.com

Brovchenko et al. (2003)

Berry et al. (2012)
www.sintef.no/en/software/oscar
oserit. mumm.ac.be

https://github.com/OceanPARCELS/parcels

osm.hcmr.gr
£gnome.oIr.n0aa.gov
stw.smhi.se

Bartnicki et al. (2016)
www.stilt-model.org
Margvelashvily et al. (1997)
Doos et al. (2013)
en.ferhri.org

0il

Ocean, generic

0il, sediments, water quality
Oil, drifting objects

Oil

Oil, sediments, chemical, search
and rescue

Oil

Oil

Oil

Qil, chemicals

Ocean, generic

Oil

Oil, generic

Oil, chemicals

Atmospheric nuclear transport
Atmospheric trace gases
Nuclear ocean transport

Ocean and atmosphere, generic
Oil
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Figure A.4: Vorticity of the drifter 14547 (blue) and drifter 14901 (red) calculated throughout the drifter trajecto-
ries. A threshold of 0.00002 and - 0.00002 was chosen to find high values of vorticity that could result in divergence

of the drifter trajectories.
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