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Abstract

The ocean mixed layer (OML) is a significant and dynamically active part of the ocean which
plays an important role in climate variability. Here, atmospheric processes such as winds, heat
fluxes or density differences drive the generation of small-scale, three-dimensional turbulence
and mixing of oceanic waters. These turbulent flows govern the distribution of buoyant
materials including oil droplets and microplastics, which have significant implications for
marine life and safety. However, turbulent flow structures are often too small to be resolved
by global or regional circulation models, and observations at these scales remain limited.
The focus of this thesis is to use numerical simulations to improve our understanding of the
small-scale, three-dimensional turbulent processes in the OML and examine their role on
transporting and accumulating buoyant material.

We use high resolution large eddy simulations (LES) and direct numerical simulations
(DNS), and model non-inertial, buoyant particles using a combination of buoyant tracers and
three-dimensional Lagrangian particles. Surface cooling drives convection, and under this
regime persistent convective vortices form which trap and accumulate buoyant particles. We
test the resilience of convective vortices under the additional presence of wind, and find that
in weak winds, convective vortices survive but are less effective at trapping buoyant material.
With sufficiently strong wind forcing, convective vortices are no longer visible, but some
clustering occurs in downwelling regions associated with longitudinal wind rolls.

Despite their small size, the convective vortices exhibit a bias towards cyclonic vorticity
which has not been reported previously. We independently vary the Coriolis acceleration
and surface buoyancy flux, and using Lagrangian particles, we find that the large convective
vortices develop through the merger of many small unbiased convective vortices. We propose
a statistical theory to predict the cyclonic bias of large convective vortices and test the
theory using LES results. We apply the theory to typical convective conditions and find that
convective vortices in OML are expected to exhibit a bias, but convective vortices in the
terrestrial and Martian atmospheres are expected to be largely unbiased.

Finally, motivated by accumulation of buoyant material observed at surface fronts in the
SUNRISE field campaign in the Gulf of Mexico, we run simulations of a highly idealised
front under geostrophic adjustment. By varying the balanced Rossby number, we show that



vi

strong fronts develop a three-dimensional instability which generates turbulence near the
top and bottom boundaries. We describe the physical mechanisms at play and the energy
pathways as the front evolves over time. In the case of the most turbulent dynamics, we
additionally model the movement of buoyant particles. Shear instabilities drive turbulence
which enhances mixing, and strongly buoyant particles are carried out of the front during the
first inertial period, which segregates the particles and leaves a large void in the centre of
the front. In contrast, weakly buoyant particles are quickly subducted into the interior, and
subsequently move according to the inertial oscillations of the front.



"You have brains in your head. You have feet in your shoes.
You can steer yourself any direction you choose."

� Dr Seuss
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Chapter 1

Introduction

1.1 Motivation

The upper ocean separates the atmosphere from the deep ocean and plays a crucial role in

the climate system. In this layer, interactions with the atmosphere drive large-scale currents

and small-scale three-dimensional turbulence. These turbulent �ows in�uence the air-sea

exchange of carbon, momentum and heat �uxes, and are an essential component in the

Earth's climate system (Belcher et al., 2012; Caldwell and Mourn, 1995; D'Asaro, 2014).

Turbulence also determines the transport, dispersion, and accumulation of materials such

as dissolved gases, nutrients, phytoplankton cells and pollutants. These play a key role in

the marine ecosystem (Denman and Gargett, 1995; Mendelssohn et al., 2012; Worm et al.,

2017) and biogeochemistry. The turbulent �ow moves material in ways that are dif�cult to

predict or model, often causing irregular distributions and much remains unknown about how

turbulent processes affect material transport and mixing in the upper ocean.

Consider as an example the case of microplastics, which are now widespread in the world

oceans and represent a major source of marine pollution (Borrelle et al., 2020). Large plastics

are deposited as waste and fragmented into microplastics through UV radiation, chemical

degradation and mechanical abrasion (Ward and Reddy, 2020). Microplastics tend to be less

dense than seawater (Geyer et al., 2017) with an average density of 965 kg/m3 compared to

the average density of 1027 kg/m3 for seawater (Morét-Ferguson et al., 2010), and hence

microplastics generally remain close to the surface. Observations suggest that there are up

to 51 trillion pieces of microplastic at the surface of the ocean, corresponding to a mass of

up to 236 thousand metric tonnes (Sebille et al., 2015). This is signi�cantly less than the 20

million metric tonnes deposited each year (Borrelle et al., 2020), and has led scientists to

investigate the so-called `missing plastic' quandary, to which the lack of understanding of

�uid dynamical processes is a major contributor (Sutherland et al., 2023). Plastics degrade
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very slowly and can be ingested by marine life, often at the surface of the ocean (Compa et al.,

2019; Wilcox et al., 2015) which poses a threat to marine life and safety. The development of

removal strategies for microplastics and the design of marine protected areas require detailed

knowledge of the transport and distribution of microplastics in the ocean.

There are a wealth of ocean processes that contribute to the transport of microplastics

which are summarised in �gure 1.1. More generally, these processes in�uence any passive,

buoyant material. At the mesoscale (� 100kilometres), wind-driven ocean gyres transport

buoyant material. This is well supported by global circulation models and observations

operational since the 20th century (Kubota, 1994). In particular, the breadth of observations

from the Global Drifter Program since the late 1970s means that transport on this largest

scale is relatively well understood (Elipot et al., 2016) and is not the focus of this thesis.

At the smallest scales, material is subject to much smaller, fully three-dimensional

processes including wind transport, surface waves and convective plumes (C-G in �gure 1.1)

which have typical time-scales of seconds to minutes and length-scales of down to a few

centimeters. Field observations of small-scale processes are challenging and few (D'Asaro

et al., 2018) and transport scales are much too small to be investigated with global circulation

models. Progress has been made using more localised numerical models but face the ongoing

challenge of simultaneously simulating very small vertical scales and larger horizontal scales

(Chamecki et al., 2019).

More recently, increased attention has been brought to oceanographic processes on scales

between the mesoscale and small-scale turbulence. These processes contribute to inter-

scale coupling (McWilliams, 2016) and the transfer of energy through scales. The ocean

submesoscales (B in �gure 1.1) range from 0.1 kilometres to 10 kilometres with time-scales

on the order of hours to days. Although often visible from high-resolution satellite imagery

(Kudryavtsev et al., 2012), observations of submesoscale �ow features remain limited due to

their rapid evolution (D'Asaro, 2014).

Observational challenges have led scientists to rely more strongly on numerical methods

which have signi�cantly advanced our understanding of oceanic processes over the last few

years. However there are still obstacles to overcome in the computational world. Numerical

simulations on the global scale are too coarse to capture small-scale �ow features that may

in�uence the transport of material (Haine et al., 2021; Hewitt et al., 2022) including dynamics

at the submesoscale and below. Instead, these processes are parameterised in global ocean

models to account for their effects (Dauhajre et al., 2017; Uchiyama et al., 2017). The

parameterisations are informed by a combination of observations, laboratory experiments,

theory and idealised high resolution numerical simulations (Chor et al., 2021; de Lavergne

et al., 2020). Here, we take the approach of running small-domainnumerical experiments
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of isolated physical phenomena on the small-scale turbulent and submesoscale level, where

the role of �uid dynamics on particle motion is most pronounced. Note that our attention

is con�ned to physical processes in the open-ocean and hence we do not address processes

(H-K) in �gure 1.2 in this thesis.

Below I present an overview of the physics and modelling needed to study the diverse

�eld of material transport. In section 1.2, I provide a detailed discussion of the physical

and theoretical background pertaining to the upper-ocean, with a particular focus on those

addressed in chapters 2-5 of the thesis (convective vortices in section 1.2.2 and adjusting

fronts in section 1.2.3). I then guide the reader through different approaches used to model

upper-ocean processes in section 1.3, before outlining how we model buoyant material

and reviewing the existing literature surrounding buoyant material transport in section 1.4.

Finally, in section 1.5, I give an outline of the following chapters.

1.2 Physical background

The surface ocean mixed layer (OML) is the uppermost layer of the ocean where turbulence

driven by atmospheric forcing acts to maintain weak density strati�cation (McWilliams,

2006; Pedlosky, 1987) and vertically mixes water properties to depths of roughly 10 to 100

metres. The OML is bounded from below by a strong buoyancy interface which takes the

form of a layer with a sharp vertical decrease in temperature (the seasonal thermocline) or

a sharp vertical increase in salinity (halocline), or both. In all cases, this layer (called a

pycnocline) is stably strati�ed, and here turbulence is damped, suppressing vertical motions

below it. The OML also admits a variety of submesoscale processes due to the abundance

of lateral density gradients, vertical shear and weak strati�cation. These provide ideal

conditions for the formation of sharp density fronts. Larger submesoscale currents act to

increase the strati�cation of the upper ocean (Bachman and Taylor, 2016; Callies and Ferrari,

2018; Fox-Kemper et al., 2008; Mahadevan et al., 2012) which limits the depth to which

atmospheric-driven small-scale turbulent processes can penetrate downwards and reduces

the depth of the OML (Taylor, 2016; Taylor and Ferrari, 2011).

Despite being small in volume, the OML plays a vital role in the climate system. For

example, the OML regulates sea-surface temperature dynamics (Deser et al., 2010) and

boundary conditions for air-sea �uxes (Frankignoul and Hasselmann, 1977; Kraus and Turner,

1967) and controls global ocean circulation (Hanawa and Talley, 2001) thus impacting climate

change (Belcher et al., 2012; D'Asaro, 2014; Gargett and Wells, 2007; Li et al., 2017). A

signi�cant fraction of the ocean's primary production occurs in the sunlit OML, while the

ocean contributes roughly half of the global primary production (Falkowski et al., 1998).
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