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Abstract

The Antarctic Circumpolar Current (ACC) disproportionately and increasingly
affects global anthropogenic climate change. Making observations in this region has
been historically difficult so models play a vital role. Even though these models are
often times highly idealised circumpolar channel configurations, they are used to un-
derstand processes and as test beds for the dynamics of this region. For instance, the
equilibrated volume transport of this region is relatively insensitive to changes in the
mean surface wind stress forcing: this is known as eddy saturation and is a key feature
of ACC dynamics. Another active area of research centres around methods of eddy pa-
rameterisation. Eddy parameterisation is used to represent the effects of the mesoscale
eddy field in coarser resolution models, such as those used for climate projections. GE-
OMETRIC is one such parameterisation that succeeds in capturing some unique aspects

of circumpolar flow, such as eddy saturation.

This thesis investigates the response of a circumpolar current to wind stress pertur-
bations across a variety of timescales. A hierarchy of models—from a dynamical system
to an eddy resolving three-dimensional model—is used to understand the physical mech-
anisms behind the adjustment. In much of the literature, eddy saturation applies only to
equilibrated transport and is controlled by baroclinic instability. However, it is known
that relative to barotropic processes, baroclinic processes do not react rapidly to tempo-
ral wind stress changes, hence, the understanding of circumpolar current adjustment is
not complete. This thesis details the responses across models in multiple dimensions and
forcing frequency and concludes that both barotropic and baroclinic mechanisms affect
the circumpolar response to wind stress changes. GEOMETRIC is used throughout this
thesis and extends prior work completed on its ability to successfully capture eddy sat-

uration. An array of models with growing complexity is used to "build up" the physics
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of a circumpolar current with each step of the hierarchy. In a dynamical system and
two-dimensional model, resonant frequencies associated with baroclinic adjustment are
identified. Three-dimensional models, both parameterised and eddying, suggest both
barotropic and baroclinic mechanisms are at play in controlling the ACC. Furthermore,
this thesis tests GEOMETRIC’s ability to go beyond equilibrated timescales of circum-

polar channel flow.

il



Table of Contents

1 Introduction

2

3

I.1 Motivation . . . . . . . . v o e e e e e e e e
1.2 Thesisaimsandoutline . . . ... .................
Background

2.1 The Southern Ocean and its dynamics . . . . . ... ... ....

2.1.1  The Antarctic Circumpolar Current . . . . . ... .. ..

2.1.2 The mesoscaleeddy field . . . ... ............
2.1.3 Overturning Circulation . . . . .. ... ... ......
2.14 Eddysaturation . . . . ... ... ... ... ...,
2.1.5 Timescales of eddy saturation . ... ... ........
2.1.6 Observations . . . . . ... .. ...,
2.1.7 Climate implications . . . . . . . ... ... .......
2.2  Eddy parameterisation . . . . . . . ... ... 0 e
2.2.1 Mathematical details of Gent-McWilliams . . . . . . . ..
222 GEOMETRIC ... ... ... ... ... .....
2.3 Modelling eddy saturation . . . . .. ... .. ... .......
2.3.1 Modelling with GEOMETRIC . . ... ... .......
24 Conclusions . . . . . ...
Models and methodology
3.1 MITgem . . . . o o o e e e e e

3.2
3.3

Diagnostics . . . . . . .. ...
Frequency analysis . . . . . ... ... ... ... .. .. ...

3.3.1 Theresponse function . . ... ..............



University of Oxford Wadham College

3.3.1.1 Example: The damped harmonic oscillator . . . 49

3.3.1.2  Previous methodology . . . . ... .. ..... 50

4 A dynamical system of eddy saturation across timescales 52
4.1 Summary of the time-independent wind stress model . . . . . .. 54
4.2 Oscillatory wind stress forcing . . . . . . ... .. ... ... 59
4.2.1 The linearised solution . . . . . .. ... ... ...... 60

4.2.2 Adams-Bashforthmethod . .. ... ... ... ..... 63

4.3 Non-dimensionalisation . . . . . . .. .. ... ... ... .... 67
43.1 Hamiltonianform . . . . . ... ... ... ... ... .. 68

4.4 A generalised density profile . . . . ... ... ... ....... 70
4.4.1 General functionof z . . . . . ... ... L. 70

45 ConClusions . . . . . . .. Lo e e e e 72

S Two-dimensional model and the response of oscillatory forcing 74
5.1 Dynamical framework . ... .. ... ... ... ........ 75

5.2 Model verification . . . . . .. ... .. Lo 79

5.3 Oscillatory wind stress forcing . . . . . .. ... ... .. .... 87
531 Results . .. .. ... 88

5.3.2 Relationship to the dynamical system . .. .. ... ... 97

54 Conclusions . . . . . ... e e e 100

6 Oscillatory forcing in three-dimensional models 102
6.1 Eddy parameterised channel configuration . . . . . ... ... .. 104
6.2 Results on the eddy parameterised model . . . ... .. ... .. 108

6.3 Discussion on the parameterised model . . . . . ... ... ... 129
63.1 Phase . ... ... ... 130

6.3.2 Response magnitude . ... ... ............. 134

6.4 Eddy resolving model in three-dimensions . . . . . . . ... ... 137

il



6.5

6.4.1 Model configuration . .. ... .. ... ......... 138

642 Results ... ... ... . ... . 138
6.4.2.1 Discussion . . . . ... .. ... 151
6.42.2 Conclusions . . . ... ... .......... 153
Model comparison . . . . . ... ..o 154

6.5.1 Comparison to dynamical system and two-dimensional

model . . . . ... . 155

6.5.2 Comparison of three-dimensional models . . . . . . . .. 157
Conclusions 159
7.1 Summary ... .. e e e e e e 159
7.2 Futurework . . . . ... ... 163
7.2.1 Acontinentalridge . . . ... ... ... ... ... .. 163

7.3 Concludingremarks . . . . . ... ... ... .. .. .. .. ... 167

i



List of Figures

2.1

2.2

23

A schematic of overturning, with focus on processes in the South-
ern Ocean. An eastward wind stress blows across the ACC, which
induces Ekman and eddy induced transport. Abbreviations are as
follows: NADW- North Atlantic Deep Water; AABW- Antarctic
Bottom Water. . . . . . . ... . o
Figure 1 from Marshall et al. (2017) showing the hypothesised
zonal momentum balance of the ACC. Eastward surface wind
stress (red arrow in insert) and bottom form stress (blue arrows)
balance each other. Bottom form stress is associated with high and
low pressure (p* and p~) that forms on either side of bathymet-
ric obstacles. Eddy form stress transfers momentum downwards
when fluids in buoyant layers push against fluid in deeper dense
layers. This is depicted by alternative red and blue arrows point-
ing in opposite directions. . . . . . . . ... ..o
Figure 12(a) from Hogg and Blundell (2006), showing the energy
regimes of the three-layer quasigeostrophic model forced by tem-
porally steady winds. Total potential energy and kinetic energy
(multiplied by 5) are shown against time. Regimes A, B, C, and D
are indicated by colour gradient (A-dark grey, B-unshaded/white,
C-light grey, D-unshaded/white). . . . .. ... ... .......

v

16



University of Oxford Wadham College

4.1 The response function for the linearised solution is shown. Mag-

nitude (top) and phase (bottom) are plotted for transport (left) and

eddy energy (right). There is a peak in both response magnitudes

which coincides with a phase shift. The thermal wind transport

lags the wind forcing by 7 /2 and the eddy energy response is out

of phase with the wind forcing for frequencies greater than wy p.

The thermal wind transport leads the wind forcing by /2 and

the eddy energy response is in phase with the wind forcing for

frequencies lessthanwip.. . . . . . . . ..o oL 62
4.2 The system is solved using Adams-Bashforth third order with an

oscillatory forcing period of 1 year. Time series are shown for

(a) transport (Sv) and (b) integrated eddy energy (kg m3/s?). A

phase portrait plotting transport against integrated eddy energy is

shownin (C). . . . . . . . v e e 64
4.3 A low-pass filter is applied to the data shown in Fig. 4.2. Ther-

mal wind transport and integrated eddy energy only oscillate at the

decadal frequency, which suggests an inherent oscillatory timescale

associated with the system regardless of the period of oscillatory

wind forcing. . . . .. .. oL 65
4.4 The response function magnitude (a,b) and phase (c,d) of transport

(left) and eddy energy (right) from the numerical solution. Again,

peaks in the magnitude of the response coincide with phase shifts.

The thermal wind transport lags the wind forcing by 7/2 and the

eddy energy response is out of phase with the wind forcing for

frequencies greater than w;p. The thermal wind transport leads

the wind forcing by 7/2 and the eddy energy response is in phase

with the wind forcing for frequencies less than wyp. . . . . . .. 66




University of Oxford Wadham College

4.5 Hamiltonian for the system. Contours orbit anti-clockwise. . . . . 69

5.1 The density structure at the first and final steps of the two-dimensional
spin up. There is change in both y and 2. Isopycnals outcrop to-
wards the south at equilibration and the deep ocean remains rela-
tivelydense. . . . . . . ... e 81

5.2 Time series of transport and eddy energy when parameterised with
GEOMETRIC. This time series has been truncated to the first 20
years after perturbation to better show the adjustment and emer-
gent eddy saturation. . . . . ... ..o 83

5.3 Time series of transport and parameterised eddy energy computed
with standard GM. This time series has been truncated to the first
20 years after perturbation, showing adjustment to a new equilib-
rium that scales with wind stress magnitude. . . . . .. ... .. 85

5.4 A comparison of the results computed with GEOMETRIC and
GM. Following wind stress kicks, transport and depth integrated
eddy energy are averaged over time. Each average is shown against
the kick magnitude. The eddy energy equation is solved for both
GEOMETRIC and GM to compute integrated eddy energy. . . . . 86

5.5 This shows how the fixed points for thermal wind transport and
parameterised eddy energy from Chapter 4 evolve with wind stress
magnitudes. GEOMETRIC is used to compute these values, and
this should be compared with Fig. 5.4. . . . ... ... ... ... 87

5.6 The time evolution of transport and eddy energy when computed
using GEOMETRIC for a variety of wind forcing periods. A se-

lection of periods are plotted for the first 40 years following spin

vi



University of Oxford

Wadham College

5.7

5.8

5.9

5.10

5.11

The time series (left) and Fourier transforms (right) for the 90 day
perturbation experiment for the final 20 cycles of oscillatory per-
turbation. Diagnostics are de-trended before the Fourier transform
iscomputed. . . ... Lol
Phase portraits for the 90 day, 8 year, and 40 year perturbations
(left to right). This shows transport against wind stress magnitude
(top) and depth integrated eddy energy against wind stress mag-
nitude (bottom). The forcing frequencies dominate the signals
across diagnostics and forcing period. . . . .. ... ... L.
Transport against eddy energy for the 90 day, 8 year, and 40 year
wind forcing perturbations. This complements Fig. 5.8. The axes
are shared across this figure. . . . . . ... ... ...
A three-dimensional interpretation of transport against eddy en-
ergy. The length of forcing period (in years) forms the third di-
mension of this figure (longer periods are upwards). . . . . . . ..
The response functions (magnitude and phase) of transport, depth
integrated eddy energy, and depth integrated kinetic energy (left
to right). The transport and kinetic energy responses lag the wind

forcing by approximately 7/2 and the integrated eddy energy is

1

approximately out of phase with the wind forcing for w > % years™ .

For w > % years™! the transport and kinetic energy response leads
the wind forcing by 7 /2 and the integrated eddy energy is in phase
with the wind forcing. These responses are computed with GEO-
METRIC. All diagnostics share a common peak frequency, which

also coincides with a change in the phase relationship.. . . . . . .

vii



University of Oxford

Wadham College

5.12 The response functions for transport and eddy energy when com-

5.13

6.1

6.2

6.3

6.4

puted with standard GM. There is no peak frequency within the
tested range. Transport and eddy energy both lag the wind forcing

for the test frequencies. . . . . . . .. ...

A comparison between the dynamical system and the two-dimensional

model. The dashed lines show the magnitude and phase of the dy-
namical system, whereas the solid red and brown lines show the
two-dimensional results. Only the linear response of the dynami-

cal system is shown, as it agrees with the numerical solution. . . .

This shows the three-dimensional bathymetry in both the eddy
parameterised and eddy resolving models. A submerged ridge ex-
tends the latitudinal extent of the circumpolar channel. The wall
across Y = 0 km in blue restricts any meridional flow, thus mak-
ing this a zonal reentrant channel. . . . . . ... ... .. ....
Composite averages of total, thermal wind, and bottom transport.
Each composite average is plotted for one cycle of perturbation.
Colours represent forcing oscillation period. . . . . . . ... ...
Composite average of eddy energy over one cycle of perturbation.
Colours represent forcing periods. . . . . .. .. ... ... ...
The flow structure when computed using GEOMETRIC in three-
dimensions. The top panel shows time and depth averaged (over
the top 725 meters) zonal velocity and the bottom panel shows
time and depth integrated kinetic energy (integrated over the top
725 meters). f/H contours are overlaid (in white) on the kinetic

ENEIZY. « « ¢ v v e e e e e e e e e e e e e e e e e e

100

viii



University of Oxford Wadham College

6.5 Time averaged depth integrated eddy energy in the last 100 years

of spinup with GEOMETRIC, overlaid with the f/H contours in

White. . . . . . . o 114
6.6 The left column shows the integrated shear and the right column

shows the depth integrated eddy energy. This is taken over the

final period of the 6 year forcing (time evolution is taken from top

tobottom). . . . . . . ... 116
6.7 This shows the eddy energy growth (filled contour plot) with an

overlay of the shear (white contours). This is also shown for the

final period of the 6 year forcing perturbation, where time evolves

fromtoptobottom. . . . ... ... L Lo 118
6.8 The complementary plot to Fig. 6.6 for the 90 day forcing period. 119
6.9 The complementary plot to Fig. 6.6 for the 128 year forcing period. 121
6.10 The time series and Fourier transform of thermal wind transport

and eddy energy when forced with an oscillating wind stress with

a90dayperiod. . . . ... ... 123
6.11 The time series and Fourier transform of thermal wind transport

and eddy energy when forced with an oscillating wind stress with

a6.66 yearperiod. . ... ... ... ... L oL 124
6.12 Diagnostics (total transport, bottom transport, thermal wind trans-

port, eddy energy) against wind stress magnitude. Limit dynamics

are very clear for periods greater than or equal to 6.6 years in all

diagnostics but thermal wind transport. The frequency decreases

from left to right. Note than the y axis is shared by row only. . . . 126

iX



University of Oxford Wadham College

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

The response function (magnitude and phase shift) for total trans-
port, bottom transport, thermal wind transport, eddy energy, and
kinetic energy as computed with GEOMETRIC. From left to right,
the response magnitude, the log-scaled response magnitude, and
the phase response is shown. . . . . . ... ... ... ... ... 128
The phase with depth for transport computed at each depth level.
This is shown for the 90 day, 12 year, and 40 year perturbation.
The upper 1000 m shows less phase adjustment in the 12 and
40 year forcing periods. . . . . . ... ..o o oo 132
The response magnitude with depth for transport computed at
each depth level. This is shown for the 90 day, 12 year, and 40
year perturbation. . . . . . . ... ..o 133
The kinetic energy response for every model layer. Light to dark
colours shown surface to the deepest layer. The response magni-
tude is shown in the log scale. . . . .. ... ... ... ..... 136
The equilibrated density structure from spin up. The cross-section
is taken at the longitude furthest away from any bathymetry (top)
and the surface density field (bottom). . . . ... ... ... ... 140
The time averaged velocity and depth integrated kinetic energy
diagnostics over the final 20 years of spin up. Diagnostics are
averaged in time and integrated over the top 724.7 m respectively. 141
Composite averages of total transport from a sub-selection of wind
forcing experiments. Colours represent different periods of forcing. 142
Composite averages of thermal wind transports for the same fre-

quencies in Fig. 6.19. Colours represent different periods of forcing.143




University of Oxford

Wadham College

6.21

6.22

6.23

6.24

6.25

7.1

7.2

Composite averages of spatially averaged kinetic energy from the
same sub-selection of wind forcing experiments in Fig. 6.19.
Colours represent different forcing periods. . . . . ... ... ..
Time series (left) and Fourier transforms (right) for the total trans-
port (top) and thermal wind transport (bottom) for the 90 day wind
forcing period scenario. Data is taken from the final two years
of the experiment and de-trended before the Fourier transform is
computed. . . . . ...
Time series (left) and Fourier transforms (right) for the total trans-
port (top) and thermal wind transport (bottom) for the 16 year
wind forcing period scenario. Data is taken from the final 32
years of perturbation and de-trended before the Fourier transform
iscomputed. . . . ... L e e e
From left to right, this figure shows the response magnitude in
the linear scale, the response magnitude in the logarithmic scale,
and the phase shift. This is computed (top to bottom) for total
transport, bottom transport, thermal wind transport, and depth in-
tegrated kineticenergy. . . . . . . . . ... oL
Depth dependent kinetic energy response magnitude for each model
layer. Light to dark colours show surface to the deepest layer. Re-

sponse magnitude is shown on the log scale. . . . . . .. ... ..

Time averaged zonal velocity and depth integrated kinetic energy
over the top 725 m (left) and composite averages of total transport
and depth integrated kinetic energy (right). . . . . . . . ... ...
The total transport and integrated kinetic energy response func-

tions. Frequencies higher than % days™! are excluded. . . . . ..

148

xi



List of Tables

4.1 Model parameters in the dynamical system for ACC-like results. . 59

5.1 Parameter values used in the numerical model. Values are typical

for ACC-like configurations in two-dimensions. . . . . . . . . .. 79

6.1 Parameter values used in the three-dimensional GEOMETRIC model. 107
6.2 Table detailing the wind oscillation periods, perturbation length,
and sampling period for the eddy-parameterised configuration. . . 109
6.3 Table detailing the wind forcing periods, experiment length, and
sampling period for the eddying configuration. . . . . . . .. . .. 139
6.4 A summary of key results across the hierarchy of models. Timescales
associated with peaks in the response magnitude are listed, along

with the corresponding diagnostic. . . . . . ... ... ... ... 154

Xii



1| Introduction

Twenty to forty million years ago, modern day South America and Australia sepa-
rated from the Antarctic continent, creating the Southern Ocean. This led to deep
water cooling, glacial ice formation, and the isolation of the Antarctic continent,
all of which continue to affect the present day climate (Livermore et al., 2005;
Munday et al., 2015). With the anthropogenic changes of the modern day it is cru-
cial to increase our understanding of the Southern Ocean and its main dynamical
feature—the Antarctic Circumpolar Current (ACC). The ACC connects the three
main ocean basins (Atlantic, Pacific, and Indian), thus serving as a global ocean
telecommunication system. To add to this system, the ACC has a direct link to
the atmosphere via exposed outcropping isopycnals at the sea surface towards the
Antarctic continent. The Southern Ocean is therefore a major component of the
global oceanic-atmospheric exchange of tracers—both anthropogenic and naturally
occurring. For that reason, improving our understanding of the ACC’s response
to external forces will contribute to the global understanding of anthropogenic
climate change. This thesis aims to characterise the response of an oceanic cir-
cumpolar current to external wind forces on a variety of timescales, with particu-
lar interest in better understanding the mechanisms associated with transient and
equilibrated flow. These findings can be applied to the physics of the Antarctic

Circumpolar Current.

1.1 Motivation

The Southern Ocean is historically difficult to observe directly. While observa-
tions have improved within the last half century, models are often used in the

place of complete and reliable observations in order to understand the dynamics
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of the ACC (Rintoul et al., 2001; Park et al., 2019; Fox-Kemper et al., 2019).
Models are particularly advantageous in understanding the change of the South-
ern Ocean when subject to external forces. For example, models can characterise
the response of the Southern Ocean to changes in wind stress forcing over time.
At least with the current sets of observational data, understanding the dynamical

changes to the same degree is not feasible.

The Southern Ocean is largely driven by intense westerly winds. There is
evidence suggesting that these winds are strengthening and potentially shifting
southwards (Meredith et al., 2019). While some coarse resolution models predict
that ACC transport and overturning is sensitive to wind stress changes, high reso-
lution models widely refute this sensitivity claim (Rintoul et al., 2008). Analysis
of high resolution models suggests that transport and overturning are insensitive
to wind stress changes. This is known as "eddy saturation" and "eddy compensa-
tion" respectively, and both are not refuted by observational data (Morrison and
Hogg, 2013). In a nutshell, high resolution eddy resolving models suggest that
northward Ekman transport increases due to increasing winds, but is counteracted
by a southward eddy overturning cell, which essentially cancels out any transport
or overturning changes (Youngs et al., 2017). As the Southern Ocean has a dispro-
portionate effect on the Earth’s climate, understanding the degree of insensitivity

of ACC transport is crucial to our understanding of anthropogenic climate change.

Eddy saturation is usually modelled and analysed over equilibrated timescales
(Munday et al., 2013; Mak et al., 2017). In fact, the standard definition of eddy
saturation is the relative insensitivity of equilibrium thermal wind transport to the
mean wind stress forcing (Straub, 1993). In plain English, the transport of the
ACC does not change with wind stress magnitude over very long time periods.
This time period can be on the order of thousands of years in some model cases

(Allison et al., 2011). As is the case with atmospheric storm tracks, it is theo-
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rised that eddy saturation is a result of the growth and decay of baroclinicity and
the growth and decay of the mesoscale eddy field (Ambaum and Novak, 2014).
This can also be thought of as the balance between wind driven and baroclinic
eddy transport (Sinha and Abernathey, 2016). It is also noted that these baroclinic
processes associated with equilibrated eddy saturation do not take place instan-
taneously, as it takes time for the wind stress to influence the full depth of ACC
circulation (Meredith and Hogg, 2006). In Meredith and Hogg (2006), eddy satu-
ration is defined on significantly shorter timescales (on the order of years). They
argue that eddy energy increases after wind stress magnitude increases. This leads
to enhanced eddy diffusivity, which compensates for the increased wind stress in-

put on non-equilibrated timescales.

The westerlies do however change with time. For example, the Southern
Annular mode—a low-frequency atmospheric variability mode which comprises
the westerlies—is only increasing with anthropogenic climate change (Swart and
Fyfe, 2012). This increase leads to intensifying westerlies around the Antarctic
continent. Even so, there is no evidence for much change in ACC thermal wind
transport over this full period of time (Chidichimo et al., 2014). In fact, data
from the 1960s through 1990s suggest no change in ACC transport (Rintoul et
al., 2008). While there is evidence for non-zero ACC transport variability on inter-
annual timescales (Meredith et al., 2004), the mechanisms controlling the dynam-
ics at these timescales are not clear in the literature (Sinha and Abernathey, 2016).
In particular, the literature on eddy saturation often does not account for the inter-

action between barotropic and baroclinic processes in controlling the ACC.

Capturing global eddy saturation in models is a significant challenge to the
field. While high resolution models are adept at yielding eddy saturation, low
resolution models are often not (Munday et al., 2013). When using low resolu-

tion models, the choice of parameterisation is crucial in achieving eddy saturation
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(Mak et al., 2017). GEOMETRIC is one such parameterisation that shows emer-
gent eddy saturation on equilibrated timescales (Marshall et al., 2017; Mak et
al., 2018). Even so, there is a clear gap in the literature in understanding eddy
saturation in low resolution models at non-equilibrated timescales. Eddy parame-
terisations often rely on mathematical techniques to capture baroclinic instability
(Gent and McWilliams, 1990; Gent et al., 1995). It is consequentially not obvi-
ous how parameterisations behave at non-equilibrated timescales and with time-
dependent wind stress magnitudes. Accurately representing eddy saturation is im-
portant to global climate models, but it is impractically expensive to always fully
resolve the mesoscale eddy field. Hence, understanding the ACC’s adjustment
and response to winds at a wide range of unequilibrated timescales and model

resolutions is an important area of research.

1.2 Thesis aims and outline

This thesis investigates the response of the circulation and stratification in a cir-
cumpolar channel to wind stress perturbations across a wide variety of timescales.
This channel is ACC-like and is tuned accordingly. It is however important to
note, this thesis is mainly a theoretical study of ACC-like models, rather than a
thesis based on observations and accurate bathymetry. A hierarchy of models—
from highly idealised to eddy resolving—is used to understand the physical mech-

anisms behind the response. The specific aims of this thesis are as follows:

1. To determine the mechanisms controlling the response of the circumpolar

current to wind stress changes.

2. To compare and contrast the transient behaviour across model dimensions
(dynamical system, two-dimensional, three-dimensional eddy parameteris-

ing, and three-dimensional eddy resolving) and understand the similarities
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and differences.

3. To analyse the effects of variable wind stress on a circumpolar current using

frequency analysis techniques, which are often not used in the field.
This thesis is structured as follows:

Chapter 2 provides a literature review on the essentials of Southern Ocean
dynamics. This chapter begins with an overview on the large-scale dynam-
ics in this region. This discussion focuses on how ACC transport is driven,
overturning circulation, and the mesoscale eddy field. Eddy saturation is
next introduced, with special attention given to the mathematics and the
timescales. Climate implications and observational data and methods are
also presented, but less rigour is needed in the context of this thesis. As
this thesis provides a hierarchy of models, the literature on the techniques
of modelling eddy saturation is discussed in detail, both in terms of eddy
resolving and eddy parameterised configurations. Specifically, the Gent-
McWilliams scheme (GM) and GEOMETRIC are presented in mathemati-

cal detail.

Chapter 3 focuses on the Massachusetts Institute of Technology general
circulation model (MITgcm) and the methods behind the analysis. Both
three-dimensional models are configured in MITgcm. Frequently used di-
agnostics (such as ACC transport) are discussed along with non-obvious
analysis methods. Frequency analysis is often not used in the field, hence
providing some mathematical detail is necessary to understand the analysis

in this thesis.

Chapter 4 is dedicated to the first model in the hierarchy—the dynamical
system. This model is parameterised by GEOMETRIC and in the steady

state is eddy saturated. This model extends the work in Maddison et al. (2023).

5
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In particular, the work on oscillatory wind stress is expanded upon. This
model is solved both analytically (after linearisation) and numerically (with
a multistep method), and both methods give reassuringly similar results.
Results are discussed in both the time domain and the frequency domain,
and an inherent resonant timescale is determined both through experimen-
tal results and analytically. This timescale of oscillation is then extended
and given for a generalised density profile that varies with depth. The re-

sults from the dynamical system are attributed to baroclinic processes.

Chapter 5 details the next step in the hierarchy—the two-dimensional model.
This model extends the configuration given in Mak et al. (2017) by allow-
ing the wind stress to vary with time. Again, this model is parameterised by
GEOMETRIC, but a standard GM case is also presented for comparison.
Results widely agree with the results from the dynamical system. Again,

baroclinic processes dominate in this configuration.

Chapter 6 investigates a low resolution eddy parameterised (GEOMET-
RIC) ACC-like channel. This configuration is similar to the configura-
tion in Mak et al. (2018) but with the inclusion of the time-variable wind
stress. The results in this chapter show evidence for both barotropic and
baroclinic mechanisms. As in the lower dimensional models, there is an
inherent oscillatory timescale associated with GEOMETRIC. This chapter
also introduces an eddy resolving three-dimensional model. This model is
an ACC-like channel with bathymetry at %00 resolution. Wind perturbations
are applied and analysed. Like in the parameterised configuration, there is
evidence for both barotropic and baroclinic mechanisms. However, there
are clear differences between the eddy parameterised and eddy resolving

results. All models in the hierarchy are discussed together.




2| Background

2.1 The Southern Ocean and its dynamics

The Southern Ocean is a complex system, driven by wind forced Ekman flows,
mesoscale eddies, flow-topography interaction, air-sea-ice buoyancy exchange,
interior dianeutral and diapycnal mixing, and shelf-slope processes (Naveira Gara-
bato et al., 2014). The Southern Ocean’s main dynamical feature—the Antarctic
Circumpolar Current (ACC)—is a 25,000 km long series of currents encircling
the Antarctic continent. This region is a largely zonally unblocked band of open
water, the geometry of which directly contributes to the unique dynamics and be-

haviour of the Southern Ocean (Toggweiler and Bjornsson, 2000).

Drake Passage is located between the tip of Chile and the Antarctic South
Shetland Islands. This is the choke point of the Southern Ocean, as well as the
nexus between the Pacific and Atlantic ocean basins. Drake Passage is an approx-
imately 800 km wide and 3,400 m deep (averaged) opening with a submerged
ridge. This narrow opening constrains both the path and strength of the ACC and
its bathymetry greatly influences deep water mixing (Meredith et al., 2011). Cru-
cially, ACC volume transport is often measured at this point (Rintoul et al., 2001).
Drake Passage is the most heavily monitored region of the ACC due to the prac-
ticality of its location. Drake Passage is the narrowest region of the ACC, so the
full meridional extent is most easily monitored. Additionally, this is north of the
most inhabited region of Antarctica. There are also no complications associated
with subpolar or subtropical flows, as there are northern and southern boundaries
(Meredith et al., 2011). As a result, there are many long-term monitoring projects
for Drake Passage. Hydrographic data garnered during the International Southern

Ocean Studies (ISOS) in the 1970s and 1980s derived a value for ACC transport
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in this region of 134 4= 15 Sv (where 1 Sv = 10° m?3) (Xu et al., 2020). While
this figure and its standard deviation have been updated since, this is not far off
from the current accepted value of 137+7 Sv. ACC transport is discussed in more

detail in later sections, but this highlights the importance of Drake Passage.

Because Drake Passage is zonally unblocked, there are no net east-west
pressure gradients to balance the effects of Earth’s rotation. In open regions
there is no continental topography to support zonal pressure gradients, whereas
in regions with continental obstructions, surface water can instead gather around
continents. This means that warm upper ocean water cannot easily flow into or
across the channel. This inhibits a mean meridional geostrophic flow, keeping
Antarctica relatively isolated from the warmer surface waters from the equator,
as poleward geostrophic transport can only occur at depth (Rintoul and Naveira

Garabato, 2013).

This dynamics of this region are primarily driven by surface wind stress
forcing. The strong eastward wind over the Southern Ocean, 7, imparts sur-
face momentum into the ocean. This stress is balanced by bottom form stress,
as conservation of momentum requires that momentum can only be added or re-
moved by boundary effects. Bottom form stress comes from pressure gradients
across bottom topographic features, and transfers momentum to the solid Earth
and supplies a westward opposing force (Munk and Palmén, 1951). While the
ACC inhibits mean meridional geostrophic flow, there is, however, a southward
return flow below depths of about 2000 m associated with abyssal pressure gra-
dients (Nikurashin and Vallis, 2012). This balances the wind driven equatorward
Ekman flux driven by the westerlies. In terms of flow, this implies that equator-
ward transport is balanced by a deep geostrophic return flow (Zika et al., 2013).
This leads to a system of overturning, which is known as meridional overturning

circulation, which is discussed in greater detail in Section 2.1.3.
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The associated surface wind and bottom form stresses are connected by an
interior stress. In equilibrium, the momentum from the surface is vertically trans-
ferred to the solid Earth via interfacial form stress (Johnson and Bryden, 1989;
Marshall et al., 2017; Constantinou and Hogg, 2019). Interfacial form stress
arises from horizontal pressure gradients across density surfaces, as fluids in less
dense layers push against fluid in more dense layers (Olbers, 1998; Marshall et
al., 2017). Interfacial form stress is also known as eddy form stress, since the ver-
tical structure of the eddy field is associated with the undulating neutral surfaces.
(Poulsen et al., 2018). The mesoscale eddy field thus aids in transferring momen-
tum between adjacent density layers. The mesoscale eddy field is discussed in

Section 2.1.2.

2.1.1 The Antarctic Circumpolar Current

The ACC has a baroclinic volume transport of approximately 13747 Sv, making it
Earth’s largest ocean current (Meredith et al., 2019). However, transport, like most
desirable data about the Southern Ocean, is difficult to directly measure. Transport
can be split into baroclinic and barotropic components. The baroclinic transport—
or (more usefully known as) thermal wind transport-is the integral of flow relative
to the bottom according to thermal wind balance (Meredith et al., 2011). This can
be measured using temperature and salinity profiles. When subject to wind stress
changes, the thermal wind transport in the ACC is believed to be relatively insen-
sitive to wind stress changes. This insensitivity is known as eddy saturation and
is discussed at length in Section 2.1.4. Barotropic transport is measured from the
"near bottom" velocity (Pefia-Molino et al., 2014). Practically, this is the flow at
the bottom multiplied by the depth of the water. Observations of the flow towards
the seafloor are scarce and its strength is debated. Barotropic transport may ac-

count for up to 25% of total ACC volume transport, but this is an area of active
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research (Pefia-Molino et al., 2014).

Beneath the surface Ekman layer, ACC dynamics are primarily driven by

thermal wind balance so that,

ou o O
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where (ug,v,) is the horizontal geostrophic velocity, g is the acceleration due to
gravity, f is the Coriolis parameter, p, is a reference density, and p is the density
(Vallis, 2006; Allison et al., 2010). Integrating thermal wind balance across the

ACC leads to an expression for ACC thermal wind transport,

0
Tacc =~ L/ 2(pn — ps)dz, (2.3)
polfaccl J_n

which assumes v = 0 at z = —H, where H is the depth and z = 0 is the ocean
surface. Here, the Coriolis parameter and reference density are constants, taken at
a typical ACC latitude. The absolute value of the Coriolis parameter is taken, as
Southern Hemisphere Coriolis parameters are negative. p,, and p; are the densities

along sloping boundaries to the north and south of Drake Passage respectively.

Thermal wind transport may also be approximated as the residual between
total transport and bottom transport. This definition can provide a meaningful de-
composition of the influence of thermal wind shear of the transport. To define
thermal wind transport in this way, first total and bottom transports must be de-

fined. Following on from Munday et al. (2015), the total ACC Transport is defined
Tace = // u dydz, (2.4)
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where u is the zonally averaged flow and the hat indicates a time average. The

Ty, = // Updydz (2.5)

where 4, is zonally and time averaged flow at the bottom level (as stipulated by

bottom transport is given by

each model or observational data set specifically). In words, this is the bottom
flow integrated through the full column of water. Thermal wind transport is then

the difference between total and bottom transport, so that

Tiw = Tacc — T,

= // (ﬂ — u7b> dydz. 20

While this provides an approximation for thermal wind transport, it is important

to note that this does not hold for an ageostrophic flow.

Besides wind stress forcing, there is also some influence from buoyancy
forcing on the ACC. Buoyancy forcing plays a role in setting the structure of
the Southern Ocean (Howard et al., 2015). The zonal transport of the ACC is
linked to stratification, as prescribed by the thermal wind relationship. Since
buoyancy forcing affects stratification, there are naturally some buoyancy-linked
contributions to transport. Buoyancy forcing sets the surface north-south density
gradient in this region. It is assumed that density surfaces outcrop south of the
ACC (towards Antarctica). This implies that p, is approximately constant with
depth. Therefore, buoyancy forcing plays an implicit yet crucial role in setting
ACC transport via Eq.(2.3). Buoyancy forcing is also influential in overturning,
as meridional overturning relies on sinking and movement of dense water masses

(Morrison et al., 2011).

11
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Howard et al. (2015) compare the effects of wind and buoyancy forcing
in an ACC-like model. This re-entrant channel model is a three-layer isopycnal
model forced in two ways. Firstly, zonal flow is forced by a zonal and constant
wind stress. Secondly, buoyancy forcing is used to drive an overturning circu-
lation. In comparison to a strictly wind forced configuration, a buoyancy-only
forced model exhibits lower eddy kinetic energy but higher zonal volume trans-
port. The differences between the two forcing regimes also manifest in the depth
averaged flow structure. When purely forced by surface wind, a single meandering
jet interacts with topography, whereas in a purely buoyancy forced configuration,
two smaller and nearly zonal jets appear and have far less interaction with topog-
raphy. Overall, buoyancy forcing holds greater influence in inducing meridional

circulation, as it is unable to directly inject momentum into the flow.

2.1.2 The mesoscale eddy field

The oceanic mesoscale eddy field is comprised of the time dependent vortices,
spirals, cascades, and fronts throughout the ocean. Oceanic eddies are typically on
length scales less than 100 km and last on timescales of several months. Mesoscale
eddies often have different properties than the surrounding mean currents. This al-
lows for the transport of tracers such as heat, carbon, and salinity. The mesoscale
eddy field is very energetic and accounts for over half of the kinetic energy within
the ocean (Wunsch, 2015). Eddies are most rife where there is the most instability.
This also holds true in the atmosphere, where large scale eddies on the synoptic
scale are linked with weather. In the ocean, this results in intense eddying along
western boundaries of ocean basins and along the Southern Ocean (Williams and
Follows, 2011). While ubiquitous throughout the global ocean, this thesis only

considers the mesoscale eddy field in the Southern Ocean.

12
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In the Southern Ocean, eddies are formed through baroclinic instability, the
dynamical instability of slumping density gradients. This eddying is most intense
along the ACC path (Meredith, 2016). Baroclinic instability gives the eddies a
reservoir of potential energy which arises from the unstable exchange of fluid
parcels (Eady, 1949). This unstable exchange lowers the centre of gravity of the
fluid, which in turn leads to a loss of potential energy (Vallis, 2006). The gener-
ation of baroclinic instability and the growth of eddies is a cyclic relationship in
both the atmospheric and oceanic cases. The generation of eddy energy through
baroclinic instability balances the erosion of mean potential energy from the ed-

dying (Ambaum and Novak, 2014).

The accurate representation of the mesoscale eddy field requires high res-
olution models. Models of such high resolution are computationally expensive,
so parameterisations are often used to represent the mesoscale eddy field instead.
Section 2.3 discusses eddy parameterisation in greater detail. Parameterisations
can lead to spurious dynamics that are not evident in high resolution models or
observed data. For instance, insufficiently high resolution or parameterised mod-
els may fail to show the regional variability of the mesoscale eddy field (Patara

et al., 2016).

2.1.3 Opverturning Circulation

The dynamics of the Antarctic Circumpolar Current are intrinsically linked to
meridional overturning circulation (MOC), which stores and transports heat, fresh-
water, and carbon throughout the rest of the global ocean (Marshall and Speer, 2012).
The key dynamics of this overturning circulation can be described by two counter-
rotating meridional cells on a global scale. The upper cell is fed by North Atlantic

waters and diapycnal upwelling. At intermediate depths, this flow is balanced

13
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by upwelling in the Southern Ocean, as induced by the westerly winds. This
cell forms the North Atlantic Deep Water (NADW). The lower cell consists of
dense water formed around the Antarctic continent, and forms the Antarctic Bot-
tom Water (AABW) (Nikurashin and Vallis, 2012). In comparison to the upper
cell, this cell is relatively unstratified. This water crosses isopycnals and upwells
throughout the abyssal ocean, spilling northward and eventually recirculating into
the Southern Ocean. At this stage of the MOC, the ACC dynamics play a crucial
role in setting the depth of the isopycnals (Lumpkin and Speer, 2007).

The following summarises Nikurashin and Vallis (2012) to give more detail
on the role of the ACC in overturning. There are three key areas of importance: (1)
the circumpolar channel, (2) the isopycnal outcrop region in the Northern Hemi-
sphere, and (3) the basin in between. As established, the circumpolar region is
driven by wind and eddy-induced dynamics. In a purely wind driven configu-
ration, waters upwell polewards of the geographical wind stress maximum and
downwell equatorwards of this maximum. This clockwise wind driven overturn-
ing cell is known as the Deacon Cell. However, the mesoscale eddy field op-
poses this overturning through an anticlockwise eddy induced overturning cell.
The interaction of these cells leads to residual circulation. The residual MOC
has reduced sensitivity to wind stress changes. This insensitivity is known as
eddy compensation (Abernathey et al., 2011). Assuming that this region is nearly
adiabatic, the circulation is along the isopycnals, but not necessarily zero. It is
within region (1) that the isopycnal depth is set. In the intermediary basin, the
isopycnals are nearly flat. Hence, meridional flow associated with overturning
only takes place at the western boundary, where friction can balance planetary
vorticity changes. Continental blocking then causes subduction and westward
flow in the deep ocean. When this zonal flow hits the western boundary, it then

transforms into meridional flow. Isopycnal slopes grow with enhanced diapyc-
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nal mixing, which opposes wind driven circulation and upwelling. Additionally,
reducing the surface winds results in a shallower upper cell and a larger abyssal
cell that diffusively upwells in the low- and mid-latitudes. Figure 2.1 depicts the

aforementioned principles of Southern Ocean dynamics and overturning.

Eddy compensation is the hypothesised insensitivity of the MOC to wind
stress changes. This phenomenon is observed in some explicitly eddying models.
However, when compared to eddy saturation, idealised models show that the over-
turning response is more sensitive to wind stress changes. For example, Bishop
et al. (2016) analyse the response of the ACC and MOC to zonal wind stress in a
high-resolution coupled oceanic-atmospheric simulation to zonal wind perturba-
tions. Here it is found that increasing the surface wind stress by 50% leads to only
a 6% change in zonal transport, but a 39% change in upper cell overturning. These
specific values are model dependent, but the general sensitivity trends hold. This
comparative sensitivity may be due to depth integration. Eddy saturation is based
upon depth integrated diagnostics which can cover any local sensitivities, whereas

eddy compensation is based upon a depth-dependent metric (Poulsen et al., 2018).

15



University of Oxford Wadham College

Eastward windstress

=
l\.

South North

Ekman transport

Eddy intuced transport

upwelling

AABW

Figure 2.1: A schematic of overturning, with focus on processes in the Southern
Ocean. An eastward wind stress blows across the ACC, which induces Ekman
and eddy induced transport. Abbreviations are as follows: NADW- North Atlantic
Deep Water; AABW- Antarctic Bottom Water.

2.1.4 Eddy saturation

Eddy saturation is the relative insensitivity of equilibrium thermal wind transport
to wind stress forcing (Straub, 1993). The Southern Ocean is eddy saturated in
many high resolution models and some parameterised models. While an eddy
saturated Southern Ocean is still just a hypothesis, it is not contradicted by ob-
servations (Rintoul et al., 2008; Hogg et al., 2015). Since eddy saturation is di-
rectly linked to ACC transport, its physics are a key component in setting and
understanding global stratification. Subsequently, eddy saturation is important in
understanding climate projections, such as heat and carbon storage (Marshall et

al., 2017).

When discussing eddy saturation, most literature is specifically referring

to insensitivity of the thermal wind transport (Straub, 1993; Marshall et al., 2012;
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Mak et al., 2017; Mak et al., 2018). This view of eddy saturation relies on the gen-
eration of eddies from baroclinic instability. Increasing the wind stress leads to
increased vertical shear. Were this shear to steepen unabated, thermal wind trans-
port would increase. However, as the shear steepens, the flow grows baroclinically
unstable. This baroclinic instability results in mesoscale eddy generation, which
require a reservoir of potential energy, which the increased shear provides. In
other words, steepening isopycnals "feed" the mesoscale eddy field, which causes
the isopycnals to slump, thus counteracting increasing thermal wind transport.
This results in thermal wind transport insensitivity to increasing wind stress. The
relationship between the mesoscale eddy field and thermal wind transport also
applies to decreased wind stress. Decreased wind stress reduces the baroclinic in-
stability, which in turn "starves" the mesoscale eddy field. This allows for thermal
wind transport to re-approach equilibrium and maintain its insensitivity to wind
stress. Baroclinic adjustment is usually studied in the context of equilibrated flow.
Hence, eddy saturation refers to the insensitivity of equilibrated thermal wind

(baroclinic) transport.

According to Marshall et al. (2017), eddy saturation is the product of three

ingredients:
1. a zonal momentum budget,
2. arelationship between eddy form stress and eddy energy, and
3. an eddy energy budget.

Ingredient (1) balances wind stress (75) against bottom form stress. The surface
wind stress provides an eastward source of momentum, while the bottom form
stress decelerates the abyssal flow. Bottom form stress decelerates the abyssal
flow since high and low pressures form on either side of topographic barriers and

Drake Passage. These two stresses are connected by eddy form stress (.5), which,
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as discussed, is fuelled by eddies. There is additional vertical momentum transfer
through residual overturning and the associated Coriolis forces. In equilibrium,

this leads to a momentum balance equation,

where p is density, f is the Coriolis parameter, and 1 is the streamfunction for

residual overturning. This ingredient is depicted in Fig. 2.2

west east

surface wind stress

eddy form stress

bottom form stress

bottom

Figure 2.2: Figure 1 from Marshall et al. (2017) showing the hypothesised zonal
momentum balance of the ACC. Eastward surface wind stress (red arrow in insert)
and bottom form stress (blue arrows) balance each other. Bottom form stress is
associated with high and low pressure (p* and p~) that forms on either side of
bathymetric obstacles. Eddy form stress transfers momentum downwards when
fluids in buoyant layers push against fluid in deeper dense layers. This is depicted
by alternative red and blue arrows pointing in opposite directions.

Ingredient (2) gives a relationship between eddy energy and the magnitude
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of eddy form stress,

S = 041|—]J:[|E, (2.8)

where |c;| < 11is a non-dimensional parameter and /N is the buoyancy frequency
(Marshall et al., 2012). Substituting this into the momentum balance equation

(Eq.(2.7)) leads to an eddy energy equation,

1 N pN
= ——"T + —
a1 |f‘ g

. (2.9)

This states that eddy energy is set by surface wind stress and a contribution from

residual overturning.

The final ingredient balances the source and the sink of eddy energy in equi-
librium. In the Southern Ocean, baroclinic instability in the ACC is the dominant
source of eddy energy. Assuming uniform shear and stratification for simplicity

as in Marshall et al. (2017), this implies that

siow [
E = (g~ — FE dz. 2.1
source (%) N (92 dz ( 0)

—-H

This means that the source of eddy energy scales with mean vertical shear (Ou/0z),
which follows from the theory of eddy energy generation from baroclinic insta-
bility. «y is another dimensionless constant constrained by |as| < 1, but it is
noted that when as = 0.61, the growth of eddy energy is equal to the Eady energy
growth rate (Eady, 1949). Eddy energy dissipation is more complex, as there are
a myriad of contributing processes. An assumption is applied and dissipation is

modelled by the constant ), the eddy energy dissipation rate, so that

0
Egink = )\/ Edz. (2.11)

—H
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In equilibrium, this leads to
|f] Ou
IZZ
2N 92

(2.12)
At the seafloor, zonal velocity is assumed to vanish. Integrating mean velocity—
%H %—across the channel yields circumpolar volume thermal wind transport:

N H*L

T = A\ ——.
' |f| 200

(2.13)

In words, the thermal wind transport scales with eddy energy dissipation while the
eddy energy scales with surface wind stress, as described in Eqs.(2.9) and (2.13).
In summary, these three key ingredients explain the physics of eddy saturation

from first principles.

On the other hand, some studies rely on the importance of the ACC’s struc-
tural adjustment in increasing the efficiency of momentum transfer. As discussed,
eddy saturation can be summarised as a balance between surface wind momen-
tum input and opposing topographic form stress. However, some postulate that
topographic form stress is linked to retrograde (opposing direction of the mean
flow) Rossby waves, or "standing meanders". These meanders are found above
topography and enhance eddy form stress. It is also worth noting that topographic
regions lead to eddy kinetic energy "hot spots”, as topography leads to regions
of flattened isopycnals (Kong and Jansen, 2021). Following theory on Rossby
wave adjustment, this then suggests that bottom form stress adjusts faster to wind
stress changes than isopycnal form stress (Bai et al., 2021). This theory on stand-
ing meanders refutes the two-dimensional theory of eddy saturation, which does
not account for zonally localised dynamics (Stewart et al., 2023). However, it is
unlikely that either theory—eddy transfer theory or standing meander adjustment

theory—completely explains eddy saturation.
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2.1.5 Timescales of eddy saturation

Pre-existing literature on eddy saturation is primarily focused on thermal wind
transport. However, the level of no motion assumption is currently challenged by
theory and satellite altimeter data (Donohue et al., 2016). If the bottom flow—the
flow at the level of topography—is indeed non-negligible, then the barotropic com-
ponent of ACC transport likely plays a greater role than it is currently theorised
to in the context of eddy saturation, especially at transient timescales (Munday
et al., 2013). Some works suggest that bathymetry also plays a larger role in
eddy saturation than what is originally predicted (Thompson and Naveira Gara-
bato, 2014; Youngs et al., 2017; Youngs et al., 2019). All these inconsistencies
emphasise the incomplete understanding of eddy saturation, particularly at non-

equilibrated timescales.

There is evidence for eddy saturation-like behaviour on much shorter timescales
than equilibration. The underlying physics of these shorter adjustment timescales
is most likely not solely tied to baroclinic instability. Higher frequency variabil-
ity (subseasonal to interannual) within the ACC is diagnosable to an extent. It
is hypothesised that seasonal variation is due to Ekman convergence. Additional
data sets show monthly and sub-annual variability resulting from different exter-
nal sources. On monthly timescales, there is a link between the Madden-Julian
oscillation and ACC transport; sub-annually, there is additional wind driven vari-
ability. In general, transient variability is seemingly linked with the local effects
of the mesoscale eddy field (Hogg and Blundell, 2006). There is some evidence
pointing towards the existence of an oceanic Southern Hemisphere Annular Mode
(SAM) (Meredith and Hogg, 2006). The SAM is associated with atmospheric
variability in eastward wind stress over the Southern Ocean. The oceanic com-

plement to the SAM is predominantly constrained by topography and is not zon-
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ally symmetric, thus differing from the SAM (Hughes et al., 2003). GPS (global
position system) measurements and data from bottom pressure gauges give obser-
vations of seasonal changes in sea level variation (Aoki et al., 2002). Variability
is highest between April and June and lowest between November and Decem-
ber, which suggests seasonal patterns that are tied to the existence of an ocean

variability mode.

Short-timescale variability resulting from high-frequency wind stress forc-
ing is dominated by the barotropic mode. This mode is spatially concentrated
at the southern edge of the Southern Ocean (also known as the Southern mode).
In wind forced only models, this barotropic response is immediately manifested
during spin up as topographic form stress. Topographic form stress reacts to sur-
face forcing without needing to wait for interfacial form stress to communicate
the surface changes downwards (Howard et al., 2015). There is some suggestion
that at interannual timescales, transport is controlled mostly by surface wind stress
change, however the extent of this is not yet clear. Even so, wind stress variability
is responsible for daily-to-interannual variance in sea-level and bottom pressure
near Antarctica, as well as transport variability through Drake Passage (Rintoul

and Naveira Garabato, 2013).

Understanding lower-frequency variability presents a challenge, as it is not
readily diagnosable from available observations. Lower-frequency variability is
also more influential in ocean and climate feedback than lower-frequency atmo-
spheric variability. While there is a lack of observations, there is likely a link be-
tween potential and kinetic energy on low-frequency timescales. Hogg and Blun-
dell (2006) investigate a three layer quasigeostrophic model subjected to steady
wind forcing. This model allows for a realistic simulation of baroclinic instability.
Kinetic and potential energy oscillate between several regimes following spin up.

These regimes, labelled A, B, C, and D (see Fig. 2.3) are characterised by different
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patterns in kinetic and potential energy. Regime A, characterised by low kinetic
and low potential energy, leads to a relatively weak zonal mean flow. Baroclinic
eddies are weak in this regime as the potential energy reservoir is low. In regime
B, kinetic energy remains low while potential energy grows. This regime is asso-
ciated with an increase of the mean zonal flow and a dissipation in the zonal jet
structure. In both regimes A and B, the energy input from wind stress rises, while
potential energy absorbs the excess energy. Regime C has a peak in potential
energy and a rapid kinetic energy increase. The flow now exceeds the threshold
for baroclinic instability, resulting in the strongest zonal flow and the strongest
eddy influence. Potential energy feeds the turbulent kinetic energy field, while
drag and dissipation act as energy sinks. Finally, in regime D, there is a decrease
in kinetic energy, potential energy, and the influence of eddies, even though the
jet remains strong. As the potential energy depletes, so does the fuel for kinetic
turbulent energy (Le Bars et al., 2016). In conclusion, Hogg and Blundell (2006)
use the existence of these regimes to identify variability modes in circumpolar
currents. This is consistent with the eddy-mean flow feedback framework. This
cycle allows for the growth and depletion of the mesoscale eddy field on decadal

timescales.
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Figure 2.3: Figure 12(a) from Hogg and Blundell (2006), showing the energy
regimes of the three-layer quasigeostrophic model forced by temporally steady
winds. Total potential energy and kinetic energy (multiplied by 5) are shown
against time. Regimes A, B, C, and D are indicated by colour gradient (A-dark
grey, B-unshaded/white, C-light grey, D-unshaded/white).

In addition to a link between the growth and decay of kinetic and potential
energy, there is evidence for a feedback loop between eddies and the mean flow. In
Meredith and Hogg (2006), an ACC-like, three-layer, quasi-geostrophic, eddy re-
solving model with topography is analysed. This model is forced with a perturbed
wind stress. Results indicate that there is a 2 to 3 year lag between peaks in wind
stress magnitude and eddy kinetic energy peaks. Following a peak in wind stress,
potential energy quickly increases and the (total) kinetic energy peak lags by 1 to 2
years. The exact timing depends on wind stress magnitude, as greater magnitudes
lead to shorter lag time. In this study, eddy saturation is also discussed, as the
circumpolar transport behaves with relative insensitivity to wind stress changes
(with less than 5% transport change). This however does not strictly follow the
definition of eddy saturation discussed in Straub (1993), Munday et al. (2013),
Mak et al. (2017), and Mak et al. (2018). While it may be true that eddy satu-
ration takes place over both short and long timescales, the physics linking these
regimes is currently unclear. It is possible that the physics controlling the ACC at

short and long timescales greatly differs, as there is no time for density surfaces
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to slump in the transient case (Youngs et al., 2017). Furthermore, there is some
model evidence to suggest that ACC volume transport responds to wind stress by
up to 10 Sv on the order of weeks, but decreases over the next 3 to 6 months, sug-
gesting a delayed eddy response (Zika et al., 2013). This however, fits less with
the current understanding of eddy saturation timescales. This variability is shorter
term than that discussed in Meredith and Hogg (2006), but it is interesting that a

delayed eddy response is suggested by both sets of results.

In Sinha and Abernathey (2016), the timescales of Southern Ocean equili-
bration to temporally changing winds is investigated. They hypothesise that the
transient response lies between an Ekman response (high frequency) and equili-
brated eddy saturation (low frequency). This work primarily focuses on the path-
ways between eddy kinetic energy (EKE) and available potential energy (APE) in
an ACC-like channel model forced by oscillatory wind stress forcing. The experi-
ments consist of the following seven oscillation periods: P € {i, %, 1,2,4,8,16} years.
By analysing the EKE and APE pathways, they conclude that for oscillations of
P < 2 years, the Ekman response is primarily in control. In this high frequency
regime, sloping isopycnals store APE while the mesoscale eddy field is too slow
to remove excess wind works. Equilibrated eddy saturation then takes over for
oscillation periods of P > 8 years as the mesoscale eddy field "catches up" and is

able to remove excess wind work.

The crossover region between the high and low frequencies is stated to con-
tain the eddy diffusive transport timescale across the ACC, given by ¢ = kg / L;,
(see Section 2.2.1 for an overview of the k), term). We note that there is an or-
der of magnitude error in this timescale. The conversion timescale is given to
be 3 years, which makes sense in the context of their work. Experimental fre-
quencies are normalised to this conversion timescale. Frequencies higher than ¢

are referred to as "high frequency" and frequencies lower than c are referred to as
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"low frequency". However, this timescale as computed with the correct conversion
factors is 30 years, which is a timescale beyond the scope of their experimental
setup. It would be interesting to see the behaviour of the system at this corrected
timescale in the context of energetic feedbacks. While this error does not carry
through to the experimental results, it does indicate that timescales of 30 years
or longer may be of importance in understanding the role of baroclinicity in eddy
saturation. One of the most important conclusions from this work involves the
conversion from APE to EKE. The physical processes behind this conversion,
baroclinic instability and frictional dissipation, possess different timescales. The
mesoscale eddy field plays an integral part in this conversion, even feeding back

on the conversion rate through itself.

2.1.6 Observations

Accurate observations and numerical models are relatively recent advancements in
Southern Ocean research. There has historically been a lack of observed data from
the Southern Ocean. The World Ocean Circulation Experiment (WOCE) took
field measurements during the 1990s, providing the first circumpolar survey of the
Southern Ocean since the early 1970s. Further analysis and modelling then ran
until 2002 (Orsi and Whitworth, 2005). WOCE provided some of the first interior
observations of this region (Gould et al., 2013). Then, from 2003, Argo profiling
floats have been deployed. These floats take temperature and salinity profiles
south of 40°S to depths of 2000 m (Scripps Institution of Oceanography, accessed
2023). The floats take measurements every ten days, but are unable to take under
ice measurements. More recently, southern elephant seals have been gathering
temperature and salinity profiles to supplement this data. Sensors are harmlessly
attached to the seals and fall off after several months of collecting data (Charrassin

et al., 2008). Elephant seals are advantageous since they can swim and collect data
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from under the ice, unlike the Argo floats. Satellite altimeter data also provides
year round views of the Southern Ocean (Rintoul and Naveira Garabato, 2013).
This data records surface sea level anomalies which can be used to characterise

geostrophic flow anomalies.

The Southern Ocean plays a central role in setting the global climate as it
links the world’s ocean basins. When compared to the Arctic, the Antarctic re-
gion’s temperature has not increased as dramatically. This is due to the combined
contribution of heat uptake and deep ocean mixing within the Southern Ocean.
However, this does not mean that the Southern Ocean is unaffected by climate
change (Meredith et al., 2019). The positive trend in the Southern Annular Mode
is thought to alter the westerly winds over the ACC. Predicted changes include
an intensification and a southward shift of the wind stress jet. Model predictions
and observational data analysis mostly support the predicted wind intensification,
but there is relatively little observed data to confidently support a southward shift.
Even so, it is likely that the position and strength of the ACC will remain insensi-
tive to wind stress changes (Donohue et al., 2016). There does exist observational
data on ACC transport, but with major caveats surrounding changes in barotropic
transport. Satellite measurements over the past 20 years support a statistically
significant upward trend in eddy energy in response to increased wind stress mag-
nitude, thus supporting the current theoretical understanding of eddy saturation

(Munday et al., 2013).

Despite the progress made on collecting observations on the Southern Ocean,
there are many processes that cannot be directly observed. For example, overturn-
ing must be inferred by inverse methods (Hogg et al., 2015). This means that
many studies use model results rather than observational data. Unlike the model
results primarily discussed in this chapter, Southern Ocean observations are col-

lected over short time periods, and contain a large degree of noise. Contrasting
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with methods in collecting observed data, model results are often perturbed af-
ter reaching a steady state. For example, there may be a multiyear lag between
wind stress anomalies and the eddy response, as well as a degree of transport
sensitivity to wind stress anomalies at sub-annual timescales (Screen et al., 2009;

Mazloff, 2012)

2.1.7 Climate implications

The Antarctic region disproportionately and increasingly affects global climate
change. The Southern Ocean plays an important role as it acts as a communication
interface between the atmosphere and global oceans, especially when it comes to
heat and carbon uptake. In this region, pre-industrial era water from the deep
ocean is ventilated to the post-industrial atmosphere. This upwelled pre-industrial
water is very cold and devoid of dissolved carbon, hence, it is able to take up
a large amount of these tracers (Frolicher et al., 2015). While climatic changes
take place on a wide array of timescales—from decades to millennia—many of the

anthropogenic effects lead to irreversible changes.

Human activity releases carbon dioxide (CO-) into the atmosphere, some of
which is absorbed into the ocean. This leads to ocean acidification, which is pre-
dicted to affect the Southern Ocean first and most severely (Vaughan et al., 2003;
Khatiwala et al., 2013). This uptake affects marine life and ecosystems. For ex-
ample, some organisms use calcium carbonate in shell and skeleton formation.
However, as excess CO, dissolves into surface waters the pH of the ocean is low-
ered (acidification), which increases carbonate ion concentration. This dissolves
the shells of certain organisms but leads to increased shell-building in others. This
alters organism population structure and is yet another consequence of anthro-

pogenic climate change, especially affecting the Antarctic region (Figuerola et
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al., 2021).

In addition to carbon storage, the Southern Ocean is key in ocean heat con-
tent change and storage. Between 1870-1995, the Southern Ocean accounted for
approximately 75% of excess heat uptake (Frolicher et al., 2015). Of that excess
heat, approximately 43% remained in the Southern Ocean while the rest was re-
distributed around the global ocean (Shi et al., 2018; Meredith et al., 2019). Heat
uptake is not uniform throughout the ocean depth. The upper 2000 m is respon-
sible for heat uptake, while the depth below this stores the excess anthropogenic
heat. However, this storage is leading to a volumetric decrease of the Antarc-
tic bottom waters, as density surfaces deepen. This then further drives warming

downwards.

While the Southern Ocean is a prime location for ocean heat uptake, warm-
ing in this region is weaker than the Arctic as deep ocean mixing stalls warming
(Marshall et al., 2014). The SAM also helps in maintaining the cool conditions
over the Antarctic continent. These cool conditions are a consequence of the
strong westerlies over the ACC. Since the 1970s, the SAM has been growing
stronger, thus leading to stronger winds, especially in austral summer (Swart et
al., 2015). This positive trend results from excess greenhouse gases (a constant
forcing) and ozone depletion (leading to strong seasonal variability, although this
depletion is no longer an issue). This in turn—and perhaps counter-intuitively—
prevents rapid heating in the Antarctic continent (Swart et al., 2018). Some wind
driven changes do lead to increased warming towards the north of the Southern
Ocean. For example, increasing temperature trends in the seawater are driven by
air-sea flux changes. This is particularly seen towards the equator, where wind

changes alter the thickness and depth of the mode water layer.

The future projections of the Southern Ocean focus on the strengthening
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westerlies. Numerical simulations suggest that this will lead to an intensification
of the eddy field. It is also suspected that there will be increased warming and
increased freshwater flux from melting sea ice and increasing precipitation. Mod-
els also suggest that tracer transport (i.e., heat, carbon, nutrients) and upper-ocean
circulation will be the properties most affected by the increasing winds and eddy
field. Contrastingly, ACC transport and location will only have weak sensitivity

to increasing wind stress (Fox-Kemper et al., 2019; Meredith et al., 2019).

2.2 Eddy parameterisation

While still an area of active research, global climate models have also drastically
improved within the recent past. Coupled models such as the Coupled Model
Intercomparison Project Phase 5 (CMIPS) are crucial in better understanding dy-
namics and making predictions about the future state of the climate and ocean
(Meredith et al., 2019). Spurious results or model issues are often rooted in faulty
biases of historical ocean states. As observational data is more readily available,
these issues should improve (Russell et al., 2018). However, model performance
is still limited by the inability to explicitly and efficiently resolve the mesoscale

eddy field (Rintoul and Naveira Garabato, 2013; Meredith et al., 2019).

In an ideal world, the mesoscale eddy field in the Southern Ocean would
be explicitly modelled on a high resolution domain. Currently, this is computa-
tionally unfeasible. To accurately model the mesoscale eddy field, a grid reso-
lution of 1/10° or finer is required. This high resolution simulation would then
preferably run for hundreds to thousands of model years in order to reach equilib-
rium (Griffies, 1998). This issue is further compounded by the fact that transient
eddies contain more energy than the mean flow, meaning that eddies greatly af-

fect the large scale behaviour of the flow (Screen et al., 2009; Williams and Fol-
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lows, 2011). This has substantial impacts on ocean heat uptake, carbon storage
and transport, and other properties, all of which influence climate sensitivity in
models. In high resolution models, the mesoscale eddy field is fully resolved and
thus fully incorporated into the dynamics and subsequent results. However, not
all models are at such high resolution. Lower resolution models can capture eddy
saturation by means of parameterisation. Eddy parameterisations represent the

effects of eddy-induced advection and eddy-induced diffusion.

The Gent-McWilliams scheme parameterises eddy-induced advection (Gent
and McWilliams, 1990) and incorporates the Redi (1982) scheme with an anisotropic
diffusion tensor (Gent et al., 1995) to include the effects of the mesoscale eddy
field at low resolution. In current practice, both eddy-induced advection and dif-
fusion are parameterised and treated as the antisymmetric and symmetric com-
ponents of an eddy diffusivity tensor (Griffies, 1998; Fox-Kemper et al., 2019).
Defining this tensor is an area of active research, with some evidence suggesting
that the tensor should depend on eddy energy (Bachman and Fox-Kemper, 2013;
Jansen et al., 2015; Mak et al., 2017; Bachman et al., 2017).

2.2.1 Mathematical details of Gent-McWilliams

In models that do not resolve eddies, the effects of baroclinic instability must
instead be parameterised. The Gent-McWilliams scheme parameterises the effects
of baroclinic mesoscale eddies by introducing an adiabatic stirring term to the
mean density equation (Gent and McWilliams, 1990; Gent et al., 1995). This
mathematically represents the eddies counteracting the steepening isopycnals and

decreases the available potential energy. This subsection will proceed as follows:

1. a brief history and the contextual background of the Gent-McWilliams pa-

rameterisation scheme (GM);
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2. a two-dimensional mathematical overview of GM; and
3. adiscussion on some benefits and known deficiencies of GM.

The original motivation behind GM was to improve upon the previous tech-
nique of diffusing tracers along isopycnal surfaces in order to incorporate some
effects of the mesoscale eddy field by instead parameterising the effects on an
adiabatic flow. Before Gent and McWilliams (1990) closure terms—such as for
potential temperature—were implemented by horizontal and vertical Laplacian dif-
fusion. Even so, it was already known that mixing occurs more strongly along—
rather than across—isopycnal surfaces. Hence, tracer diffusion ought to be oriented
along (Redi, 1982) and perpendicular to isopycnals. A mathematical interpreta-

tion of this was necessary.

GM preserves the following three properties of the adiabatic primitive equa-

tions:

1. the volume between any two isopycnals is conserved, subject to a suitable

choice of boundary conditions;

2. the domain average of tracers between any two isopycnals is conserved with

the appropriate boundary conditions;
3. the equation for passive tracers is satisfied identically by the density.

To accomplish this, GM parameterises the effects of baroclinic eddies by intro-
ducing an adiabatic stirring of the mean density in order to decrease the available
potential energy. Specifically, the effects of eddies are parameterised by the non-
conservative term: V - F, which appears in the thickness equation (in isopycnal

coordinates). That is,

oh
. TV (uhy) +V-F =0, (2.14)
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where h is depth, p is potential density, and £, is isopycnal layer thickness. This

can be reformulated as,

% + V- (uh,) = V- (kVh),. (2.15)

The « term comes from the choice of F. At the time of publication, x was referred
to as the "thickness diffusivity" whereas it is now better referred to as an eddy

transfer coefficient (and will be for the rest of this thesis).

More relevant to this thesis is the reformulation of GM in two dimensions
(Young, 2012; Gent et al., 1995). In Cartesian coordinates in two dimensions (the

zonally averaged Boussinesq case),

0
a_i + (umean + ueddy) : VP - 07 (216)

where the mean and eddying components of velocity have been separated. Eq.(2.16)
arises from thermodynamics in the purely adiabatic case. Additionally, this only
holds in idealised conditions (i.e., zero-diffusion and a linear equation of state).
The mean velocity is zonally averaged at constant height. The flow is non-divergent,

leading to mass conservation in the Boussinesq limit,

V- (umean + ueddy) =0, 2.17)

where

V  Wean = 0, (2.18)
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and

V- Ueddy = 0. (219)

Defining eddy streamfunctions is of particular interest. Applying GM (Gent et
al., 1995) leads to

oy = [ 52 ] [52] 220

where

(2.21)

o aweddy a1/)60’/dy
ueddy_< 0z dy )

This means that there is an eddy induced overturning in which neutral surfaces are

flattened. In the eddy streamfunction, [g—;’] [52]7! can be interpreted physically as

the negative slope of the mean density surfaces.

The choice of « is an active area of research. However, GM has its short-
comings, often linked to this choice of . As stipulated by GM, x can be spatially
varying, but it is often taken to be a constant over space and time. Standard GM
neglects the influence of eddy Reynolds stresses which results in generation of
strong recirculations around topography, and jet formation (Marshall et al., 2012).
Crucially, when a constant « is used, the ACC transport is excessively sensitive to

wind stress changes (Munday et al., 2013; Mak et al., 2017).

2.2.2 GEOMETRIC

GEOMETRIC (Geometry and Energetics of Ocean Mesoscale Eddies and Their

Rectified Impact on Climate) is a framework for parameterising eddies to better
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represent oceanic eddy-mean flow in climate models while conserving momentum
and satisfying energetic constraints (Marshall et al., 2012). GEOMETRIC works
by preserving conservation laws in the unaveraged equations of motion by the use
of closures to preserve tensor properties and symmetries of the eddy flux tensor.

There are two fundamental elements in GEOMETRIC:

1. eddy mean flow interaction is represented through an eddy stress tensor that

can be bounded by total eddy energy;

2. there is a consistent solution to the eddy energy equation for both parame-

terised and resolved processes.

In the simple case when lateral Reynolds stresses are neglected and eddy

buoyancy fluxes are closed, GEOMETRIC defines the GM eddy transfer coeffi-

cient as
N
K= OéEW, (2.22)
where F is total (kinetic and potential) eddy energy, N = (g—z)l/ 2 is the vertical

buoyancy frequency, and M? = ’V Hl_)‘ is the horizontal buoyancy frequency. The
overline indicates a time mean over many mesoscale eddy turnover times at fixed
height in coarse resolution. The dimensionless parameter, |«| < 1, is the GEO-
METRIC eddy efficiency parameter. More specifically, & measures the relative
magnitudes of the eddy buoyancy fluxes to the eddy kinetic and eddy potential
energy (Bachman et al., 2017). This means, however, that if the eddy energy
and stratification is known, the only quantity left to define is a dimensionless and
bounded parameter. In practice, the choice of « acts to tune the parameterisation.
GEOMETRIC has resulted in emergent eddy saturation in ACC-like models (Mak
et al., 2017; Marshall et al., 2017; Mak et al., 2018).

An eddy energy budget is formulated in order to satisfy element (2) of GE-
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OMETRIC. This energy budget is chosen to vary in both space and time. The
following depth integrated eddy energy budget is given in Mak et al. (2018),

gt Edz+Vy-[(ti—|c|e, /Edz //@— dz— /Edzmvz/Edz,
(2.23)

where u is depth-averaged flow, c is the baroclinic Rossby phase speed which
varies with latitude, e, is the longitudinal unit vector, and 7 is the Laplacian dif-
fusion coefficient of depth-integrated eddy energy. From left to right on the right
hand side, the terms represent the following: source, dissipation, and diffusion
of eddy energy; the second term on the left hand side represents the advection
of eddy energy. Dynamically, Eqs.(2.16) to (2.21) still hold for GEOMETRIC.
Likewise, Eq.(2.23) is applicable to standard GM.

2.3 Modelling eddy saturation

This section describes how eddy saturation is modelled and hypothesised mecha-
nisms behind it. Two high resolution models are first put forth and discussed. Both
of these lead to eddy saturation, but the models differ in configuration and analy-
sis. Firstly, Munday et al. (2013) show eddy saturation at equilibrated timescales
at high resolution. Secondly, Constantinou and Hogg (2019) detail a multi-layer
channel model used to investigate different dynamical perspectives of eddy satura-
tion. Thirdly, Mak et al. (2017) and Mak et al. (2018) both employ GEOMETRIC

to reach emergent eddy saturation, but in two- and three-dimensions, respectively.

Munday et al. (2013) show equilibrated eddy saturation in sufficiently high
resolution ACC-like models. Munday et al. (2013) analyse a narrow sector model
in MITgem forced by a sinusoidal steady (in latitude) wind stress profile with

surface buoyancy restoring conditions. The longitude spans from 60°S to 60°N
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and the domain is 20° wide. This domain is on the longer side to allow repre-
sentation of overturning circulation. This is necessary for the inclusion of eddy
compensation. Hence, the model domain’s narrow East-West width is dictated by
computational expense in order to balance out the meridional extent. The narrow
domain additionally allows this configuration to reach equilibrium faster, which is
advantageous since eddy saturation is investigated at equilibrium. This model has
mostly flat bathymetry, with the exception of a one grid-cell half-depth ridge ap-
pended to the circumpolar channel in order to ensure that the surface wind stress is
balanced by bottom form stress via interfacial form stress. The Gent-McWilliams
parameterisation is used for all grid resolutions investigated (2°,1/2°, and 1/6°).
For coarse resolution (2°), GM is used to parameterise the entire eddy field. At
finer resolutions, GM is used for eddy closure. The eddy transfer coefficient, x,
is chosen to decrease with resolution. This ensures that in comparison with the

meridional heat transport, GM’s contribution is small.

The key result of this work shows that there is eddy saturation at high res-
olutions and wind sensitivity at low resolutions when the Gent-McWilliams pa-
rameterisation (GM) is used. This parameterisation is detailed in Section 2.2.1.
At low resolution, GM is used purely to parameterise the eddy field, and trans-
port grows with wind stress magnitude. At higher resolutions (1/2° and 1/6°), the
model shows a high degree of eddy saturation. However, as wind stress magnitude
increases, so does the variability in transport, supporting the idea that extra energy
from wind work is transferred into variability rather than to the mean flow. This
further emphasises that this extra wind work goes towards increasing eddy energy
rather than increasing equilibrium transport (Marshall et al., 2017). These exper-
iments are run for model years on the order of centuries to millennia in order to
reach thermodynamic equilibrium. In this case, eddy saturation is only discussed

for the equilibrated state.
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Alternatively, some work suggests that eddy saturation is not just a con-
sequence of baroclinic instability, but also a consequence of feedbacks between
transient eddies and the mean flow (Constantinou and Hogg, 2019). Constantinou
and Hogg (2019) use a high resolution zonal re-entrant channel with several Gaus-
sian ridges at 4 km grid resolution. Parameters are typical for the Southern Ocean,
and a steady eastward wind stress forces the model. The primitive equations are
solved in isopycnal coordinates and the Boussinesq approximation is used. The
wind stress magnitude and number of vertical layers is varied. Wind stress spans
four orders of magnitude, O(1073) N/m? to O(10') N/m?. Barotropic and baro-
clinic dynamics are separated by varying the number of vertical layers in calcula-
tions. When n = 1 layer is used, the system only exhibits barotropic dynamics.
When 2 < n < 4 layers are used, the dynamics are combined barotropic and baro-
clinic; as the dynamics are qualitatively similar for each baroclinic case, n = 2 is
used in analysis. Therefore, this experimental set up allows for separation between

the two dynamical regimes by design.

The model is run to equilibrium as determined by kinetic and potential en-
ergy. For the purely barotropic case, this takes about 5 years, and for the baroclinic
case, this can take up to 500 years (when wind stress is extremely weak). For ex-
tremely weak wind forcing (7, < 0.02 N/m?), barotropic transport increases lin-
early with wind stress. At intermediate wind stress (0.05 N/m? < 7, < 6.0 N/m?)
transient eddy generation is responsible for the relative wind stress insensitivity,
even in the barotropic case. Finally, at high winds (7.0 N/m? < 7,), barotropic
transport scales with the square root of wind stress magnitude. In the baro-
clinic case, transport is relatively insensitive, if not negatively correlated, to wind
stress magnitude for 7, < 0.5 N/ m?, which is similar to the results from Mak et
al. (2018). For high wind stress (1.0 N/m? < 7,), baroclinic transport also follows

the square root of wind stress magnitude, like in the barotropic case. When more
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realistic wind stress magnitudes are prescribed, both the barotropic and baroclinic
setups are eddying in the equilibrated state. The barotropic case is steered by

topography whereas the baroclinic case shows an imprint of the bathymetry.

The results from both cases suggest that eddy saturation is not just con-
trolled by baroclinic mechanisms. In both the barotropic and baroclinic configu-
rations, the bathymetry greatly influences the mesoscale eddy field. This in turn
prevents transport from growing with wind stress magnitude, as a pathway for to-
pographic form stress to counter surface wind stress is evidently available. While
this can be attributed to baroclinic instability in the multi-layer case, this is fully
attributed to topographic interaction in the barotropic case. This suggests that
eddy saturation may occur on different timescales, but from different physical
processes. It is worth noting however, that the use of a fully barotropic model
for comparison with a barotropic-baroclinic model is unorthodox, as in a fully
barotropic setup there are no baroclinic eddies. Mixed barotropic-baroclinic dy-
namics have been studied in other works, such as in Youngs et al. (2019). It is
hypothesised that the ACC may exhibit mixed instability. In particular, mixed
barotropic-baroclinic instability may play a central role in potential and kinetic

energy conversion.

2.3.1 Modelling with GEOMETRIC

Much of the work in this thesis follows on from Mak et al. (2017) and Mak et
al. (2018). In these papers, GEOMETRIC is implemented in idealised ACC-
like configurations. Both of these works are now summarised in chronologi-
cal order of publication. In the former, several different parameterisation meth-

ods are implemented in a two-dimensional model in y and z, where (y,z) €

([0 km, 2000 km] x [—3 km, 0 km]). The domain is forced by a steady sinu-
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soidal wind stress, with a bottom form stress of equal and opposite magnitude to
the surface stress to represent the effects of bottom topography. Four parameteri-
sation methods are used with different definitions of the eddy transfer coefficient.
Here we discuss the results of standard GM and GEOMETRIC. In experiments,
peak wind stress and eddy energy dissipation (\) are varied following spin up to
steady state. As expected, when standard GM is used, thermal wind transport is
sensitive to wind stress. When « is defined by GEOMETRIC, transport has low
sensitivity to peak wind stress. It is shown that x decreases with A, as eddy energy

dissipation scales with A, and x scales with eddy energy.

Mak et al. (2018) continue to use GEOMETRIC to investigate eddy satu-
ration in an ACC-like configuration, only this time in three spatial dimensions.
Here, constant £ (GM-like) and GEOMETRIC are compared to an eddying ref-
erence case. GEOMETRIC is used in two different ways, locally and integrated
(GEOMj,. and GEOM;,; respectively). As the name suggests, GEOM;,; uses the

domain-integrated eddy energy budget. This leads to the eddy transfer coefficient,

[I] E dz dz dy

T (M2/N) dz dz dy’ (2.24)

Kint(t) =

which can vary in time but is spatially constant, similar to the first experiment set
in Mak et al. (2017). GEOM,,. is depth-integrated, allowing it to spatially vary
in the horizontal while remaining constrained in the vertical. The eddy transfer

coefficient is given by

Edz
liloc(t7$7yv ) fS fM2/N

S(2), (2.25)

where S(z) is a prescribed and dimensionless structure function.

Calculations are for a channel that is 4000 km long, 2000 km wide, and
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has a maximum depth of 3000 m. The channel contains a ridge with a maximum
height of 1500 m to allow for topographic form stress. After running calculations
to equilibration, transport decreases with increased wind stress in the eddying and
GEOMETRIC cases. While this is not eddy saturation, it is notable that GEO-
METRIC follows the behaviour of the eddying calculations. In this configuration,
the thermocline shallows with increasing winds. However, this may be an artefact
of the high vertical diffusivity imposed at the northern boundary. In the sector
model, this inverse relationship is absent. In comparison with the constant eddy
transfer coefficient calculations (standard GM), the eddying and GEOMETRIC
calculations are much closer to eddy saturated. Furthermore, when constant « is
used, transport increases with wind stress magnitude as expected. In all these cal-
culations however, it is stated that thermal wind transport composes most of the
total transport. Hence, eddy saturation is assumed to be controlled by baroclinic

instability, and no prediction is made for (barotropic) bottom or total transport.

Therefore, in Mak et al. (2017) and Mak et al. (2018), eddy saturation is
discussed for long timescales, just as it is in Munday et al. (2013). Here, eddy
saturation is the product of baroclinic instability inducing isopycnal slumping,
which is countered by eddy-induced stirring. Due to this mechanism, it is not
surprising that eddy saturation is only discussed in the long term, as this physics

is most relevant to equilibrated thermal wind transport.

As mentioned, there is a discrepancy between standard GM and eddy re-
solving models when it comes to modelling the response of the Southern Ocean
to different wind stresses. In particular, coarse-resolution models employing GM
exhibit a higher degree of sensitivity to wind stress than eddying models and (to
some extent) observational data. However, in models applicable to the Southern
Ocean, GEOMETRIC is far more insensitive to changes in surface wind stress.

In other words, GM does not lead to eddy saturation, whereas GEOMETRIC and
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eddy resolving models suggest eddy saturation in the Southern Ocean.

2.4 Conclusions

This chapter provided a condensed overview of the Southern Ocean and ACC
dynamics. Eddy saturation and its representation in high and low resolution mod-
els was discussed, with a particular selection of sources and methods reviewed
in detail. The rest of this thesis focuses on circumpolar adjustment on vari-
ous timescales in the context of eddy saturation. As discussed, eddy satura-
tion is the insensitivity of thermal wind transport to wind stress on equilibrated
timescales. However, many sources describe eddy saturation-like behaviour on
transient timescales. This thesis attempts to reconcile transient and equilibrated
eddy saturation through the investigation of a hierarchy of circumpolar channel
models. The use of a hierarchy of models is advantageous in discerning the rel-
evant physical mechanisms to circumpolar adjustment on different timescales, as
well as model dimension and resolution. It is hoped that the findings will have
some applicability to the Antarctic Circumpolar Current in more realistic models

and in the ocean.
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3| Models and methodology

This thesis focuses on numerical results from ACC-like configurations in multiple
dimensions. Models in three-dimensions are configured using the Massachusetts
Institute of Technology general circulation model (MITgcm) (Marshall, Adcroft,
et al., 1997; Marshall, Hill, et al., 1997). Certain diagnostics and mathematical
techniques are readily used throughout this thesis, both with and without outputs
of MITgcm. The following chapter provides a brief overview of MITgcm, detailed
definitions of frequently used diagnostics, and a summary of any non-obvious

mathematical techniques.

3.1 MITgem

MITgcm is a model rooted in the incompressible Navier-Stokes equations (Mar-
shall, Adcroft, et al., 1997; Marshall, Hill, et al., 1997). This model is used for
both ocean and atmosphere calculations from large to small scales. To accom-
modate an array of scales, MITgcm can include a non-hydrostatic term as well as
capture mixing processes. This model also uses finite volume method represen-
tations of topography, allowing for detailed dynamical topographic interactions.
MITgcem is used widely and regularly in both oceanic and atmospheric studies.
This software is highly portable and can run on a vast array of computational plat-
forms. For example, simple models can run on the Author’s Lenovo ThinkPad
and more computationally expensive models are run on ARCHER?2. This thesis
uses MITgem to configure ACC-like models. In Chapter 6, circumpolar channel
models with topographic obstructions are used to represent the ACC. Bathymetry
is easily incorporated into the model, and more realistic configurations are also

possible (although beyond the scope of this thesis).
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3.1.1 Circumpolar channel model configuration

MITgcm is used to simulate an eddy parameterised and an eddy resolving three-
dimensional circumpolar channel. These configurations simulate wind forced
flow through a channel with bathymetry. By choosing the appropriate parame-
ters and making configuration choices, these models crudely mimic the ACC. The

details of the configurations are discussed below.

The model domain is 2000 km wide and 6000 km long with a maximal

depth of Hy = 5000 m. A submerged ridge is centred in the domain and defined
h = hgcos(2mx/N,)* — Hy where x € [N, /4,3N, /4] (3.1)

where hy = 1500 m and /N, is the number of grid points over the whole domain
in the z-direction. In the eddying configuration, /N, = 600 and in the eddy pa-
rameterising configuration, N, = 60. The eddy resolving configuration is high
resolution, with zonal grid size of 10 km which is about 1/10° in this region. The
eddy parameterised configuration is coarser (about 1° in this region) with zonal
grid size of 100 km. In both models, the grid is Cartesian and the Coriolis param-

eter f is defined
fy) = fo+ By. (3.2)

In the Southern Hemisphere, f is negative; in these configurations, fo = —1.363x
107 s71 and B = 1.47 x 107" s7'm~!. A linear equation of state is used
where density only depends on temperature with thermal expansion coefficient

2 x 10~* K. There is no sea ice present.

In both configurations there are thirty unevenly spaced vertical levels. From

the surface to sea floor these layers increase with depth from 10 m at the surface
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to 421.5 m at the bottom'. There is no rigid lid and the implicit free surface
option is turned on. The boundary conditions at depth are no-slip, and at the walls
the boundary conditions are free-slip. The advection scheme is a seventh order

one-step method.

The eddy parameterised configuration uses GEOMETRIC. GEOMETRIC
is implemented within the GM/Redi package in MITgcm (Mak et al., 2018).
This package is used to compute the eddy transfer coefficient, x, and the param-
eterised eddy energy. The eddy transfer coefficient is capped from above and
below by K4 and k., respectively to prevent unstably large eddy-induced ve-
locities and ensure a minimal level of parameterised eddy activity; specifically
Kmin = 50 m?/s and K,,q, = 10000 m?/s. Other parameter choices are discussed

in detail in Chapter 6.

3.2 Diagnostics

Throughout this thesis, there are some frequently used diagnostics. This section
defines and discusses these diagnostics. The total Antarctic Circumpolar Trans-

port is given by

Tacc(t) = //ux(t, y,z) dydz, (3.3)

where u, is the zonal velocity value taken at a single longitude. This longitude is
chosen to be furthest away from the ridge at z = 6000 km for this thesis. In other
studies, transport is often time and/or zonally averaged. In this thesis, transport

is not time averaged in order to study the transient response. By conservation of

'The exact vertical spacing is: Az = 10,11.4,12.9,14.7,16.7,19, 36.8,41.5,47.3,53.8,
61.2,69.6,79.1,90,102.4,116.5,132.5,150.7,171.4, 195, 221.8, 252.3, 287, 326.5, 372.4,
421.5,421.5,421.5,421.5,421.5 m.
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mass, zonal averaging is not necessary and is not used. Total ACC transport is
broken down into the bottom and thermal wind (arising from thermal wind shear)
transports (Munday et al., 2015). Velocity is computed at the cell centres, hence
bottom transport is computed using the velocity one half grid point from the base,

so that
Ty(t) = / up(t, y)dydz (3.4)

where uy(t) = wu(t,x,y, —H + Az,/2) is flow at the one half grid point, Az,
(approximately 210 m), from the base, and H is the depth. Like in total transport,
the zonal velocity is taken at the same single longitude, although it is noted that
bottom transport is not independent of longitude. In words, this is the bottom
flow integrated through the full column of water. This diagnostic is particularly
relevant to barotropic dynamics. Thermal wind transport is defined here as the

difference between total and bottom transport, so that

Tiw(t) = Tacc(t) — Tu(t),

(3.5)
// ug(t,y, 2 ub(t,y)> dydz.

Thermal wind transport is usually the transport referred to in the context of eddy

saturation.

The area-averaged depth integrated kinetic energy is defined as

K(t) =

LI, /KE(t,x,y,z) dzdydz, (3.6)

where KE is the kinetic energy density. This diagnostic is used in the eddy pa-
rameterising and eddy resolving configurations in Chapter 6. This quantity is
volume integrated kinetic energy divided by the area. K (t) is referred to as depth

integrated kinetic energy.
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3.3 Frequency analysis

Any physical signal in time (or space) can be decomposed into a spectrum of fre-
quencies. Frequency analysis is used to predict and detect periodic trends and
underlying processes which may not be obvious from only analysing the time se-
ries. This approach is used widely across many fields. Musical notes for example,
can be broken down into pitch and timbre, both of which are easily determined
through frequency analysis. On the other hand, oceanic tides can be shown to
respond to astronomical forcing with frequency analysis. Broadly speaking, fre-
quency analysis is a tool used to explain how a system responds to external forces

(Boashash, 2016).

The Fourier transform decomposes a time-domain signal into complex si-
nusoids. At each frequency, the magnitude gives the amplitude of the complex
sinusoid at the associated frequency. The phase shift can also be computed for
each frequency. Letting z(¢) be a signal in the time domain, the Fourier transform

18 defined:
z(w) :/ e “y(t)dt, (3.7)

where w is the temporal frequency. When plotted against frequency, the magni-
tude peaks of the Fourier transform indicate dominant frequencies. For example,
a cosine with a period of 1 second will have a magnitude peak at 1Hz. Further-
more, the magnitude will be zero for frequencies that are not present in the signal.
In bulk diagnostics, it is expected that strong peaks coincide with the forcing fre-

quency.
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3.3.1 The response function

In subsequent chapters of this thesis, wind stress magnitude oscillations are treated
as an external force applied to a system. Resulting diagnostics are therefore a re-
sponse to the force. Response theory is used in order to fully characterise these
systems (Blundell and Blundell, 2010). Response theory answers the overarch-
ing question: how does a system react to external influences? In a circumpolar
channel model: how do transport and energy respond to surface wind stress oscil-

lations?

In linear response theory, it is assumed that the force is a small perturbation
away from the original system and the responses are assumed linear. To put this in
equations, let a force, f(t), which oscillates over time, be applied to the system.

Then, the spatially average value of the responding diagnostic is defined by

< 2(t) >= / Tt = O far. (3.8)

—00

The response function is represented by x(¢ — ¢’). As the past does not change,
x(t —t') = 0fort < t'. For this to be practically useful, the Fourier transform

along with the convolution theorem is applied so that:
< #(w) > = X(w)f(w). (3.9)
We solve for x(w), which is complex and has the form,

X(w) = Rex(w) + ilmy(w). (3.10)

To compute the response function, we use the fast Fourier transform (FFT).
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For bulk diagnostic D(t), this is practically defined

FFT[D(t)]

~ FFT[rm(t)] -11)

X(w)
The denominator, 7,,(t) gives the maximum wind stress value for a given time.
After analysing the results of a set of experiments, it is then straightforward to

take the magnitude and phase of this complex value to form a response curve.

3.3.1.1 Example: The damped harmonic oscillator

To best illustrate the response function a pedological example is given (Blundell
and Blundell, 2010). Consider the damped harmonic oscillatory with an external

driving force, f(t). This satisfies the equation of motion,
B(t) + ni(t) + wiz(t) = f(1), (3.12)

where w? is the resonant frequency and 7 is the damping. Applying the Fourier

transform of the linear response function (x(w) = %) yields

1

v(w) = 3.13

which is composed of a real and imaginary components. The magnitude of the re-
sponse function is computed by taking the amplitude of the complex y. The phase
shift is computed by arctan(Imy/Rey), which gives the relationship between the
phase of the output and input signals. "Resonance" occurs when w = wy; at this
frequency, the response function is at a maximum and the external forcing matches

the system’s natural frequency.
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3.3.1.2 Previous methodology

The frequency analysis used in this thesis builds on work completed in Sinha and
Abernathey (2016). Their work focuses on forcing timescales in the Southern
Ocean and their relationship to eddy saturation. To characterise the response of
the system to oscillatory forcing, they use what they term "composite analysis" in
order to compute the gain (referred to as "response magnitude" in this thesis) and
phase angle of diagnostics against oscillatory wind stress. The gain is defined as
the root-mean-square of the diagnostic. To accomplish this, the composite aver-
age is first computed by averaging together the diagnostics from each cycle and
subtracting the mean. The composite average is useful in seeing the average be-
haviour of a diagnostic across one cycle, although one must be aware that this can
hide non-linear responses in the system. Unlike the response magnitude deter-
mined through Fourier transforms, the gain is always real. This however means

that the phase cannot be determined from the gain.

This thesis uses an improved method of determining phase. To determine
phase, Sinha and Abernathey (2016) use lag correlation analysis. The lag correla-
tion is computed for each cycle of data (minus the mean of the entire diagnostic)
against the corresponding wind stress, which completes one full cycle over this pe-
riod. Each lag correlation is converted into phase and then arithmetically averaged
together, forming the phase for each oscillation experiment. However, the space
of phase shifts is not a vector space, as it is periodic and hence, there is no way to
define an arithmetic average. To illustrate this, consider two phase values, —7 and
7 — 1 x 1071, Correctly averaging these phases should yield approximately 7,
not approximately 0. It is clear from this simple example that arithmetically aver-
aging the phase can give misleading results. Therefore, this method is not used in

this thesis. Instead, phase is taken directly from the complex response function.
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This method can work for some specific cases. For instance, given a forcing sig-
nal that oscillates with period P and a regular diagnostic that lags the forcing by a
single timestep, this method will return a true result. Nevertheless, this is more by
chance rather than rigour. It is important to note that while lag correlation analysis
is not the correct approach for response functions, it is a useful method in the time
domain when comparing periodic diagnostics over many cycles (Baldocchi and

Meyers, 1988; Qiu et al., 2014).
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4| A dynamical system of eddy saturation across

timescales

Eddy resolving models of the Southern Ocean suggest that this region is eddy sat-
urated. That is, thermal wind transport in high resolution models is insensitive
to changes in the mean surface wind stress magnitude. Eddy saturation is not a
feature of all models, as many eddy parameterised models do not lead to transport
insensitivity. One such parameterisation scheme that often fails to capture eddy
saturation is the Gent-McWilliams scheme (GM) (Gent and McWilliams, 1990;
Gent et al., 1995). This scheme represents the response of the mesoscale eddy
field through an eddy induced overturning in order to oppose the source of baro-
clinic instability—the steepening density gradients. Building from GM, the GEO-
METRIC parameterisation scheme does however result in eddy saturation for the
zonally averaged and three-dimensional cases (Mak et al., 2017; Mak et al., 2018).

These parameterisation schemes are discussed in greater detail in Chapter 2.

Most of the literature on eddy saturation focuses on the equilibrated trans-
port sensitivity to changes in the mean surface wind. However, the response of
the ACC to time varying wind fluctuations on top of the mean surface wind stress
may be important in fully understanding eddy saturation. Eddy saturation on equi-
librated timescales is controlled by baroclinic processes. Barotropic processes,
which operate on faster timescales than baroclinic processes, are usually not con-
sidered in the context of equilibrated eddy saturation. It is not clear if these faster
processes play a role in transient and equilibrated eddy saturation or the adjust-

ment of the ACC, hence they cannot safely be ignored.

Reduced-order simple models can be crucial in understanding key processes

in a system, especially when time evolution is of interest. In Ambaum and No-
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vak (2014), a two-variable reduced order model is put forth to describe atmo-
spheric storm track variability. This model describes the interaction of baroclin-
icity and baroclinic eddies, which results in a non-linear oscillator. This oscil-
latory behaviour is rooted in the conflicting relationship between the growth of
baroclinicity and the growth of the mesoscale eddy field. Analysis then yields a
timescale for eddy growth. This model has dynamically similar mechanisms to
GEOMETRIC models (e.g., Mak et al. (2017), Marshall et al. (2017), Maddison
et al. (2023)). It is therefore reasonable to expect inherent oscillations in reduced
order GEOMETRIC models with fluctuating wind stress. Like atmospheric storm
tracks, eddy saturation in the ACC is also the consequence of a precarious balance
between the source of eddy energy and mesoscale eddying. The application of a

fluctuating wind stress may upset this balance, causing oscillations.

This chapter extends the model described in Maddison et al. (2023). This
model is a simple dynamical system that captures the key elements of equilibrated
eddy saturation as described in Marshall et al. (2017). Close attention is paid to
the Antarctic Circumpolar Current transport and eddy energetics in an oscillatory
forced experimental setup. This model uses the GEOMETRIC form of the Gent-
McWilliams eddy parameterisation with an integrated eddy energy budget. To
extend this model, a time-dependent oscillatory wind stress is imposed on the
system. This is briefly introduced within Maddison et al. (2023), but this chapter
provides further details and background of the findings. Finally, the stratification
is generalised and compared to the assumed linear stratification profile originally
put forth in this model. Original work contributed to Maddison et al. (2023) by
Maurer-Song is put forth in Sections 4.2 and 4.4. This contribution focussed on

the addition of a time-dependent wind stress forcing and subsequent analysis.
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4.1 Summary of the time-independent wind stress
model

The following describes the dynamical framework of Maddison et al. (2023) and
its key results when time-independent wind forcing is applied. This models a
zonally periodic channel, (y, z) € [0, L,| x[—H, 0], with a linearly varying density

profile in z and y (up to the addition of a constant) :

p(y, 2,t) = ——=m(t)y — =N;z. 4.1)

Here pg is constant background reference density, g is the gravitational accelera-
tion magnitude, and NN, is the buoyancy frequency, all assumed to be constants.
Thermal wind balance on an f—plane leads to the following equation for mean

thermal wind transport, where mean refers to averaging in space:

T(t) = —%LyH2i0m(t), (4.2)

where fj is the Coriolis parameter and thermal wind transport is solely a function

of time (t). Rewriting Eq.(4.1) in terms of thermal wind transport leads to

L fopo J
t) = 2————9yT'(t) — —Njz. 4.3

In this framework, zero flow is assumed at the base. To determine an equation for
mean transport over time, the mean density equation in this channel is considered:
dp

il a% ((vmean + Ueddy)ﬂ) + % ((wmean + weddy)ﬂ) =0. (44
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This is then multiplied by gy and integrated, leading to

d Ly 0 Ly 0
a / / Py dZdy = / / (Umean + Ueddy)pg dZdy7 (45)
o J-m o J-m

where no-normal-flow boundary conditions are assumed. For the density profile
given by Eq.(4.3),

2 L2 dr

d Ly 0
pr / pgy dzdy = gﬁfopog- (4.6)
0 —H

The planetary geostrophic mean zonal momentum equation states that
_fOUmean =IF - Da 4.7)

where F'is mean zonal momentum forcing and D is dissipation. It is assumed that
the surface wind stress forcing is balanced by a bottom form stress of opposite but

equal magnitude at depth. Therefore,

Ly 0 L-U 0
] ttmanp sty =2 [ [ o) e+ ) ey, 49
0 —-H Po Jo —-H

where 7y is the surface wind stress forcing. Applying the density profile (Eq.(4.3)
gives

Ly 0 N2
/ / Umeanpg dzdy = L, H =" (4.9)
o Jom Jo

The eddy-induced transport velocity is reformulated in terms of the eddy transport

streamfunction () so that

0
Veddy = 8_15 ) (4 10)
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which leads to

Ly 0 Ly 0 aw
/ / Veddypg dzdy = / / .79 dzdy, (4.11)
0 -H 0 g 0%

Ly [0
= —g/ w@dydz. (4.12)
0 _g 0z

Boundary conditions are applied so that ) = 0 on boundaries. Gent-McWilliams
is used to define the eddy transport streamfunction (Gent and McWilliams, 1990;
Gent et al., 1995),

Op (@)_1. 4.13)

Y= FﬂGMa—y 92

For the mean density profile (4.3) and assuming that k), 1s spatially constant,

Ly 0 1
/ / Veddypg dzdy = —QﬁfopoﬁGMT- 4.14)
o J-m

Putting these components together leads to an equation for the mean thermal wind
transport:

————— — keonT. 4.15
it T 2L, f2p  CL2ieM “-15)

This gives a model for mean transport as parameterised by standard Gent-McWilliams
if kg 1s set to a constant value. If this was the completed model, there would
be no eddy saturation. If constant x;,; were used, then the steady-state transport
scales with wind stress (Munday et al., 2013). It is noted that Eq.(4.15) follows
on from Gnanadesikan (1999), which models Southern Ocean pycnocline depth
(h) through flux balance. This model is also time dependent, but does not re-
sult in depth insensitivity to wind stress due to the representation of the eddying

contributions.

In order to obtain a model for eddy saturation, Eq.(4.15) must use the refor-

mulated k¢ as defined in GEOMETRIC. GEOMETRIC defines the eddy trans-
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fer coefficient,

N,
Ko :aE_O, (4.16)
m

where || < 1is a constant and m is set by the magnitude of the horizontal density

gradient. In this framework,

(4.17)

In order to model southern hemispheric conditions, it is assumed that f is nega-
tive. It is also assumed that f,7'(¢) is negative. Were this term assumed positive,
this would permit thermal wind reversal with baroclinic stability. Using integrated
eddy energy (£ = fOLy i E 1 PoE dzdy), the eddy transfer coefficient can be rewrit-
ten as

= ——aq— 0= 4.18
M Y L Fopo T (*+18)

GEOMETRIC provides a depth-integrated total eddy energy budget (Mak et al., 2017).

With further simplifications made for this model, this is given by

d€ Ly 0 dp\2 /0p\ 1!
= - —L:B/O /H o <8_y> <$> dedy — AE+ A&, (4.19)

where & is the background eddy energy and A is the eddy energy dissipation rate.

Putting together both the transport equation and the eddy energy budget

leads to a coupled system of ordinary differential equations:

dT 3 H?>NZrm Jo &

C_2Z oy Jo & 4.20
it~ 21, f2 [pg “No pOLmLyH}’ (4.20)
d€ 1

[ Zoa——T0p et &, 421
ol “IL,H? N, &+ 26 (*21)

With constant wind forcing in time and space, this system of equations has an
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oscillatory timescale that is inherent to the system. This is given by

2m 1, Jopo

PR L By A

PV e N (4.22)
2

Ww1D

where & is assumed to be 0. This is an inherent oscillatory timescale associated
with GEOMETRIC. For the chosen parameters shown in Table 4.1, this gives an
inherent oscillatory timescale of approximately 9.7 years, where one year is 360
days. It is not yet clear if this oscillation timescale has a real world equivalent, or

if it is purely associated with this parameterisation.

The dynamical system given in Eqs.(4.20) and (4.21) can be rewritten in
terms of mean thermal wind shear (S = T/ L H?) rather than transport. Assuming

&o = 0 for simplicity, this leads to

dS 31 N2rm fo &

T e N L) 423
y JO Lo 0 PoLigLiy

¢ fo

G = 20 ES A (4.24)

Using this form of the system allows for a clearer look at what sets the angular
frequency of oscillation, wyp. This frequency is the product of the mean shear
production and the eddy energy efficiency. The mean shear generation is due to
the wind stress, which forces Eulerian overturning, whereas the efficiency is for a

given eddy energy and the mean vertical shear:

31 N2 fi

2 0 ‘0 0

= I —202> . 4.25

o 2L e " No 2
N—_———

Mean shear production due to wind ~ Energy conversion efficiency

The timescale of oscillation varies inversely with the square roots of wind stress
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Parameter Value Description
L, 2000 km meridional length
H 3500 m depth
70 0.2 N/m? | surface wind stress magnitude
A 3x107® 1/s | eddy energy dissipation rate
fo —1.11 x 10~ Coriolis parameter
Po 1028 kg/m? reference density
« 0.1 eddy efficiency parameter
g 10 m/s? gravitational acceleration
Ny —30fy buoyancy frequency

Table 4.1: Model parameters in the dynamical system for ACC-like results.

(10) and «, and is independent of eddy energy dissipation, . Instead, the dissi-

pation sets transport magnitude in the steady state and is responsible for changing

mean thermal wind shear. Therefore, the oscillation timescale is set by the inter-

action between overturning mechanisms: wind driven Eulerian overturning and

eddy driven (baroclinic) overturning.

4.2 Oscillatory wind stress forcing

The constant wind stress, 7, is redefined to vary sinusoidally in time. This is

accomplished by replacing 75 with 79(1 + esin(27t/P)) where P is the period of

forcing and e sets the wind stress magnitude change. This is applied to the system

given by Eqs.(4.20) and (4.21):

it | g

d |T 0 2
0

H2No ___«
L

Y EPOLzLyH

—-A

3 H2 NG
S B S
£ —5im TE + A&
3¢ H? N 7
Nk o sin(27t/P)
0

(4.26)
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This system is the sum of linear, non-linear, and time-dependent components.

There are fixed points at

1 L,NoH? &
T Ly 42
=TT o0, <A Ag*)’ (4.27)
or _ _NoroHLyLy (4.28)
Oéfo

This system is solved in two different ways. First, the linearised solution is
found, which gives an explicit-albeit linearised—solution to the system. Next, the
system is solved numerically with the third-order Adams-Bashforth scheme. In
both case, ¢ = 0.1 (10% wind magnitude change) is used. This weak forcing is

used in order to maintain stability in the linearised solution.

4.2.1 The linearised solution

A reduced and simplified model is advantageous as it can be directly solved for
in its linearised form. Solving directly for 7'(¢) and £(t) in this form can further

explain how the linearised system responds to oscillatory surface forcing.

At the fixed point given by Eqs.(4.27) and (4.28), the corresponding lin-

earised system is

* 3 __ HNoa *
dt | g — g 2Lery “A—20f05] [E-¢&

The general solution is of the form

T —T*
= covoe™! 4 ¢yviettt, (4.30)

E-¢&F

where the eigenvalues (A1) and the eigenvectors (v ) are the eigenvalues and
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eigenvectors of the matrix in the linearised system, and ¢y and c; are constants.

The eigenvalues and eigenvectors are defined

hYe

_ k- 2
Ay S (—1)"iy /wip gy (4.31)
w2
1_2D
vp=| (4.32)
_Ak

for £ = 0,1. At this stage, the time dependent oscillatory changes have been
neglected. To include the time dependent forcing, the following particular solution
is proposed:
T,(t) Acos(2nt/P) + Bsin(2nt/P) + T* “4.33)
E(1) D cos(2nt/P) + Fsin(2nt/P) 4+ £* 7 .
where A, B, D, F' are constants solved for using the initial values for transport

and eddy energy.
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Linearised response function
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Figure 4.1: The response function for the linearised solution is shown. Magnitude
(top) and phase (bottom) are plotted for transport (left) and eddy energy (right).
There is a peak in both response magnitudes which coincides with a phase shift.
The thermal wind transport lags the wind forcing by /2 and the eddy energy
response is out of phase with the wind forcing for frequencies greater than w;p.
The thermal wind transport leads the wind forcing by 7/2 and the eddy energy
response is in phase with the wind forcing for frequencies less than w p.

Rather than explicitly solving the system in the time domain for a sample
of forcing frequencies, it is more useful to solve the system fully in the frequency
domain. The solution in the frequency domain is shown in Fig. 4.1. The response

magnitude is straightforward to compute when an explicit solution is attainable.
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The response function magnitude is computed from the particular solution,

T'response(w> =V A2 + BQ’ (434)
8resp0nse(w) =V D? + F27 (435)

where A, B, D, and F’ vary for different frequencies.

4.2.2 Adams-Bashforth method

The third-order Adams-Bashforth method is an explicit method prescribed by:

23 16 5}
Dn+3 = Dn+2 + At(ﬁf(thr% Dn+2) - Ef(thrla Dn+1) + Ef(tn; Dn))y
(4.36)
and
f(tn, Dy) = D... (4.37)

where Dy, is the diagnostic of interest (in this case, either transport or eddy en-
ergy), At is the chosen timestep, and ¢, is the time at iteration k (Butcher, 2016).
For numerical stability, At = 43200 s (equivalent to half a day) is used. As we
are interested in the behaviour when a time-varying wind stress is imposed on the
system, the fixed points of the homogeneous system are used as initial diagnostic
values for transport and eddy energy (as defined in Eqs.(4.28) and (4.27)). This is

equivalent to running the non-oscillatory wind stress model to equilibration.

Results in the time domain are shown in Fig. 4.2. This shows results for
when P = 1 year as an illustrative example. By inspection, both diagnostics os-
cillate at two different frequencies. In both, the higher frequency oscillation fol-
lows the forcing frequency. This is particularly clear in the transport time series,

where the high frequency oscillation is more significant. There is also evidence
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for a longer frequency of about 0.1 years™!

which is clear in both diagnostics.
Translating the time series to the frequency domain (not shown), it is clear that
this system oscillates at both 1 years~! and approximately % years~—! (which is
equivalent to wyp = t;5). Fig. 4.3 shows the same results for a P = 1 year
forcing, but with a low-pass filtered applied to frequencies greater than or equal

to 1 years™!

. This further highlights the lower frequency resonance inherent to
the system, as the diagnostics oscillate only about the decadal frequency. For all
forcing frequencies sufficiently far from the inherent oscillatory frequency of the
system, both diagnostics exhibit oscillations of both the forcing and resonant fre-
quency. When the system is forced with P ~ 9.7 years, the system approaches
resonant instability. This could be bypassed by solving the system for a suffi-

ciently long time or increasing the background eddy energy. However, this is not

necessary for the scope of this thesis.

B
112.0 Transport Integrated eddy energy

1115 42.380
111.0

42.375
110.5 A}
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c
110.0 —= 42.370
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time (years) time (years) T

Figure 4.2: The system is solved using Adams-Bashforth third order with an os-
cillatory forcing period of 1 year. Time series are shown for (a) transport (Sv) and
(b) integrated eddy energy (kg m?3/s?). A phase portrait plotting transport against
integrated eddy energy is shown in (c).

Fig. 4.3 also illustrates the cyclical behaviour of the system linked with
the growth and decay of baroclinicity. As baroclinic instability grows, there is

an initial growth in eddy energy. This growth further leads to large eddy form
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stress, which acts to reduce the transport. However, when shear is sufficiently
low, the flow returns to a state of baroclinic stability. This then eventually leads
to a decay in eddy energy. This behaviour cycles with the oscillatory wind stress

perturbation, and is reminiscent of Ambaum and Novak (2014).

Low-pass filtered

A B C
Transport Integrated eddy energ
42376 42376
110.6
42374 42374
110.4
42.372 42372
N ®
< z
110.2 42.370 = 42.370
110.0 42.368 42.368
42.366 42.366
0 10 20 30 40 0 10 20 30 40 110.0 110.2 110.4 110.6
time (years) time (years) T

Figure 4.3: A low-pass filter is applied to the data shown in Fig. 4.2. Thermal
wind transport and integrated eddy energy only oscillate at the decadal frequency,
which suggests an inherent oscillatory timescale associated with the system re-
gardless of the period of oscillatory wind forcing.

Instead of analysing discrete Fourier transforms for each perturbation fre-
quency, the response function is far more useful in this circumstance as it can fully
characterise the system. This is shown in Fig. 4.4 for transport and integrated
eddy energy. The transport and energy response magnitudes both have promi-

nent peaks at the resonant frequency of % years™!.

In the frequency domain,
the driven harmonic oscillator has a singular peak at the resonant frequency. It is
therefore concluded that when solved with this method, both transport and eddy
energy have response magnitudes that peak at the inherent GEOMETRIC oscilla-
tory timescale. A notable difference between the two responses is at low frequen-
cies. After peaking, the transport response rapidly decreases before equilibrating,

whereas the eddy energy response equilibrates without a dramatic decrease. The

phase also shifts at the resonant frequency.
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1D model: Adams-Bashforth method
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Figure 4.4: The response function magnitude (a,b) and phase (c,d) of transport
(left) and eddy energy (right) from the numerical solution. Again, peaks in the
magnitude of the response coincide with phase shifts. The thermal wind transport
lags the wind forcing by 7/2 and the eddy energy response is out of phase with
the wind forcing for frequencies greater than w,p. The thermal wind transport
leads the wind forcing by 7/2 and the eddy energy response is in phase with the
wind forcing for frequencies less than wyp.

Like in the linearised solution, the response for both transport and eddy
energy peaks at the approximate resonant frequency inherent to the system. The
linearised solution has sharper peaks, but this is due to the increased sampling

available in this system, as computing the linearised solution is computationally
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cheaper. The multistep method requires separate experiments to first run before
computing the response whereas the linearised system gives an expression for the

response at each frequency.

The phase of both diagnostics is consistent across methods. For w < wyp,
the transport response leads the wind forcing by 7/2 and the eddy energy response
is in phase with the forcing. This behaviour changes at the oscillation frequency,
as the transport response lags by 7/2 and eddy energy is 7 out of phase with the

forcing for w > wip.

The response function of the one-dimensional standard linear oscillator
peaks only at the resonant frequency. This response frequency peak depends only
on the steady state solution, whereas the general solution is a sum of the transient
solution. That is, the transient response is the response of the system to a change
from the steady state. The dynamical system’s solution takes the form of the stan-
dard linear oscillator. The response peaks lie at the resonant frequencies, and the

transient adjustment is encoded within the rest of the response curves.

4.3 Non-dimensionalisation

It is useful to non-dimensionalise the system given in Eqgs.(4.20) and (4.21) as
non-dimensionalisation can reveal characteristic properties of a system. It is par-

ticularly useful in showing key information about intrinsic resonance. Transport,
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eddy energy, and time are non-dimensionalised by:

1 L,NoH? _ -
T=—-22097 2T, (4.38)
2 afo
E=¢E¢, (4.39)
E = E*E,, (4.40)
1.
t=—t 4.41
b (4.41)
where £ is the aforementioned fixed point of eddy energy.
This leads to the non-dimensional form of Eqs.(4.20) and (4.21):
T 5
— =F(1-¢), (4.42)
€ - 4 .
©_FE-1)+&, (4.43)
dt
where F'is a non-dimensional parameter,
Fo o lfoml _wip (4.44)

—3a—-00_ _ XD
L2 fopo X X2

This is equivalent to the square of the non-dimensionalised angular frequency.

4.3.1 Hamiltonian form

The non-dimensionalised system given in Eqgs.(4.42) and (4.43) can be further

recast by letting M =1n€ and & = 0. This leads to the form:

dT -

— = F(1—¢eM), 4.45
di (1—e™) (4.45)
d—]\?zcﬁ—L (4.46)
dt
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This form is dynamically similar to Egs.(6) in Ambaum and Novak (2014). In
their model for baroclinic storm tracks, it is assumed that the eddy heat flux scales
with the square of eddy amplitude. GEOMETRIC adapts the standard GM coef-
ficient to scale with eddy energy, thus resulting in this similarity. This system can

be further transformed into the Hamiltonian,

H(T, M) = %(T — 124 F(eM — M —1). (4.47)

This is non-negative and vanishes only at the fixed point.

The Hamiltonian corroborates the growth-decay cycle inherent to this sys-
tem. Starting from low transport and low energy leads to a growth in transport as
the Eulerian overturning increases without much opposition from the eddy field.
However, at sufficiently high shear there is also sufficiently high baroclinicity for
the eddy energy to counteract the Eulerian overturning. This leads to an erosion of
the shear, which fuels the eddy energetics. This decrease in shear cannot sustain
sufficient baroclinicity for eddy energy generation, causing a drop in eddy energy
as a result of the drop in transport. This behaviour is illustrated in Fig. 4.5, which

shows the contours of the Hamiltonian.

Hamiltonian
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Figure 4.5: Hamiltonian for the system. Contours orbit anti-clockwise.
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4.4 A generalised density profile

Maddison et al. (2023) assumes linear stratification in both y and z, however,
this restrictive assumption is not applicable for more complex models. It is not
clear what effects altering this linear profile will have on the results, especially
in the frequency domain. In particular, the relationship between stratification and
the oscillatory timescale is of great interest. To accomplish this, a new density
profile is proposed. This profile allows for non-linear dependence on z. Using
this profile, a new system of equations is determined and non-dimensionalised.

An oscillatory timescale is computed and dynamical similarity is discussed.

4.4.1 General function of 2

Let density (up to the addition of a constant) vary for some function of z so that

L fopo
L,H? g

Py, 2,t) =2 yT(t) — %Nér(z% (4.48)

for some function 7(z) such that r(—H) = 0 and r(0) = 1. To allow & to vary in
the vertical, let

E —» EBS(2), (4.49)

where S(z) is a function such that |S(2)| < 1, |S(2)|max = 1 and S(z) i > 0. If
r were instead assumed spatially constant with a vertically varying stratification,
this would lead to a strong assumption for a vertical structure of £, which is best
avoided. Altering the energy budget in Mak et al. (2017) leads to (up to a constant

of background eddy energy)

% // ES(z)dydz = — // m% [Z—Z]z[%rdydz—A // ES(2)dydz. (4.50)
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Instead of defining « with integrated eddy energy (&), instead let

2
e = aps() Yo _aBS(z)NoL,H?

B 2T, >0

Substituting the redefined « into the eddy energy budget leads to,

d _ 2afTE dri-1
aE/S(z)dz - —NOTQLy/S(z) [%} dz—)\E/S(z)dz. (4.52)

Likewise, the eddying component of the transport equation is altered so that

dTuay 3 HN, /
_° E d 4.
I 2af0Ly S(z)dz, (4.53)

where Teqqy represents transport from eddy velocities. This leads to the following

system of equations:

dT 3 H N2y 3 HN, /
— =—— + -« E | S(z)dz, (4.54)
dt 2 Ly fgpo 2 fOLy ( )
d _ 2afTE dry-1
(4.55)
with fixed point (77, E*)
N[)TO 1
E* = — , 4.56)
OdfopofS(Z)dZ (
* d 2

B[Sz 20fy
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Non-dimensionalisation leads to the familiar equations,

— = R(l1-E), (4.58)

— = E(T —1) + Ej, (4.59)

for
NOTO % fS(Z)[%]_le
L2 fopo? H [ S(z)dz

Like before, this is the non-dimensionalised angular frequency, and should be
compared with F' from Eq.(4.44). It is clear that the new non-dimensional param-
eter is equivalent to F, = F' x X. In the simple linearly varying density case,
where S(z) = 1 for all z, ¥ = 1. For more complex profiles, 3 is a measure of
the scaled mean thickness between density levels. For example, a near surface in-
tensified vertical stratification will increase Y., which will decrease the oscillatory

timescale.

4.5 Conclusions

This chapter extended the reduced order model from Maddison et al. (2023). In
short, an oscillatory wind stress forcing was applied to this dynamical system and
analysed. Solutions were found in the frequency domain, allowing for this sys-
tem to be fully characterised. Two methods were used to solve this oscillatory
system—linearisation of the dynamical system and a multistep numerical method.
Both methods reassuringly result in the same conclusions. In the dynamical sys-
tem, transport and integrated eddy energy cyclically evolve due to the growth and
decay of baroclinicity. Baroclinically stable flow leads to transport growth. Ex-
cess growth results in baroclinic instability and eddy energy growth. This leads

to a reduction in transport, which in turn leads to a reduction in instability. Eddy
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energy decays with increased baroclinic stability, and the cycle repeats.

Most notably, the solution in the frequency domain peaked in magnitude
at wip = % years~—! and underwent prominent phase shifts. This resonant fre-
quency was also recovered in the system when forced with a steady wind, thus
indicating the existence of an oscillatory timescale associated with GEOMET-
RIC, at least in reduced order systems. For the sake of discussion, frequencies
higher than w;p are high and frequencies lower are low. At high frequencies,
eddy energy is 7 out of phase with forcing and transport lags by 7 /2. There is a
shift at wy p, at which eddy energy is in phase and transport leads by 7 /2 for low
frequencies. It is also evident that this qualitative behaviour is not a consequence
of the initial density profile. It is possible to change the oscillatory timescale, but

this would simply shift any behaviour in the frequency domain.

These results from a dynamical system lead to some obvious questions.
Primarily, it is unclear if this timescale of oscillation will persist in higher dimen-
sional models. In order to determine this, the same set of experiments will be
completed for a two-dimensional configuration in the next chapter. Additionally,
it 1s undetermined whether or not this inherent oscillatory response is a conse-
quence of using GEOMETRIC, or whether this is also present in higher dimen-
sional and higher resolution models. This is explored in Chapter 6. It is unlikely
for a dynamical system to perfectly capture the dynamics of the ACC. However,
this model is certainly a start in understanding the response to time-dependent and

oscillatory forcing.
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5| Two-dimensional model and the response

of oscillatory forcing

This chapter focuses on a two-dimensional model of transient and equilibrated
eddy saturation. This framework is based on Mak et al. (2017), which shows
emergent eddy saturation on equilibrated timescales when GEOMETRIC is used.
This model is extended by the inclusion of a time-dependent wind profile and
analysis in the frequency domain. This model was built from scratch in Python

3.6 by the Author as part of this thesis.

In two-dimensions, a zonally averaged channel model is used. This allows
for variability with depth and across latitude, in both the initial density profile
and any results computed over time. In Chapter 4, the oscillatory frequency was
analytically computed for an initial density profile which was a general function
of z. This result suggests that surface intensified stratification profiles, which are
often used to better replicate the real world—also lead to resonance, albeit with an
altered timescale. However, this result assumes that density is linear in y. In two-
dimensions, density (as well as the flow and energetics) can be general functions
of both y and z. This chapter will determine how this affects the resonance and

adjustment in this system.

This chapter contains the following: (1) the dynamical framework of the
zonally averaged model, (2) replication of pre-existing steady state results, and

(3) oscillatory wind stress experiments and results.
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5.1 Dynamical framework

In two-dimensions, we restrict our attention to the Boussinesq case, focusing
specifically on the mean density equation and eddy energy budget. The density

equation is given by

o+ 5 (e + 00a0)0) + 5 (W + wian)p) =0, i)

where total velocity (mean plus eddy, v,,;) satisfies incompressibility, V- v;,; = 0.

The eddy velocities are defined as

a *
Veddy = a—i, (5.2)
8 *
Weddy = —0—772, (5.3)
where " is the eddy streamfunction,
«_ [9p170p17
v =nlgl 5] 5.4

and « is the eddy transfer coefficient. This is the channel model version of the
Gent-McWilliams parameterisation scheme (Gent and McWilliams, 1990; Gent

et al., 1995). The mean velocities satisfy the f-plane steady state equations,

10

_fvmean = %&(Ts - Tb), (55)

and

avmean awmean

dy 0z

=0. (5.6)
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In Mak et al. (2017), the surface wind stress is defined

Ts(y,z=0) = %(1 — cos (22—5)), (5.7)

where 7 is peak wind stress magnitude. Bottom form stress is represented by 7.
This is applied across the bottom cells, and is meant to model topographic form
stress. This is chosen to exactly balance out the surface stress. To vary wind stress
over time, this spatially sinusoidal wind jet evolves sinusoidally over time. This

is implemented by first defining
A(t) = ergsin(2nt/ P), (5.8)

where ¢ is the amplitude change in wind stress magnitude and P is the forcing
period. A(t) is the magnitude change added to the steady wind stress. That is, in

order to vary the wind profile over time, Eq.(5.7) is replaced with

Ts(t,y,z =0) =

o+ Alt) [1 — cos (%—yﬂ (5.9)

2 L

Y

This stress linearly decreases to 0 across the upper 146 m of the domain. As
the bottom stress is chosen to exactly cancel out the surface wind stress, it is
also applied to the bottom 146 m in order to represent bottom form stress from
topographic barriers. This is equivalent to the top and bottom five cells of the

OTs

domain for this configuration. Further, e

is constant over the forcing layer.

The eddy energy budget is given by

d [0 [l 0 Ly pr4 0 rLy
—/ / Edydz:/ R—Qdydz—)\/ / Edydz, (5.10)
dt J_wJo -HJo N -HJo

where M and N are the horizontal and vertical buoyancy frequencies respectively
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given by

M? = % g—z , (5.11)
and

N? = —%%. (5.12)

In the eddy energy budget, the first term on the right hand side is the source term
and the second term is the dissipation of energy from topographic form stress.
The source term is a weighted integral of the eddy transfer coefficient as defined
by the GM scheme (Gent and McWilliams, 1990; Gent et al., 1995). This is a
conversion of parameterised eddy energy to mean energy. Conveniently, x can
be defined via GEOMETRIC or other parameterisations. Eddy energy sources
originate from instabilities in the ocean. Here, baroclinic instability is assumed to
be the primary source of eddy energy (Eady, 1949; Straub, 1993). GM represents
baroclinic instability through an eddy streamfunction that acts to flatten density
surfaces, leading to a loss of mean potential energy. In GEOMETRIC, the eddy

transfer coefficient depends linearly on the eddy energy.

Eddy energy dissipation is modelled with relative simplicity. In Eq.(5.10),
eddy energy dissipation is represented by the linear damping rate, A. In reality,
dissipation is complicated and is the amalgamation of different processes such
as bottom drag, lee wave radiation, and western boundary processes. Instead of
modelling the many processes, A parameterises all the physics involved in dissi-
pation (Mak et al., 2018). The energy budget comes from the zonally averaged
hydrostatic Boussinesq equations (Mak et al., 2017). Manipulating these equa-

tions leads to a budget for the eddy energy density, poE. Since py is a non-zero
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constant, this can be factored out of the budget as given in Eq.(5.10). However,
it is noted that the literature often refers to eddy energy density when referencing
eddy energy. Unless otherwise stated, this chapter is concerned with specific eddy
energy, rather than the eddy energy density (po£). When depth integrated eddy
energy is computed, this is the depth integrated specific eddy energy. For ease,

this is referred to as "depth integrated eddy energy".

These equations are first spatially discretised using finite difference meth-
ods and then numerically stepped forward in time with a linear multistep method
with a time step of At = 3 hours. This time step is generously small enough to
ensure numerical stability while avoiding the need to use a variable time step
method. Equations are stepped forward in time using the third-order Adams-
Bashforth method after discretising on a uniform Arakawa C-grid. This time
stepping method was also used with the dynamical system and is summarised
by Eq.(4.36). Density is defined on the cell centres and fluxes are defined on the
cell interfaces. Before any wind perturbations are applied, the model is integrated
in time until it reaches steady state. Due to the lack of surface buoyancy forcing,
at steady state, there is zero mean residual overturning. The initial density profile
is given by

p(y, z,t = 0) = py — be*/, (5.13)

where py = 1028 kg/m?, b = 0.6 kg/m?, and ¢ = 750 m. To prevent blow-up the
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following bounds are imposed:

Kmax = 10000 m? /s, (5.14)
Kmin = 50 m?/s, (5.15)
H?} — 1 x 1075 kg/m?, (5.16)
Z 1 Imin
dp110p1+ 2
][ =<0

Additionally, N? is restricted to positive values only. Relevant parameters are

listed in Table 5.1.

Parameter Value Description
L, 2000 km meridional length
H 3500 m depth
(dy,dz) | (25 km, 25 m) grid spacing
70 0.2 N/m? surface wind stress magnitude
A 1x1077 st eddy energy dissipation rate
fo ~1.11 x 10~* Coriolis parameter
Po 1028 kg/m? reference density
b 0.6 kg/m? decay factor of initial density profile
c 750 m e-folding depth for initial density profile
@ 0.1 eddy efficiency parameter

Table 5.1: Parameter values used in the numerical model. Values are typical for
ACC-like configurations in two-dimensions.

5.2 Model verification

Before varying wind over time, the steady state results from Mak et al. (2017) are

replicated in order to verify the model. To do this, a 100 year spin up with steady

wind stress (19 = 0.2 N/m?) is first computed. This short spin up period is suffi-

cient as this model quickly equilibrates across all diagnostics. Fig. 5.1 shows the

initial and final density profiles for spin up. The isopycnals tilt towards the sur-
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face, outcropping towards the south, and the deep ocean is relatively unstratified.
This behaviour is typical for zonally averaged circumpolar channel models with
ACC-like parameters. The tilting of density surfaces is crucial for fuelling the
mesoscale eddy field. Baroclinic instability counteracts the steepening of density
surfaces via mesoscale eddies. From the parameterised eddy energy conversion
source, the eddy induced circulation extracts available potential energy from the

mean state and opposes the Eulerian (wind induced) circulation.

Following spin up, the model is then impulsively perturbed with different
wind stress values ranging from 7o = 0.01 to 0.5 N/m? for a further 50 years.

That is,

0.2 t < 100 years,
To = (5.18)

Tp t > 100 years,

where 7, is one of the new perturbation wind stress values. In other words, the

model is subjected to an instantaneous step-wise wind stress magnitude change.

This spin up and suite of perturbations is completed twice—once using GE-
OMETRIC, and again using GM. Defining the eddy transfer coefficient with dif-
ferent parameterisations leads to conflicting results. Standard GM is straightfor-
ward and simple to implement, as the transfer coefficient is set to a constant.
kam =~ 2454.3 m?/s%, which corresponds to the equilibrated kgroas value, is
chosen to keep the control diagnostic magnitudes as close as possible. Different
ke values would lead to different transport and eddy energy values, but the qual-
itative behaviour of the system remains the same (not shown). It is noted that xg s
is larger than usual for zonally averaged ACC-like models. It is possible to tune
the eddy transfer coefficient, but this would not affect the physics of the perturba-
tions. For example, doubling A leads to smaller eddy transfer coefficient values

(1095 m?/s?) and greater transport (190 Sv) values.
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When using GEOMETRIC, the eddy transfer coefficient is defined

N

Kgeom = b 2

(5.19)

where the eddy energy budget is used in order to define the eddy transfer coeffi-

cient at each time step.

2D spinup
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Figure 5.1: The density structure at the first and final steps of the two-dimensional
spin up. There is change in both y and 2. Isopycnals outcrop towards the south at
equilibration and the deep ocean remains relatively dense.

Calculations computed with GEOMETRIC are discussed first. Immedi-
ately after perturbation there is an adjustment period for both transport and eddy
energy. However, this is short lived, and transport shifts towards an emergent
eddy saturated regime. Energy, on the other hand, scales with the magnitude of
wind stress perturbation after the adjustment period. Both of these diagnostics are
shown in Fig. 5.2. Within the first 40 years of perturbation, the low wind limit
case (19 = 0.01 N/m?) does not approach eddy saturation. This is a constraint
on kgronm, which needs more time to counteract the dramatic wind stress change.

For reference, after 100 years of perturbation (not shown) where 75 = 0.01 N/m?,
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transport is approximately 102 Sv, kgpoyr = 117 m?/s?, and depth integrated
eddy energy is about 2 m3/s?. Here, eddy energy includes both eddy kinetic en-
ergy and eddy potential energy. Eddy energy is additionally depth-integrated and
averaged across the channel. That is, the low wind limit does eventually lead to
eddy saturation, albeit with a severely reduced eddy transfer coefficient and low
energetics. This, however, is expected from theory, as eddy energy scales with
surface wind stress (Marshall et al., 2017). It is interesting to see how the trans-
port and energy adjust over time, as the literature usually only presents long term

averaged results.
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Response to wind perturbations in the GEOMETRIC case
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Figure 5.2: Time series of transport and eddy energy when parameterised with
GEOMETRIC. This time series has been truncated to the first 20 years after per-
turbation to better show the adjustment and emergent eddy saturation.

Following the same procedure, the perturbations are computed with stan-
dard GM. As expected from theory and in agreement with the results in Mak et
al. (2017), both transport and eddy energy scale directly with wind stress magni-

tude. The adjustment takes place over the first 10 to 15 years after perturbation
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before reaching a new steady state. Within this time frame, transport and depth
integrated eddy energy either increase or decrease, depending upon the choice of
To. The exponential decay to equilibrium also takes place in Allison et al. (2011).
In this work, the timescale of adjustment in much shorter (years to decade, rather
than centuries) due to the lack of a northern basin. Shorter adjustment is to be

expected in channel-only models. Time series of the diagnostics are shown in Fig.

5.3.

84



University of Oxford Wadham College

Response to wind perturbations in the GM case
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Figure 5.3: Time series of transport and parameterised eddy energy computed
with standard GM. This time series has been truncated to the first 20 years after
perturbation, showing adjustment to a new equilibrium that scales with wind stress
magnitude.

After just 50 years of perturbation, it is very clear that GEOMETRIC leads
to eddy saturation and standard GM does not. In both parameterisations, however,

the total eddy energy scales with wind stress magnitude. This is clearly depicted
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in Fig. 5.4. These results replicate the findings in Mak et al. (2017), thus verifying

this two-dimensional numerical model.
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Figure 5.4: A comparison of the results computed with GEOMETRIC and GM.
Following wind stress kicks, transport and depth integrated eddy energy are av-
eraged over time. Each average is shown against the kick magnitude. The eddy
energy equation is solved for both GEOMETRIC and GM to compute integrated
eddy energy.

The steady state results shown in Fig. 5.4 are comparable with the fixed-

point solutions from the dynamical system when GEOMETRIC is employed (see

Chapter 4 equations (4.28) and (4.27)). The fixed point of integrated eddy energy

depends on 7, so that £ increases with wind stress magnitude. On the other

hand, the fixed point for thermal wind transport is insensitive to changes in wind

stress, as 1™ does not depend on wind stress magnitude. This is depicted in Fig.

5.5.
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Figure 5.5: This shows how the fixed points for thermal wind transport and param-
eterised eddy energy from Chapter 4 evolve with wind stress magnitudes. GEO-
METRIC is used to compute these values, and this should be compared with Fig.
5.4.

5.3 Oscillatory wind stress forcing

The following presents the results of the wind stress forcing experiments in the
two-dimensional configuration. The two-dimensional system is forced with wind
stress oscillations with periods ranging from 1 day to 90 years. It is noted that

extremely high frequencies, such as 1 days ™

are not physical for the ACC. These
frequencies are included for completeness in the response function calculations.
Each experiment is run for either 40 years or 40 oscillations, whichever is longest.
Frequency analysis is completed on the latter half of each experiment (i.e., for ei-
ther 20 years or 20 oscillations, whichever is longest). As in the previous chapter,
transport and the integrated eddy energy responses are determined. An additional
diagnostic, depth integrated kinetic energy, is included for this configuration when
GEOMETRIC is used. Depth integrated kinetic energy will be compared to re-

sults from later chapters. Specifically, Chapter 6 focuses on an eddy resolving

model that cannot compute parameterised eddy energy, but can diagnose total ki-
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netic energy. Total kinetic energy does not exclude the mean component. This

diagnostic is defined by

K(t)= % //u -u dydz, (5.20)
y

where zonal velocity is found from the shear. This is depth integrated, meridion-

ally averaged kinetic energy.

5.3.1 Results

Following spin up, wind perturbations of different periods are applied to the two-
dimensional system. The time series of the responses are shown in Fig. 5.6 for the
first 40 years following spin up. The time series for transport suggests that forcing
oscillations longer than about 8 years show smaller amplitude variability, which
foreshadows the solution in the frequency domain. Short forcing oscillations of
periods less than a year appear relatively steady. Likewise, eddy energy follows

these qualitative trends in the time domain.
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Figure 5.6: The time evolution of transport and eddy energy when computed using
GEOMETRIC for a variety of wind forcing periods. A selection of periods are
plotted for the first 40 years following spin up.

Fig. 5.7 isolates the final 20 cycles of the 90 day forcing experiment. For
both the transport and integrated eddy energy diagnostics, there is a significant
peak at the frequency associated with the forcing frequency. This is expected and
persists across all experimental frequencies. Additionally, this peak is stable and

does not decay over the integration.
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Figure 5.7: The time series (left) and Fourier transforms (right) for the 90 day
perturbation experiment for the final 20 cycles of oscillatory perturbation. Diag-
nostics are de-trended before the Fourier transform is computed.

Fig. 5.8 shows the relationship between the oscillatory wind stress forcing
and the computed diagnostics. The chosen forcing periods (90 days, 8 years, and
40 years) represent a range of forcing frequencies including high, resonant, and
low frequency. All phase portraits show the final 20 cycles, in line with the fre-
quency analysis methodology. At the highest shown frequency (90 day cycles),
wind stress magnitude seemingly has no significant effect on transport nor eddy
energetic variability when compared to the other wind oscillations. For such high
frequencies, there is essentially not enough time for the density field to react with
sufficient change for either transport or eddy energy to change. It is noted that both

the traces of transport and eddy energy against wind stress are anticlockwise (not

90
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indicated). At the resonant frequency (at the 8 year forcing period), variability is
at its greatest for both diagnostics. This frequency was determined empirically by
simulations. Maximal wind stress magnitude is roughly correlated with maximal
transport values. Likewise, minimum wind stress magnitude roughly coincides
with minimum transport values. Depth integrated eddy energy is out of phase with
the oscillatory wind stress magnitudes. For both diagnostics, decreasing magni-
tude is approximately linear with wind stress magnitude. The system exhibits a
sawtooth oscillation with a faster decay phase. This was evident in the time series
in Fig. 5.6. Diagnostic variability falls for lower frequencies, such as in the case
of the 40 year forcing period. For this low frequency forcing, transport and wind
stress magnitude are clearly out of phase. Transport approaches a maximal value
when 75 < 0.2 N/m?2. Depth integrated eddy energy is in phase with the forc-
ing. Increases and decreases in depth integrated eddy energy are linear with wind

stress magnitude.
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Figure 5.8: Phase portraits for the 90 day, 8 year, and 40 year perturbations (left
to right). This shows transport against wind stress magnitude (top) and depth
integrated eddy energy against wind stress magnitude (bottom). The forcing fre-
quencies dominate the signals across diagnostics and forcing period.

Fig. 5.9 shows the same frequency subset, but for transport against eddy
energy. The 90 day forcing experiment is in line with what has been previously
discussed. On the shared axes at this frequency there is virtually no change over
time, hence the "point" plot. The 8 year forcing period shows the greatest variabil-
ity amongst the sub-selection of frequencies. Both of the longer forcing periods
also show that the diagnostics are not in phase with each other. However, this is
more pronounced in the 40 year forcing period. For a complete look at the rela-
tionship between transport and eddy energy, Fig. 5.10 shows each phase portrait
for all forcing frequencies. It is clear that the resonant frequency results in the

greatest variability.
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Figure 5.9: Transport against eddy energy for the 90 day, 8 year, and 40 year wind
forcing perturbations. This complements Fig. 5.8. The axes are shared across this
figure.
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Figure 5.10: A three-dimensional interpretation of transport against eddy energy.

The length of forcing period (in years) forms the third dimension of this figure
(longer periods are upwards).

Time series and phase portraits will only suggest qualitative trends associ-
ated with different forcing periods. To best characterise the system, the frequency
domain is more useful. The response function across all experimental frequencies

is computed and shown in Fig. 5.11. The response magnitude peaks at % years ™!
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in transport, depth integrated eddy energy, and depth integrated total kinetic en-
ergy. This indicates that the system behaves as a driven harmonic oscillator with

a driving frequency of approximately % years™!

. The depth integrated eddy en-
ergy response plays a much larger role in this system than kinetic energy. Since
this is a parameterised configuration, the energy is mainly put towards feeding the

parameterised eddy field rather than the total kinetic energy.

Phase shifts are linked to the peak oscillatory timescale. Transport lags the
wind forcing for frequencies greater than the resonant frequency. This change
in phase relationship does not exactly fall at a single frequency as it does in the
dynamical system. This deviation may be due to the long forcing periods, which
have not yet completed adjustment. For transport, this change is sufficiently near
7 /2 for the dynamical system and the two-dimensional model to be comparable
with each other. Depth integrated kinetic energy also lags by approximately 7 /2
for frequencies greater than the resonant frequency. Depth integrated eddy energy
on the other hand, lags/leads by 7 for high frequencies. (Note, that a lag and lead
by 7 are equivalent). For frequencies lower than the resonant frequency, transport
and kinetic energy lead by approximately 7 /2 while eddy energy is in phase with
the forcing. Therefore, both the transport and eddy energy responses behave in

line with the reduced order dynamical system.
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Figure 5.11: The response functions (magnitude and phase) of transport, depth
integrated eddy energy, and depth integrated kinetic energy (left to right). The
transport and kinetic energy responses lag the wind forcing by approximately 7 /2
and the integrated eddy energy is approximately out of phase with the wind forcing
forw > % years~!. For w > % years~! the transport and kinetic energy response
leads the wind forcing by 7 /2 and the integrated eddy energy is in phase with the
wind forcing. These responses are computed with GEOMETRIC. All diagnostics
share a common peak frequency, which also coincides with a change in the phase
relationship.

The response function for GM completely differs from GEOMETRIC’s re-
sponse. There is no response peak associated with any frequency (see Fig. 5.12).
As the forcing frequency decreases, the response magnitude grows exponentially
with the log of frequency for both diagnostics (kinetic energy is not shown but also
follows this trend). This response complements the time series associated with
GM, which shows diagnostic magnitude increasing with forcing period length.
Unlike GEOMETRIC, there is no peak frequency at which diagnostics reach peak

variability. This means that there is no evidence for resonance in GM.
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Figure 5.12: The response functions for transport and eddy energy when com-
puted with standard GM. There is no peak frequency within the tested range.
Transport and eddy energy both lag the wind forcing for the test frequencies.

5.3.2 Relationship to the dynamical system

Fig. 5.13 shows the linearised dynamical system and two-dimensional response
function magnitudes and phase shifts on shared axes. Qualitatively, the response
functions show similar behaviour. However, in both diagnostics, the two-dimensional
peaks are wider than the dynamical system with a linear profile’s response peaks.

The phase of both diagnostics are also similar between models. In the dynam-
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ical system, the phase sharply shifts at the resonant frequency, whereas in the
two-dimensional model, this change is less abrupt. However, broadly speaking,
transport shifts from lagging by approximately 7 /2 to leading by 7 /2 before and
after the resonant frequency. Eddy energy on the other hands, goes from lead-
ing/lagging by 7 to being in phase with the forcing. This slow change in phase
may be due to computational constraints. Running longer period forcings for
longer would possibly alleviate the phase adjustment. However, running experi-
ments for more cycles—especially at lower frequencies—is computationally expen-
sive. For the sake of this experiment, it was not necessary, as the given forcings
show the system’s behaviour regardless. In both models, it is clear that there is
a resonant frequency inherent to the system which delineates behavioural differ-
ences. The two-dimensional response function also takes the form of the standard

linear oscillator. This is discussed in Chapter 4.

There are some clear differences between the response functions of the dy-
namical system and the two-dimensional model. Primarily, the oscillatory timescales
differ—although this could be forced equal through model tuning. This is not very
important, as there are already inherent differences between the two systems, as
changing from a strictly time-dependent system to a space-and-time dependent
system naturally leads to differences. For instance, the two-dimensional model
imposes a bottom form stress that varies in y and is applied over the bottom five
depth cells. In the dynamical system, there is only an eddy energy dissipation
constant (\) which acts to dissipate energy. This is present in higher dimensional
configurations, but is not the sole dissipater of eddy energy. Additionally, the
two-dimensional model imposes an exponential density profile in both y and z,
whereas the dynamical system has only been verified to include depth varying

only density profiles (see Section 4.4.1).

The two-dimensional system has a wider response curve peak. It is pos-
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sible to diagnose an effective damping timescale from this width. This damping
timescale is an inherent break in Hamiltonian structure due only to the spatial
variation in density. This is a qualitative difference between the dynamical system

and the two-dimensional model.

In both the dynamical system and two-dimensional model, the results at
low frequency relate to what is known about eddy saturation at equilibrium. As
the forcing frequency tends toward zero (the forcing oscillations are longer), the
response functions converge to an equilibrated eddy saturated state. For thermal
wind transport, the response converges to zero response while the response of
depth integrated eddy energy rapidly converges towards a non-zero constant. This
is consistent with eddy saturation in equilibrium. For sufficiently long timescales,
the mesoscale eddy field opposes the growth of transport by the input of energy
from excess wind stress. This is reflected in the response functions, where the
integrated eddy energy approaches a constant (essentially fuelled by the external
input of energy). This can be tied back to Egs.(2.9) and (2.13), which state the
eddy energy is set by surface wind stress and thermal wind transport scales with

eddy energy dissipation.
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A comparison between the dynamical system and the two-

dimensional model. The dashed lines show the magnitude and phase of the dy-
namical system, whereas the solid red and brown lines show the two-dimensional
results. Only the linear response of the dynamical system is shown, as it agrees

with the numerical solution.

5.4 Conclusions

This is a two-dimensional model of transient and equilibrated eddy saturation.

This model allows for temporal and spatial variation in wind stress profile and a

non-linear initial density profile. A notable weakness of this model is tied to its

simplicity. For example, in more complex models, a surface restoring temperature

condition can be applied to the ocean surface. With more work, this could be

implemented in future iterations.

In Mak et al. (2017), other eddy parameterisation methods are analysed.

These schemes use alternative eddy transfer coefficients from pre-existing schemes.

It would be straightforward to apply other eddy parameterisations and subse-

quently determine the response functions. However, as GEOMETRIC produced

the best emergent eddy saturation in the non-oscillatory experimental setup, it was

not deemed necessary for the investigation of the transient response to oscillatory
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wind stress.

The next logical step in the hierarchy is to model three-dimensional spatial
flow in an ACC-like configuration. This will help determine whether or not the in-
herent oscillatory signal is a signature of GEOMETRIC, or a signature of a "real"
physical phenomena. The remaining two pieces of the hierarchy are eddy pa-
rameterising and eddy resolving three-dimensional circumpolar channel models.
Comparing these against each other, and with the discussed dynamical system
and two-dimensional model, will further explain circumpolar adjustment across

frequencies.
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6| Oscillatory forcing in three-dimensional mod-

els

The previously discussed models are highly idealised. In Chapter 4, solving a set
of coupled ordinary differential equations gives transport and integrated eddy en-
ergy. This model only varies in time rather than space, thus neglecting any spatial
variation that may have an effect on the timescales of eddy saturation adjustment.
While greatly simplified, this model is useful in the initial understanding of the
response to oscillatory wind forcing, as an explicit solution can be determined
through linearisation. Of course, the existence of an explicit solution for such a
reduced model is by design. Due to the simplicity of the model a solution can be
found; a solution can be determined for simple models of this order. Upon anal-
ysis, it was not obvious if the resonance from this highly simplified model would

persist in models with increased dimensions.

The next logical step in a hierarchy of models is put forth in Chapter 5.
This chapter presents a zonally averaged model, allowing for spatial variation in
the yz plane. This model, while not solved explicitly, is still computationally
inexpensive to solve using time-stepping methods. The results from this model
nearly match the results from the reduced order dynamical system. Together,
these results suggest an inherent oscillatory timescale that is at least associated
with GEOMETRIC in lower dimensional models. This however leads to some
obvious questions. Mainly, how will resonance apply to more detailed and higher
dimensional circumpolar channel models? Will the consistency between models
hold in three-dimensions? Is this timescale only associated with GEOMETRIC
or is there evidence for its existence in eddying models (and furthermore, the

real world)? How will topography affect the physics of eddy saturation across
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timescales? What physical mechanisms are controlling the system at low and

high frequencies?

In an attempt to begin answering these questions, this chapter presents an
eddy parameterised model and eddy resolving model, both with a submerged
ridge, forced with oscillatory winds following a sufficiently long spin up. These
models are built using MITgcm and simulate an ACC-like channel. The familiar
experimental procedure from earlier chapters is applied to the three-dimensional
channel models. In the context of pre-existing literature, these oscillatory wind
stress experiments follow on from Sinha and Abernathey (2016) but with some no-
table developments. Primarily, this work looks at the frequency domain in greater
detail by including more forcing frequencies. Wind stress periods are chosen to
bridge gaps between the frequencies chosen in previous works. The methods of
analysis also differ from Sinha and Abernathey (2016). These differences were
described in Section 3.3.1.2. Furthermore, this work focuses on different diag-
nostics in order to understand the mechanisms behind transient eddy saturation
and the response to oscillatory wind stress forcing. "The problem of a channel
flow forced by oscillating winds [is] an ideal test case for mesoscale parameteri-
sation" (Sinha and Abernathey, 2016). Mesoscale eddies play a role in the feed-
back mechanism of ACC transport through generation and dissipation of baro-
clinic instability. Whether or not a parameterisation has the ability to accomplish
such conversion on transient timescales is therefore a test of the parameterisa-
tion’s robustness. Comparing results between three-dimensional eddy parameter-
ising, three-dimensional eddy resolving configurations, two-dimensional model,

and dynamical system is a step in testing the parameterisation’s robustness.

This chapter begins with a description of the parameterised configuration.
This section states relevant parameters and describes the model. Results from

the parameterised model are presented and discussed. A three-dimensional eddy

103



University of Oxford Wadham College

resolving model is next presented. Finally, comparisons are made between all the

models described within this thesis.

6.1 Eddy parameterised channel configuration

This configuration has similar bathymetry to widely studied ACC-like models
(e.g., Munday et al. (2013), Sinha and Abernathey (2016), Mak et al. (2018),
Youngs et al. (2019)). This model is the next logical step in the hierarchy of

models.

The eddy parameterised configuration is a coarse resolution three-dimensional
idealised ACC-like model on the S-plane implemented in MITgem. The domain
is 2000 km wide, 6000 km long, and 5000 m deep with a centred ridge with a max-
imal height of 1500 m. Grid resolution is 100 km x 100 km (about 1° resolution)

which is not eddy resolving. The bathymetry is depicted in Fig. 6.1.
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Figure 6.1: This shows the three-dimensional bathymetry in both the eddy param-
eterised and eddy resolving models. A submerged ridge extends the latitudinal
extent of the circumpolar channel. The wall across Y = 0 km in blue restricts any
meridional flow, thus making this a zonal reentrant channel.

In the z direction, grid spacing increases with depth from 10 m at the surface
to 421.50 m in the lowest layers. At the bottom, no-slip conditions are applied as

well as a linear drag coefficient. In MITgcm, no-slip boundary conditions act as
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an additional stress on the interior. The linear bottom drag coefficient is then set
to represent additional friction that is imposed by the no-slip condition. In the
eddying configuration, linear bottom drag is set so that , = 1.1 x 1073 m/s.
The bottom drag is an additional friction, set as a linear function of the mean flow
above the topography. 7, is the linear bottom drag coefficient of this function, with
the units m/s. (Marshall, Adcroft, et al., 1997; Marshall, Hill, et al., 1997). With
this implemented, drag is cast as a linear function of the mean flow as measured

above topography. Other relevant parameters are listed in Table 6.1.

This configuration is subjected to both a restoring surface temperature pro-
file and an idealised wind stress profile. During both spin up and perturbation, the
surface temperature is restored to a linear profile ranging from 0°C' to 15°C' every
10 days so that

AT

Touwt(y,z=10) = L—y (6.1)
y

This of course makes AT = 15°C and y € [0, L,], where L, = 2000 km (the
width of the channel). During spin up, this configuration is forced by a temporally

steady wind stress profile given by

2 =0) = 21— cos (7)), (6.2)

Yy

where 79 = 0.2 N/m?. For the oscillatory perturbation experiments, this wind
stress profile varies with time. Spin up is 500 model years (where 1 year is
360 days) which is sufficient time for most model drift to equilibrate. The vis-
cosity is specified by a grid-dependent lateral eddy viscosity parameter (Munday
et al., 2013). This ensures that horizontal Reynolds number is O(1) at the grid
scale, so that the viscous terms are just as large as the advective terms. This num-

ber is chosen to be 0.0125 and allows for viscosity to change as appropriate.
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For this coarse configuration, GEOMETRIC is implemented into MITgcm
within the GM/Redi package (Mak et al., 2018). For these experiments, GEO-
METRIC is used locally in longitude and latitude so that

[ Ed=z
k(x,y) = a——"——1I(2). (6.3)
(#:9) = o g2t
This is Eq.(4) from Mak et al. (2018), and uses the depth-integrated eddy energy
but allows for horizontal spatial variation. I'(z), the non-dimensional structure
function is set to be 1 everywhere. This follows from Chapter 4 Section 4.4.1,
where spatial variation is introduced to x. To maintain parameterised eddy ac-

tivity and to prevent numerical instability, x is bounded from below and above

by 50 m?/s and 10* m? /s respectively. Other relevant parameters are detailed in

Table 6.1.
Parameter Value Description
L, 2000 km meridional length
L, 6000 km zonal width
H 5000 m depth
(dz,dy) | (100 km, 100 km) grid spacing
70 0.2 N/m? surface wind stress magnitude
A 2x 1077 st eddy energy dissipation rate
« 0.1 eddy efficiency parameter
- 2% 1073 Maximum (isopycnal) slope used in slope tapering
- gkwIl Slope tapering scheme (Gerdes et al., 1991)
fo ~1.11 x 10~* Coriolis parameter
00 1028 kg/m?3 reference density
r 1.1 x 107® m/s linear bottom-drag coefficient
ts 10 days restoring timescale (temperature)

Table 6.1: Parameter values used in the three-dimensional GEOMETRIC model.

The experimental setup follows on from Chapter 5 in that each perturbation

is run for 40 forcing oscillations, unless otherwise stated due to computational
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expense. The forcing oscillation experiment lengths are listed in Table 6.2.

6.2 Results on the eddy parameterised model

This configuration is spun up for 500 model years with temporally constant winds.
This spin up gives total transport values of approximately 60 Sv and integrated to-
tal Kinetic energy of 1.3 m®/s? when time averaged over the final 100 years of
spin up. Transport and total kinetic energy values are lower than the values from
earlier models. However, the transport values are roughly comparable between
these configurations, especially given that it is common for ACC-like models to
yield lower than realistically observed transport values (Youngs et al., 2019). This
is not a large concern, as the physical mechanisms of the system are of interest
rather than realism. Diagnostics associated with GEOMETRIC’s energy budget
are also computed. The depth integrated parameterised eddy energy (£) when av-
eraged zonally is approximately 26.17 m?/s%. It is noted that within this chapter,
the averaged depth integrated parameterised eddy energy is also referred to simply
as "parameterised eddy energy". Likewise, the averaged eddy transfer coefficient

(k) is approximately 827 m?/s.
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Forcing  Perturbation length Sampling period (days)
2 days 80 days 0.5
5 days 200 days 0.5
10 days 400 days 1
20 days 800 days 1
30 days 1200 days 1
60 days 2400 days 1
90 days 3600 days 5
120 days 4800 days 5
130 days 5200 days 5
140 days 15.5 years 5
150 days 16.6 years 5
180 days 20 years 5
200 days 22.2 years 5
250 days 27.7 years 5
1 year 40 years 5
2 years 80 years 10
3 years 120 years 10
4 years 160 years 10
5 years 200 years 20
6 years 240 years 20
6.6 years 264 years 20
8 years 320 years 20
12 years 480 years 20
20 years 800 years 30
40 years 720 years 40
64 years 256 years 40
128 years 256 years 40
200 years 400 years 40

Table 6.2: Table detailing the wind oscillation periods, perturbation length, and
sampling period for the eddy-parameterised configuration.
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Figure 6.2: Composite averages of total, thermal wind, and bottom transport. Each
composite average is plotted for one cycle of perturbation. Colours represent
forcing oscillation period.

To get an idea of the behavioural trends present in the oscillatory perturba-

tion experiments, the time dependent diagnostics are composite averaged (Sinha

and Abernathey, 2016). This allows for each (averaged) cycle of data to be plot-

ted together along the same axis in order to qualitatively see general variability
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and trends. This removes noise associated with inter-period variability. To com-
pute the composite average, the data from each experiment is averaged together
to compute one averaged cycle’s worth of data. This is useful in giving a broad
idea of the time evolution of the diagnostics. Composite averages for a selection
of forcing periods are shown in Figs. 6.2 and 6.3 for transports and parameterised
eddy energy, respectively. In general, the total and bottom transports follow a si-
nusoidal path with time, although a phase shift may be present depending upon the
forcing frequency. Thermal wind transport suggests insensitivity to wind forcing
on sub-annual timescales. At higher frequencies, thermal wind transport magni-
tudes are a few Sverdrups higher. This downward shift in thermal wind transport
for the lower frequencies may be due to model drift, as well as the increasing pa-
rameterised eddy energy and variability for lower frequency forcing oscillations.
The composite averages of parameterised eddy energy also suggest phase shifts
at different frequencies. This is expected and investigated in more detail in the

frequency domain for both transport-related and energetic diagnostics.
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Figure 6.3: Composite average of eddy energy over one cycle of perturbation.
Colours represent forcing periods.

The time averaged zonal velocity and total kinetic energy are shown for this
setup in Fig. 6.4. This shows the time averaged diagnostics from the final 100
years of spin up. As expected, any eddying behaviour is smoothed out by the
coarse resolution. This is a standard flow pattern for an ACC-like parameterised
configuration with a bathymetric ridge. There is an energetic "hot spot" directly
downstream of the ridge, which is expected and greatly influenced by the f/H

contours guiding the flow.
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Figure 6.4: The flow structure when computed using GEOMETRIC in three-
dimensions. The top panel shows time and depth averaged (over the top 725
meters) zonal velocity and the bottom panel shows time and depth integrated ki-
netic energy (integrated over the top 725 meters). f/H contours are overlaid (in
white) on the kinetic energy.

Fig. 6.5 shows the depth integrated parameterised eddy energy. The struc-

ture of the eddy transfer coefficient, x, follows the same spatial pattern (not shown)
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because x roughly follows the parameterised eddy energy budget. Like kinetic
energy and zonal velocity, the eddy energy "hot spot" is downstream of the sub-
merged ridge. Additionally, the diagnostics follow a clear f/H contour path.
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Figure 6.5: Time averaged depth integrated eddy energy in the last 100 years of
spinup with GEOMETRIC, overlaid with the f/H contours in white.

It is also useful to compute the shear. Beneath the surface Ekman layer, the

ACC is dominated by thermal wind balance so that,

Ou, g Op

-9 =2 6.4
0z pof Oy 4
dv, g Op

0z pof 0z’ (6.5)

where (ug,,v,) is the horizontal geostrophic velocity, g is the acceleration due to
gravity, f is the Coriolis parameter, p, is a reference density, and p is the den-

sity (Vallis, 2006). For this model, it is useful to therefore compute the integrated

) . )
2 dz. This term from hereon-out is re-

quantity of geostrophic shear, ff H(z,y) 0z
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ferred to as the integrated shear. Integrated shear is of interest due to its connec-
tion to eddy energy generation. Using geostrophy, the eddy energy generation

term is approximated

|f| Ou

Within the eddy energy budget (see Chapter 5, Eq.(5.10) for a detailed explanation
of the parameterised eddy energy budget), this term is balanced by the eddy energy
dissipation. As expected from the equilibrium response, shear increases with A,
the dissipation rate, shear decreases with o, the GEOMETRIC parameter, when
changes in NV are assumed small. This was apparent in the lower dimensional
models, and was used for transport tuning. Fig. 6.6 compares the depth integrated
shear (left panel) and depth integrated parameterised eddy energy (right panel)
across the final oscillation of the 6 year forcing period experiment. Both diagnos-
tics are taken at the start of each model year for the final period of the experiment.
The "hot spot" of depth integrated shear is split between two connected regions—
the region at the northern most region of the submerged ridge and the region just
downstream of the ridge. This is most clear in rows A, B, C, E, and F. On the other
hand, the "hot spot" of depth integrated parameterised eddy energy is isolated to
downstream of the ridge. Upon careful inspection, it is also noted that the "hot
spots" of shear are shifted northwards in comparison to eddy energy. There are
also regions of increased shear towards the meridional boundaries of the channel.
Rows A to D show a decrease in both shear and eddy energy whereas rows D to F

show an increase.

Fig. 6.7 compares shear with the growth rate of parameterised eddy energy.

The growth rate is the ratio of the eddy energy generation to the parameterised
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Figure 6.6: The left column shows the integrated shear and the right column shows
the depth integrated eddy energy. This is taken over the final period of the 6 year
forcing (time evolution is taken from top to bottom).
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eddy energy. That is,

|f] du
oSt E dz
Eg(z,y,t) = —f be?Zdz (6.7)

In comparison to the parameterised eddy energy or eddy energy generation, the
eddy energy growth does not extend downstream of the submerged ridge. Active
areas of growth are confined on top of topographic obstacles. Figs. 6.6 and 6.7
suggest that increases in the flow and baroclinicity lead to growth in eddy energy.
This then leads to a decay in flow and baroclinicity which leads to an eddy energy
decay. This is in line with the oscillatory behaviour of the results in Chapters 4
and 5, as well as pre-existing literature (Ambaum and Novak, 2014; Sinha and

Abernathey, 2016).

The same plots are shown for the 90 day and 128 year forcing periods. This
gives examples of high and low frequency experiments. Fig. 6.8 shows the high
frequency shear and parameterised eddy energy over the final 90 day period. Un-
like in the 6 year example, there is no evidence for oscillatory behaviour between
the growth and decay of the eddy energy and baroclinicity. Across rows A through
F, both shear and parameterised eddy energy show no significant behaviour change
over the forcing period. % days™! is considered high frequency for the Southern

Ocean, hence the lack of growth/decay is not surprising.
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Figure 6.7: This shows the eddy energy growth (filled contour plot) with an over-
lay of the shear (white contours). This is also shown for the final period of the 6
year forcing perturbation, where time evolves from top to bottom.

118



University of Oxford Wadham College

day 0

1500
1000

500

day 15

1500
1000

500

day 30

1500
1000

500

day 45

day 60

day 75

—0.150 -0.075 0.000 0.075 0.150 0 75 150
m?/s x (km) m3/s?

225 300

Figure 6.8: The complementary plot to Fig. 6.6 for the 90 day forcing period.

On the other side of the extreme, Fig. 6.9 shows a low frequency forcing

experiment. In this figure, the rise and fall of baroclinicity and parameterised
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eddy energy is apparent. Panels A through C show a rise in the parameterised
eddy energetics downstream of the submerged ridge. This is accompanied by a
subtle south-eastward shift and increase in magnitude of the shear "hot spot" as
compared to panel A. While panels A to C show the diagnostics as wind stress
magnitude increases, increased wind stress is not strictly in phase with increased
baroclinicity and energetics. This is discussed in Section 6.3.1. Panels D to F show
the erosion of baroclinicity and parameterised eddy energetics. This is shown by
the energetic "hot spot" decrease in size and magnitude. The shear "hot spot"
also returns north-westward. In both high and low frequency shear diagrams, the
general shape of the shear holds. That is, there are two distinct local maxima

directly on top and directly downstream of the submerged ridge.
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Figure 6.9: The complementary plot to Fig. 6.6 for the 128 year forcing period.
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Oscillatory forcing leads to oscillating dynamics in the time domain. How-
ever, high frequency oscillation forcing leads to multiple frequency responses in
thermal wind transport and parameterised eddy energy. An example of this be-
haviour is shown in Fig. 6.10. This shows thermal wind transport and parame-
terised eddy energy for the 90 day forcing period in both the time and frequency
domain. While this figure only shows a single higher frequency experiment, this
effect is present across frequencies where w > 1 year—!. For both diagnostics,
there are clear high frequency oscillations that match the forcing frequency. How-
ever, the main source of variability (in magnitude) is clearly at a lower frequency

1

than 1 days™'.

% To better quantify this lower frequency oscillatory mode, the

Fourier transform is computed for both de-trended diagnostics. For both thermal
wind transport and parameterised eddy energy, there is a clear peak associated
with the forcing frequency. This peak is noticeably smaller for the parameterised
eddy energy, but is clear nonetheless. At low frequencies (the left hand side of the
frequency domain), there are additional peaks in the Fourier transform of both
diagnostics. The strongest peak in parameterised eddy energy correlates with
ﬁ years~!. The thermal transport is similar, however, the most prominent peak

1

is 557 years™!, which is a harmonic of the peak in parameterised eddy energy.
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Figure 6.10: The time series and Fourier transform of thermal wind transport and
eddy energy when forced with an oscillating wind stress with a 90 day period.

High frequency experiments hint towards resonance associated with os-
cillations with periods of approximately 6.67 years. To further investigate this,
the model is forced with a windstress which oscillates at the frequency of w =
ﬁ years~! (see Fig. 6.11). For thermal wind transport, the time series suggests
high frequency variability superimposed on the prescribed forcing. In the fre-
quency domain, this high frequency variability is confirmed by the Fourier trans-
form of de-trended thermal wind transport. There is also evidence for significant
lower frequency oscillations. The most prominent of these peaks are multiples of
the forcing frequency, which comes from resonance in the system. On the other
hand, the parameterised eddy energy is dominated by the forcing frequency. This
is clearly shown in the Fourier transform of the de-trended diagnostic. While this
signal is clear in the frequency domain, the results in the time domain indicate that

this frequency may lead to resonance. This is characterised by large magnitude
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variation across the diagnostic of each forcing period. This behaviour was present
in the dynamical system and two-dimensional model, and indicates that this is
the resonant frequency associated with parameterised eddy energy. Resonant be-
haviour is best determined in the frequency domain, so again, response functions
will be used to further explain this behaviour.
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Figure 6.11: The time series and Fourier transform of thermal wind transport and
eddy energy when forced with an oscillating wind stress with a 6.66 year period.

Before converting results into the frequency domain, phase portraits are
first discussed (shown in Fig. 6.12). The phase portraits show the diagnostic
against the peak wind stress magnitude for a selection of forcing frequencies. The
two highest frequencies of the selection show approximate linearity between total
and bottom transport against wind stress. Parameterised eddy energy and thermal
wind transport are relatively insensitive to wind stress magnitude, with a slight
negative correlation between wind stress and the diagnostics. As discussed, there

is suspected energetic resonance for P = 6.6 years. For this forcing period,

124



University of Oxford Wadham College

there are limit dynamics for total transport, bottom transport, and parameterised
eddy energy—where the limit dynamics for parameterised eddy energy reaches
peak variability for this forcing period. There is also evidence for drift or irreg-
ularity in thermal wind transport. The 12 year forcing period yields very similar
results when compared to the 6.6 year forcing period. As stated, parameterised
eddy energy has decreased variability. However, thermal wind transport exhibits
even more drift and variability. Finally, a low frequency forcing experiment is
plotted (P = 128 years). For this experiment, only two complete forcing oscilla-
tions were completed due to computational expense. While there is clearly some
higher frequency variability within the diagnostics, each diagnostic leads to a limit
dynamics. The total transport is relatively insensitive to the wind stress magnitude

at these low frequencies.
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Figure 6.12: Diagnostics (total transport, bottom transport, thermal wind trans-
port, eddy energy) against wind stress magnitude. Limit dynamics are very clear
for periods greater than or equal to 6.6 years in all diagnostics but thermal wind
transport. The frequency decreases from left to right. Note than the y axis is
shared by row only.

Full results in the frequency domain are shown in Fig. 6.13 where results
for forcing periods shorter than 20 days are not shown. The surface restoring con-
dition leads to a spurious local peak at % days™*. From top to bottom, this figure
shows the response function magnitudes and phase shifts of total transport, bot-
tom transport, thermal wind transport, depth integrated and spatially averaged pa-

rameterised eddy energy, and depth integrated and spatially averaged total kinetic
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energy. Both response magnitudes of total and bottom transport rapidly increase
to local maxima located at 1—330 days™! and Flo days™! respectively. These local
maxima coincide with sudden phase shifts. This phase shift-local maxima pattern
is shared between this GEOMETRIC configuration and the eddying configuration,
as seen later in this chapter. Upon reaching this maximum, the bottom transport
maintains a relatively steady response as frequency decreases. On the other hand,
total transport maintains a steady response until a sudden drop at 1—12 years 1. It
is also notable that the total and bottom transport responses are larger in magni-

tude than the thermal wind transport response (in particular, the bottom transport

response is greatest at the tested frequencies).

Parameterised eddy energy and kinetic energy peak at lower frequencies in

comparison to the transport diagnostics. Parameterised eddy energy has a peak

1

at approximately ﬁ years™ ", which approximately coincides with the predicted

peak in the dynamical system and two-dimensional model. Depth integrated ki-

netic energy has a peak at approximately % years ™!

. Kinetic energy mimics the
qualitative behaviour of the barotropic transport response magnitudes. That is,
there is a rise in magnitude at high frequencies that levels off at lower frequen-
cies. In comparison to the response magnitude of parameterised eddy energy,
kinetic energy is particularly small. As seen in previous chapters, this is not sur-
prising, as the mesoscale eddy field is more energetic than the mean flow in this
region. Therefore, the energetic response curves indicate that the eddy energetics
are more influential than the mean energetics. The phases of the energetic di-
agnostics also differ. At high frequencies, parameterised eddy energy is roughly
leading the wind forcing by , although this is subject to some variability. Phase
1

variability at 15 days™ is the result of eddy energy dissipation inherent to the

configuration. Disregarding this frequency region suggest that parameterised eddy

energy leads the forcing at high frequency until about 1 years™!.
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Figure 6.13: The response function (magnitude and phase shift) for total trans-
port, bottom transport, thermal wind transport, eddy energy, and kinetic energy
as computed with GEOMETRIC. From left to right, the response magnitude, the
log-scaled response magnitude, and the phase response is shown.
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Due to zonal variation of the mesoscale eddy field, spatially averaging can
smooth over some variable dynamics. This, however, does not make much differ-
ence to the general behaviour of the response function magnitude. Rather, at en-
ergetic "hot spots"—such as directly downstream of the submerged ridge—the eddy
energy response magnitude follows the averaged response, but scaled upwards
(not shown). The choice of zonally averaging the parameterised eddy energy ul-
timately does not make any difference in understanding the physics of oscillatory

eddy saturation in a parameterised three-dimensional circumpolar channel.

6.3 Discussion on the parameterised model

The ACC is insensitive to wind stress changes on equilibrated timescales. This
insensitivity is not evident on transient timescales, as high frequency wind stress
changes can lead to transport variability (Aoki et al., 2002; Meredith and Hogg, 2006).
Analysis of the wind stress forcing experiments suggest that two distinct physi-
cal mechanisms control equilibrated and transient eddy saturation. The following
hypothesis is therefore put forth: Circumpolar channel adjustment to wind stress
changes is controlled by at least two different physical mechanisms. At high fre-
quencies, barotropic processes dominate, allowing for short term sensitivity to
wind stress changes. As wind stress changes shift to lower frequencies, baroclinic
instability is able to take over, leading towards an eddy saturated state, as put forth

in Straub (1993). This section covers the following:

1. the response of GEOMETRIC in three-dimensions to oscillatory wind stress

forcing, and

2. acomparison with GEOMETRIC in three-dimensions to the dynamical sys-

tem and two-dimensional model.
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6.3.1 Phase

While the phase of the response is shown and briefly discussed, it is concluded that
in three-dimensions the phase does not convey any important results. In particular,
the phase responses in Fig. 6.13 do not suggest a clear story, especially at lower
frequencies. This lack of clarity is due to depth and spatial dependency of a model
in three-dimensions and computational constraints. As the oscillatory wind stress
is applied to the surface, the interior ocean will respond, but at different timescales
as the effect of the surface forcing propagates downwards. That is, oscillatory
wind stress may not immediately affect the entire column. Furthermore, each
layer is then subjected to a filtered signal from adjacent layers. Hence, variation
in phase over depth leads to inconsistent phase for depth-integrated diagnostics

throughout these three-dimensional model results.

Two possibilities related to this depth integrated "phase noise" are discussed.
Firstly, it is possible that elements of this inconsistency with depth can be allevi-
ated, but only with vast computational power. This variation with depth would
minimise with sufficiently long compute time when compared to the forcing pe-
riod. Secondly, it is possible that the depth variation of phase is due to physical

processes related to stratification.

This phase-depth dependence is evident when breaking down the response
function over depth. To accomplish this, a "transport per layer" diagnostic is

formulated and analysed in the frequency domain.

Transport per layer is defined

Ly
T(z) = / uz(y, 2) dy x 0H(2), (6.8)
0

where 0 H (z) is the layer depth and w, is the zonal velocity taken at z = 6000 km.
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The response function is computed, but now as a function of both depth and fre-
quency. Fig. 6.14 shows the response phase for a selection of frequencies over
depth. The three frequencies—90 days, 12 years, and 40 years—are chosen to rep-
resent high frequency, middle frequency, and low frequency responses. The high
frequency phase is relatively consistent across the entire depth. There is evidence
for near surface change in the top most layers. This shows that for sufficiently
high frequency forcing oscillations, the phase response at depth is consistent. As
the period increases, there is more drastic change with depth. The middle and
lower frequencies have significant phase change in the upper 1000 meters of the
depth, which coincides with the pycnocline depth. There is then relatively con-
sistent phase with depth for both frequencies. The middle frequency yields less
significant phase change throughout the pycnocline in comparison with the low
frequency phase. While this change is mathematically correct with the given data,

the depth integrated result is essentially meaningless for this model.
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Figure 6.14: The phase with depth for transport computed at each depth level.
This is shown for the 90 day, 12 year, and 40 year perturbation. The upper 1000 m
shows less phase adjustment in the 12 and 40 year forcing periods.

Fig. 6.15 shows the response magnitude per layer for the same set of fre-
quencies as Fig. 6.14. In the 90 day case, the magnitude over depth follows the
solution for wave propagation through a viscous fluid. This figure illustrates the
potential need for increased computational time. It is possible that the 90 day
oscillatory perturbation was able to equilibrate over depth, whereas longer pertur-
bations needed more time. It is also possible that the depth variability of phase
is related to the vertical oceanic structure. The interior may be experiencing a
filtered wind signal from the upper layers of the domain, particularly in the depths
of the pycnocline, as suggested by the upper 1000 m of Fig. 6.14. However, this

ultimately requires further investigation. Only three experiments are shown here,
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all of which were perturbed for forty forcing oscillations.
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Figure 6.15: The response magnitude with depth for transport computed at each
depth level. This is shown for the 90 day, 12 year, and 40 year perturbation.

This usability of the phase contrasts that found in the dynamical system and
two-dimensional model. In the reduced order dynamical system, phase shifts are
robust and behave in line with a standard linear oscillating system. By design,
this model has no depth-dependency to consider, and is instead a coupled system
with clear phase responses. The two-dimensional model also exhibits robust and
interpretable phase shifts, even though there is a depth-dependent component in
the model. Perhaps the lack of a third dimension and topography however is
enough to maintain phase stability. It is noted that in three-dimensions, there are
clear energetic "hot spots" downstream of topography—a feature clearly lacking in

the zonally averaged two-dimensional model.
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6.3.2 Response magnitude

While phase may not lead to meaningful conclusions, the response magnitude
is fairly robust for the three-dimensional configuration. The integrated param-
eterised eddy energy response magnitude behaves like a linear oscillator in the

. 1 -1
frequency domain with a resonant frequency of ¢ years™ .

This timescale,
tsp = 6.6 years is an inherent oscillatory timescale associated with this model.
As discussed earlier, at sufficiently high frequency, diagnostics oscillate at both
the forcing frequency and approximately 1/t3p = wsp. For frequencies higher
than wsp, the parameterised eddy energy response logarithmically increases as
frequency decreases towards the local maxima. Upon reaching the resonant fre-
quency, the response peaks and then levels out towards a constant at low fre-
quencies. This suggests that while the parameterised eddy energy has an inherent
oscillatory timescale, parameterised eddy energy responds consistently to low fre-
quency forcing. Forcing oscillations of sufficiently low frequency allow enough

time for baroclinic dynamics to counteract transport changes induced by wind

stresses (Meredith and Hogg, 2006; Ambaum and Novak, 2014).

The thermal wind transport response is more discontinuous than the eddy
energy response. For frequencies higher than wsp thermal wind transport has no
significant response. This is evident in Fig. 6.13. However, it is noted that the
high frequency response does increase with forcing period, albeit with shallow
slope. For frequencies lower than the resonant frequency, the thermal wind trans-
port response increases, and suggests a local minimum located between ﬁ and
6—14 years—! (we call this frequency warowm. Further tests could provide a more
exact value). It is possible that with the inclusion of even lower frequencies, ther-

mal wind transport would respond like eddy energy, but with a frequency delay.

Defining baroclinic transport presents a challenge to the results. There is no single
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definition of baroclinic transport and using different interpretations could dras-
tically change results. Therefore, choosing thermal wind transport to represent
baroclinic transport is an assumption. Different choices could lead to different

results in future work.

The total and bottom transport give information about the barotropic re-
sponse of a parameterised circumpolar channel to oscillating winds. Neither di-
agnostic reacts to the resonant frequency, wsp. Bottom transport in particular, is
directly affected by the bottom pressure gradient, which rapidly reacts to wind
stress changes. In the time domain, bottom transport only oscillates at the os-
cillatory forcing frequency, albeit in some cases with a phase shift. Theory sug-
gests that the phase response of bottom transport—and by extension—total transport
should be zero. As discussed, this is not the case for the given number of forc-
ing periods analysed, although at high frequencies, there is suggestion of the zero
phase shift. Total transport and bottom transport follow similar behaviour pat-
terns for frequencies greater than or equal to % years—!. After which, the total
transport response magnitude suddenly decreases with decreasing frequency. As

mentioned, both total and bottom transport response magnitudes rapidly increase

1 1

and — days ' respectively. These frequencies

. 1 —
to local maxima at 15 days 5o

are approximately equivalent within the range studied, hence this frequency is la-
belled ﬁ = wprr. Total and bottom transport are closely linked with Eulerian
overturning. Hence, this half year timescale is postulated to be associated with

resonance in overturning.
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Figure 6.16: The kinetic energy response for every model layer. Light to dark
colours shown surface to the deepest layer. The response magnitude is shown in
the log scale.

It is interesting to further break down kinetic energy by depth level. To
better understand the energetic response to oscillating wind forcing, the response
functions are determined for each model layer of kinetic energy. This new diag-

nostic is defined:

1
Ki(eot) = 1 [ KEGey.2) dady, (69)
aly

and the response function is computed following the standard procedure. The
response is computed for all 30 depth layers and is shown in Fig. 6.16. From light
to dark, this shows the layer dependent zonally averaged kinetic energy response
from the surface to the bottom layer. Most obviously, the surface response is
much greater and qualitatively different from any of the inner layers (note, this is
shown in the log — log scale). This contrast between the surface and interior model
layers suggests that the interior reacts to a filtered signal from the oscillatory winds

applied at the surface. Finally, the kinetic energy response scales with [ u - u dz.
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This leads to a steady response for all but the highest forcing frequencies. The
kinetic energy response can be shown over depth, and the response magnitude
scales inversely with depth. This relationship does not hold for the phase, which
like the other diagnostics, evolves with depth. At wsp there is a slightly elevated
response in kinetic energy. This small elevation is not significant and just a small

signature of the parameterised eddy field on kinetic energy.

6.4 Eddy resolving model in three-dimensions

The prior sections of this chapter focus on an eddy parameterised three-dimensional
model. There are similarities with the dynamical system and two-dimensional
model, such as the lower frequency peak associated with parameterised eddy en-
ergy. However, this three-dimensional model has far more internal variability
and resulting noise across results in comparison with the previous models. This
could be rectified with increased simulation lengths to capture a larger number of
forcing oscillations, but at the expense of increased computational power. This
configuration also contained a submerged ridge that guided the flow and was a
source of bottom form stress. This feature was neglected in lower-dimensional
models and may be a source of barotropic mechanisms. Even so, this three-
dimensional model parameterised with GEOMETRIC gives greater insight into
"real world" behaviour. By design, a parameterised model does not explicitly
include the mesoscale eddy field. To include these effects, a high resolution three-
dimensional channel model is configured. A high resolution eddy model will help
determine if the resonant timescale associated with parameterised eddy energy in
the previous models is apparent beyond GEOMETRIC. This model is also built

using MITgcm and simulates an ACC-like channel at eddy resolving resolution.
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6.4.1 Model configuration

The eddying configuration is a high resolution three-dimensional idealised ACC-
like model on the B-plane. This model replicates the configuration for a parame-
terised circumpolar channel with topography but in high resolution. Grid resolu-
tion is 10 km x 10 km (about 1—10" resolution) which is eddy resolving. This ed-
dying reference case is similar to standard ACC-like channel configurations (e.g.,
Munday et al. (2013) and Mak et al. (2018)). A high resolution eddy resolving
model gives insight into the "real world behaviour" of the ACC when subject to
oscillatory winds. When parameterisations are used, the eddying calculations are
used as a reference for physical mechanisms and behaviour (both qualitative and
quantitative). Disparities between the eddying and parameterised solutions are of
interest, as they illuminate missing physics (if any) which is not captured by the

parameterisations.

The experimental procedure follows on from the parameterised model. A
500 year spin up with temporally steady winds is followed by a suite of exper-
iments forced by wind stress forcing oscillations of different frequencies. The

forcing perturbations are listed in Table 6.3.

6.4.2 Results

This configuration is spun up for 500 model years with temporally constant winds.
This spin up gives total transport values of approximately 100 Sv and depth in-
tegrated kinetic energy of 30 m3/s* when time averaged over the final 100 years
of spin up. Transport and kinetic energy values are higher than the values from
earlier models. In the parameterised channel model, transport is 60 Sv and depth

2

integrated kinetic energy is 1.3 m3/s®>. The transports are roughly comparable

between these two configurations, especially given that it is common for ACC-
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Forcing  Perturbation length Sampling period (days)

2 days 80 days 0.5
5 days 200 days 0.5
10 days 400 days 1
15 days 600 days 1
20 days 800 days 1
30 days 1200 days 1
40 days 1600 days 1
60 days 2400 days 1
90 days 3600 days 5
100 days 4000 days 5
120 days 4800 days 5
140 days 5600 days 5
180 days 20 years 5
1 year 40 years 5
2 years 80 years 5
4 years 160 years 5
16 years 128 years 10
32 years 128 years 30
64 years 320 years 30
128 years 236 years 30

Table 6.3: Table detailing the wind forcing periods, experiment length, and sam-
pling period for the eddying configuration.

like models to yield lower than realistically observed transport values (Youngs et
al., 2019). The disparity between kinetic energy values however is significant. In
the eddy parameterised model, most of the energy is parameterised eddy energy,
which explains the seemingly low mean energy level. Even so, while transport
and kinetic energy values are higher than the values given in earlier models, this is

not a large concern as the physical mechanisms of the system are of interest rather

than realism.
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Figure 6.17: The equilibrated density structure from spin up. The cross-section
is taken at the longitude furthest away from any bathymetry (top) and the surface
density field (bottom).

Fig. 6.17 shows the density of the equilibrated flow before any perturba-
tions. The cross-section is taken at a single longitude, furthest away from the
submerged ridge. The upper layers (roughly the interior 1500 m, disregarding
the surface layers) show the tilting isopycnals which are characteristic of ACC
flow. Density is also shown at the surface. This shows how the bathymetry af-
fects the flow, especially downstream of the ridge. The surface density shows a
wavelike structure, which is strongest in the centre of the domain (approximately

Y = 1000 km). This filament structure is due to the resolution, which explicitly
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resolves the mesoscale eddy field.

Fig. 6.18 shows more diagnostics of the upper ocean. Here, zonal veloc-
ity and kinetic energy are averaged in time for the last 20 years of spin up and
averaged in depth over the top 725 m. Again, this is a standard flow pattern
for an ACC-like configuration with a bathymetric ridge. For both diagnostics,
the wavelike structure is apparent, but greatly enhanced downstream of the ridge.
This is particularly clear in time averaged kinetic energy. This "hot spot" directly
downstream of the ridge is expected and greatly influenced by the f/H contours

guiding the flow.
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Figure 6.18: The time averaged velocity and depth integrated kinetic energy di-
agnostics over the final 20 years of spin up. Diagnostics are averaged in time and
integrated over the top 724.7 m respectively.

Composite averages for a selection of forcing periods are shown in Fig.
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6.19, Fig. 6.20, and Fig. 6.21 for total transport, thermal wind transport, and
integrated kinetic energy, respectively. Total transport evolves with Eulerian over-
turning response and is highly correlated with bottom transport (not shown due to
behavioural similarity). Transport has greater amplitude of variability for the high-
est and lowest frequencies. At high frequencies, this is to be expected, since there
has not been time for any sort of equilibrated eddy saturation or compensation to
emerge over one period. On the other hand, "mid-frequency"” forcing experiments
show hints of equilibration as baroclinic instability has had more time to act on
the flow. At the lowest frequencies, total transport again shows greater amplitude
of variability as well as a potential phase shift (although this phase shift, associ-
ated with composite averages, must be treated with great caution as discussed in
Chapter 3). It is possible that at the longest periods of interest, internal variability
and drift need more adjustment time. For the longest forcing periods, the full 40

forcing cycles were not carried out due to computational constraints.

Total transport composite averages
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Figure 6.19: Composite averages of total transport from a sub-selection of wind
forcing experiments. Colours represent different periods of forcing.

For all but the lowest frequency in the thermal wind transport composite

averages, the system restores towards an eddy saturated state. Interestingly, for
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the 64 year forcing period, there is great variability. This may indicate a peak in
response correlated with this frequency. As thermal wind transport is related to
baroclinic processes (through density gradient adjustment), it is possible that the
total transport (Fig. 6.19) was also exhibiting signs of the baroclinic processes.
That is, if the 64 year perturbation is approaching a resonant frequency for baro-
clinic processes, this signature may be apparent in both thermal wind transport
and total transport. These trends in composite average magnitude are also evident
in Fig. 6.21. This figure shows the composite averages for the same sub-selection
of wind forcing experiments for depth integrated kinetic energy. This suggests
that longer forcing cycles lead to greater variability in kinetic energy, which could
be an alternative explanation for the increased variability in both thermal and total

transport associated with longer forcing periods.

Thermal wind transport composite averages
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Figure 6.20: Composite averages of thermal wind transports for the same frequen-
cies in Fig. 6.19. Colours represent different periods of forcing.
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Depth integrated kinetic energy composite averages
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Figure 6.21: Composite averages of spatially averaged kinetic energy from the
same sub-selection of wind forcing experiments in Fig. 6.19. Colours represent
different forcing periods.

It is useful to also look at the raw time series of some diagnostics for a se-
lection of forcing frequencies. In Fig. 6.22, the total and thermal wind transport
for the wind forcing experiment with a 90 day period are shown for the final 2
years of perturbation. Bottom transport is not shown, as it qualitatively follows
the behaviour of total transport. Even by eye, it is clear that there is a close re-
lationship between wind stress magnitude changes and total transport evolution.
This is further shown in the Fourier transform of de-trended total transport. The
Fourier transform for the total transport also indicates non-zero low and high fre-
quency components. This is reflected by the non-periodic variability of the time
series. On the other hand, there is far less obvious regular oscillatory behaviour
evident in thermal wind transport. This lack of periodicity at the forcing frequency
is also evident in the de-trended Fourier transform, which does not point to a clear
dominating frequency for this diagnostic. As mentioned, the thermal wind trans-
port is associated with baroclinic processes, hence this result is not surprising. In

the literature, there is suggestion of a lag between instantaneous forcing changes
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and thermal wind transport change, as time is required for the baroclinic adjust-
ment (Meredith and Hogg, 2006). For high frequency forcing (as is the case for
P = 90 days), it is possible that this forcing is too high frequency for any clear

signals to manifest in thermal wind transport.

90 day wind stress forcing
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Figure 6.22: Time series (left) and Fourier transforms (right) for the total transport
(top) and thermal wind transport (bottom) for the 90 day wind forcing period
scenario. Data is taken from the final two years of the experiment and de-trended
before the Fourier transform is computed.

The analogous plots for the P = 16 years experiment for the final 32 years
of perturbation are shown in Fig. 6.23. In this case, both thermal wind and to-
tal transport exhibit oscillatory behaviour at the forcing frequency. This is dis-
cernible by the time series and is further proven by the Fourier transform for both
de-trended diagnostics. There also is some high frequency variability associated
with both diagnostics. This suggests that there is a forcing frequency somewhere
between P = 90 days and P = 16 years at which thermal wind transport begins

responding with the same frequency as the wind stress. This is in line with the
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previous discussion on the timescale of baroclinic adjustment. It is possible that
16 year perturbations are sufficiently long enough for a clear signal to become

apparent.

16 year wind stress forcing
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Figure 6.23: Time series (left) and Fourier transforms (right) for the total transport
(top) and thermal wind transport (bottom) for the 16 year wind forcing period
scenario. Data is taken from the final 32 years of perturbation and de-trended
before the Fourier transform is computed.

The response functions for total, bottom, thermal wind transport, and depth
integrated kinetic energy are shown in Fig. 6.24. This plot shows response mag-
nitude in the linear and logarithmic scales (left and centre) as well as the phase
shift (right). Forcing periods shown range from 2 days to 128 years (from right
to left). There is a significant peak at % days™' associated with total and bot-
tom transport. This is a direct consequence of the restoring potential temperature
timescale imposed on the model’s top surface layer. This parameter in MITgcm
sets a timescale, which in this case, is set to be 10 days. This timescale is much

shorter than what is relevant to this work, and excluding such high frequencies

146



University of Oxford Wadham College

would not be misleading in analysis. This frequency does not lead to peaks in
either the depth integrated kinetic energy or thermal wind transport response mag-
nitude. Therefore, this peak does not lead to any answers about eddy saturation,

and can be safely excluded in analysis.
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Figure 6.24: From left to right, this figure shows the response magnitude in the
linear scale, the response magnitude in the logarithmic scale, and the phase shift.
This is computed (top to bottom) for total transport, bottom transport, thermal
wind transport, and depth integrated kinetic energy.
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The total and bottom transport response functions are very similar, both in
response magnitude and phase. Total and bottom transport are representative of
the Eulerian overturning and barotropic responses. In overturning diagnostics (not
shown), there is a prominent counterflow at all boundaries (including top, bottom,
and sides). As a result, both of these diagnostics react nearly instantaneously to
wind stress changes. This balance between surface and bottom stresses lines up
with theory (Munk and Palmén, 1951). The second notable peak for total trans-
port is at wie, ~ 1r5 days™' and for bottom transport at wy, ~ = days™'. It is
noted that response values between wy, and wy,; are roughly equivalent, forming a
plateau rather than a sharp peak for both total and bottom transport. In both, there
is a prominent phase shift associated with wy;. This coincides with the timescale
associated with eddy energy damping. Following this peak, the transport response
magnitudes briefly decrease as forcing frequency decreases. This inflection point
suggests a shift from the transient towards equilibrated eddy saturation dynam-
ics. This is faster than the timescale of transient eddy saturation given in Sinha
and Abernathey (2016), which was determined to be 2 years in their model. The

response for frequencies lower than wy., and wy, are relatively steady.

The thermal wind transport responds differently in comparison to the total
and bottom transport. Firstly, the thermal wind transport has a smaller response
magnitude than the previous two response magnitudes. At high frequencies espe-
cially, any variability within the magnitude is essentially low-level noise. There is
a peak in the thermal wind response magnitude at wi,, ~ 3—12 years—!. The phase
of thermal wind transport also shows a large degree of noise at high frequencies.
Unlike in lower dimensional models, there is no evidence suggesting that the ther-
mal wind transport phase lags/leads the wind stress forcing by 7 for frequencies

higher than a resonant frequency.

Like thermal wind transport, the high frequency response of depth inte-
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grated kinetic energy is minimal with low-level noise. As seen in the logarithmic
scale, the thermal wind and kinetic energy response magnitudes follow close be-
havioural development but with a frequency shift. The higher frequency (noise
level) variability ends at % years™! and % years~! for kinetic energy and thermal
wind transport respectively. Following this point, both response magnitudes grow.
While it is clear that thermal wind transport reaches a peak, further experimental
work would be required to fully characterise the low frequency response of kinetic

energy.

The depth-dependent kinetic energy response is again shown in Fig. 6.25.
Just like in Fig. 6.16, the surface response dominates in magnitude. This contrast
between the surface and interior model layers suggests that the interior reacts to a

filtered signal from the oscillatory winds applied at the surface.
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Figure 6.25: Depth dependent kinetic energy response magnitude for each model
layer. Light to dark colours show surface to the deepest layer. Response magni-
tude is shown on the log scale.

6.4.2.1 Discussion

In this eddying circumpolar channel model, there are three significant response
peaks across the transport diagnostics. In total transport, wy,z ~ ﬁ days ™!,
which coincides with a phase shift from approximately 0 to —m /2. The bottom
transport also exhibits this shift at w,, even though the bottom transport has a
magnitude peak at w;, ~ % days™'. Hence, both total and bottom transport have
high frequency peaks (of approximately equivalent frequency locations within the
frequency range studied. For ease of discussion, this frequency is referred to as

Wiot)- As discussed, total and bottom transport are driven by barotropic mecha-

nisms, such as bottom drag and form stress. These barotropic mechanisms there-
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fore oscillate at a characteristic sub-annual timescale, set by the combined effects
of bottom drag, form stress, and Eulerian overturning set by the surface wind
stress at relatively high frequencies. Since total and bottom transport are associ-
ated with overturning, this may suggest timescales associated with eddy compen-
sation, although this would require further research. Equilibrated ACC transport is
essentially a balance between Ekman northward transport and eddy induced trans-
port from baroclinic instability. Wind stress is quickly reflected in bottom form
stress (barotropic mechanisms), which sets the Eulerian overturning, which in turn
sets the Ekman response. After a time lag, this then is counteracted by eddy over-
turning, leading to eddy saturation. The sub-annual resonant timescale evident in
total and bottom transport is therefore directly linked to the "fast" Ekman response
in the ACC. This is reflected in total and bottom transport as the Eulerian stream-
function’s rapid wind stress response is captured by the Ekman response (Stewart
et al., 2021). This Eulerian-Ekman fast response also explains why the peak at
Wiot 18 NOt evident in thermal wind transport, as thermal wind transport is directly

linked with baroclinic adjustment and is insensitive to barotropic changes.

Since this high frequency response is associated with the bottom stress re-
sponse, it is heavily influenced by barotropic dynamics. This peak was not evi-
dent in lower dimension models, as these models did not account for either total
or bottom transport. Instead, these lower dimension models assumed the no-flow
bottom boundary condition, which the eddying and parameterised MITgcm three-
dimensional channels do not assume. Hence, it is unsurprising that barotropic
processes were neglected until this chapter of the hierarchy. The dynamical link
between eddy saturation and eddy compensation is not yet clear in the literature.
It is possible that the relationship between the barotropic and baroclinic responses
link these two features of the ACC. Further understanding of this link requires a

model with a basin to the north. A circumpolar channel model is not sufficient for
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believable overturning.

On the other hand, the peak in thermal wind transport (wy,,) is associated
with lower frequency processes. While there is no explicit peak in depth inte-
grated kinetic energy, the lower frequency region (w < % years™!) clearly ex-
hibits a pronounced response magnitude. This behaviour is also evident in the
thermal wind response. These lower frequency processes are associated with the
baroclinic response, which is responsible for equilibrated eddy saturation. It is
expected that wy,, marks the beginning of this baroclinic frequency region, which
is associated with the dynamics of the mesoscale eddy field. After sufficient time,
the mesoscale eddy field counteracts the northward Ekman flow, leading to eddy
saturation (Meredith and Hogg, 2006). The response functions show what the

time series and Fourier transforms suggested in Figs. 6.22 and 6.23.

Referring back to Table 6.3, wind oscillations with period greater or equal
to 16 years do not complete 40 full cycles. It is likely that this does not give
sufficient time for adjustment—particularly in phase. This could be rectified with

a larger computational expense budget.

6.4.2.2 Conclusions

Unsurprisingly, the three-dimensional eddying model has significantly greater in-
ternal variability than the dynamical system, two-dimensional model, and eddy
parameterised three-dimensional model. At such high resolution, there is explicit
eddying which vastly contributes to non-linearity of the system. The response
functions show at least two different processes that control the system at differ-
ent frequencies. The faster of these frequencies is associated with wyo; and wy,.
Total and bottom transport are controlled by Eulerian overturning. This suggests

that barotropic processes associated with an adjustment towards eddy saturation—
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and to some degree eddy compensation—dominate the system at sub-annual fre-
quencies. The second process is associated with baroclinic processes responsible
for equilibrated (standard) eddy saturation. This is the slower of the significant
timescales of interest. This is timescale due to physics of the mesoscale eddy field.
Time is required after wind stress perturbation for an eddying response, as there
must be sufficient potential energy and sloping of the isopycnals (Straub, 1993),
(Hogg and Blundell, 2006). This then leads to oscillatory dynamics linked with

the depletion and generation of baroclinic instability (Ambaum and Novak, 2014).

6.5 Model comparison

The following section discusses the hierarchy of models as a whole. For conve-

nience, Table 6.4 summarises the key results from each model.

Model Diagnostics Peak response timescale Chapter
Dynamical system Thermal wind transport tip = 9.7 years 4
Parameterised eddy energy tip
Two-dimensional Thermal wind transport top = 8 years 5
Parameterised eddy energy top
Depth integrated kinetic energy top
Three-dimensional Thermal wind transport tagom = 64 years 6
(GEOMETRIC) Parameterised eddy energy t3p = 6.6 years
Total transport tgrr = 180 days
Bottom transport tBTR
Depth integrated kinetic energy 5 years
Three-dimensional Thermal wind transport tiw = 32 years 6
(Eddy resolving) Total transport Loy = 140 days
Bottom transport tiot
Depth integrated kinetic energy NA

Table 6.4: A summary of key results across the hierarchy of models. Timescales
associated with peaks in the response magnitude are listed, along with the corre-
sponding diagnostic.
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6.5.1 Comparison to dynamical system and two-dimensional

model

Both the dynamical system and the two-dimensional model have only a single
peak in response magnitude for all diagnostics. In the dynamical system, this peak
isattyp ~ 9.7 years whereas in the two-dimensional model this peak is at t5p ~
8 years. For the sake of analysis, these timescales are approximately equivalent.
Further model tuning could result in true equality, but is deemed unnecessary for

this thesis.

Results from both three-dimensional models (eddy resolving and eddy pa-
rameterising) have peaks in the total transport response function at 1—10 days™.
This is a direct consequence of the surface restoring condition, hence it is not
included in the dynamical system and two-dimensional model by design. Were a
surface restoring condition added in either case, it is reasonable to expect this high

frequency peak in total transport. This peak does not contribute to the comparative

analysis, as this is purely a model artefact to maintain more realistic conditions.

The next peak at tgpr is missing from both lower dimensional models.
This timescale is associated with Eulerian overturning and is hypothesised to
be associated with barotropic mechanisms. These dynamics are influential in
three-dimensional models, but seemingly missing in models of lower dimensions.
Lower dimensional models subscribe to equilibrated eddy saturation. That is, the
dynamical systems use baroclinic instability rather than barotropic processes to
model eddy saturation. It is possible that the bottom pressure differences have
more influence on the system than previously assumed. In particular, neither
lower dimensional model computes bottom transport, as it is assumed that the
top and bottom stresses are equal and opposite. This effectively eliminates any

quantifiable barotropic influence on the system.
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Barotropic processes are dominant at high frequencies so the absence does
not affect the dynamical system or two-dimensional model at low frequency. In
particular, this does not seem to alter the equilibrated dynamics, as baroclinic in-
stability mainly takes over. In both lower dimensional models, there are prominent
peaks at t1p and ¢5p. In the three-dimensional GEOMETRIC configuration, there
is an equivalent peak, t3p, associated with baroclinic adjustment. While ¢3p is
faster than t1p and t5p this is most likely due to model tuning. As discussed, the
three-dimensional GEOMETRIC model has much lower transport values than all
other discussed models. This could be rectified by model tuning, but is deemed
unnecessary for the sake of this thesis. In fact, applying Eq.(4.22) gives an oscilla-
tory timescale of approximately 60 years, which is not far off from the oscillatory
frequency suggested by the model. This suggests that the underlying processes of
thermal wind shear (transport) may be more accurately modelled at low resolution

than the parameterised eddy energetics.

Because of this, it is assumed that the three peaks at w; p, wsp, and wszp all
represent the response frequency associated with a shift into baroclinic instability.
This result is somewhat surprising, as it verifies that the dynamical system and
two-dimensional model have comparable results with higher dimensional config-
urations. In particular, the two-dimensional model has a zero residual mean by
design, whereas the three-dimensional models do not. This design choice may
impact the different behaviour between model dimension. This is reassuring, as
it shows that simple models can give reasonable results, even with the liberal
use of assumptions. However, this is only true for equilibrated dynamics, when
baroclinic processes take over. This illuminates a gap in simplified circumpolar
channel models, which often neglect crucial mechanisms, especially at high fre-

quencies.
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6.5.2 Comparison of three-dimensional models

In both the eddy resolving and eddy parameterised configurations, there are sim-
ilar barotropic peaks. Using three-dimensional GEOMETRIC leads to tgr ~
200 days, whereas in the eddying configuration there is a prominent peak at
tyoy ~ 140 days. Again, there is some discrepancy between the peak numeri-
cal values but this may be rectifiable with model tuning. Even so, the physical
mechanisms rather than the numerical values are of more importance for this the-
sis. There is a submerged ridge in both three-dimensional models with a linear
bottom drag coefficient applied to the bottom layer of the configurations. In both
cases, this causes bottom form drag. This is a notable difference between the
lower dimensional and three-dimensional models—whether eddy resolving or eddy
parameterised. It is therefore concluded that ¢tgrr and ¢ are directly associated
with barotropic processes that are otherwise neglected in the dynamical system
and two-dimensional model. The discussion on the barotropic timescale for the
eddy resolving model holds for GEOMETRIC. In summary, wind stress changes
across all frequencies are reflected by bottom form stress, which in turn sets Eu-
lerian overturning and the Ekman response. Theory suggests that the ACC eddy
field adjustment lags wind stress changes (Meredith and Hogg, 2006). There-
fore, this fast adjustment with a sub-annual resonant frequency is associated with
barotropic processes, which manifest in total and bottom transport due to form

drag.

There are further shared characteristics between the two configurations in
bottom transport. Fig. 6.24 shows response magnitudes of total transport, bottom

transport, thermal wind transport, and depth integrated kinetic energy for the eddy

resolving model. As in Fig. 6.13, for frequencies higher than 3(1)—0 days™", total

and bottom transport have near identical qualitative behaviour and shared peaks.
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Therefore, it is assumed that barotropic mechanisms dominate for frequencies

L

300 days~!. Additional response functions of zonal bottom stress (not

where w >
shown) also peak at this timescale, further supporting that bottom mechanisms

greatly influence the barotropic and high frequency circumpolar adjustment.

The response function for thermal wind transport in three-dimensions has
a substantial degree of noise in comparison to the dynamical system and two-
dimensional model. Most of this noise is at higher (than the baroclinic peak)
frequencies, so it is not as concerning in relation to baroclinic adjustment. GE-
OMETRIC in three-dimensions and the eddy resolving model have peaks asso-
ciated with thermal wind transport at approximately wsp and wy,, respectively. It
is obvious that wy, > wsp but it is reassuring that both configurations result in
a low frequency resonance of the same magnitude. In GEOMETRIC, the ther-
mal wind transport does not behave like parameterised eddy energy, as suggested
by the lower dimensional models. In three-dimensions, it is concluded that this
mismatch is related to the baroclinicity generation and decay as well as the zonal
mismatch of shear and parameterised eddy energy. While the eddy resolving con-
figuration does not diagnose eddy energy, it is possible that some physical process
is leading to low frequency resonance in thermal wind transport. That is, the

mesoscale eddy field also grows and decays with baroclinicity.
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7| Conclusions

This chapter summarises the findings of this thesis. Further work is also outlined,

with some preliminary and exploratory results shown.

7.1 Summary

Pre-existing literature on eddy saturation mainly focuses on equilibrated timescales.
Within this framework, baroclinic eddy generation and erosion is the main driving
force. In simple terms, increasing wind stress does not increase ACC transport, as
the mesoscale eddy field grows more energetic and counteracts the effects of the
wind. However, there is a notable gap in the literature when it comes to response
of the ACC at non-equilibrated timescales. That is, there is a gap in understand-
ing transient eddy saturation and adjustment. This thesis set out to accomplish the

following:

1. To determine the mechanisms controlling the response of the circumpolar

current to wind stress changes.

2. To compare and contrast the transient behaviour across models in multiple
dimensions (dynamical system, two-dimensional, three-dimensional eddy
parameterising, and three-dimensional eddy resolving) and understand the

similarities and differences.

3. To analyse the effects of variable wind stress on a circumpolar current using

frequency analysis techniques, which are often not used in this field.
This thesis can be summarised as follows.

A dynamical system of eddy saturation across timescales (Chapter 4)

presented and analysed a dynamical system of eddy saturation. This model
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is parameterised with both GM and GEOMETRIC, with more focus on GE-
OMETRIC. There is an inherent oscillatory timescale/frequency associated

1

with this model. This frequency, wip = % years™ ", is associated with

baroclinic processes of eddy saturation.

Two-dimensional model and the response to oscillatory forcing (Chapter
5) comprised the next step in the hierarchy of models: the two-dimensional
model. This chapter extends previous two-dimensional models by includ-
ing time-dependent wind stress forcing (Mak et al., 2018). Both wind stress
kicks and oscillations are applied after spin up. The wind stress kicks repli-
cate pre-existing work, however it is shown that the transient adjustment
takes place within two decades of perturbation when parameterised by GE-
OMETRIC. The oscillatory wind stress forcing experiments are more inter-
esting in the context of this thesis. The two-dimensional model and the dy-
namical system both exhibit nearly identical behaviour in the frequency do-
main. The resonant frequency associated with the two-dimensional model,

!, is clear in both thermal wind transport and eddy energy.

Wop A % years™
The two-dimensional model however suggests a damping timescale, associ-
ated with the increased width of the response peak. This is not present in the
dynamical system. In both the dynamical system and the two-dimensional
model, robust phase shifts at the resonant frequency are also clear. From
the lower dimensional models, there is clearly a resonant frequency at least
associated with idealised GEOMETRIC. This is associated with the baro-
clinic processes of eddy saturation, which GEOMETRIC captures. How-

ever, these models cannot capture barotropic mechanisms, hence the high

frequency adjustment should be treated with caution.

Oscillatory forcing in three-dimensional models (Chapter 6) extends the

earlier chapters of this thesis by analysing both eddy parameterising and
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eddy resolving three-dimensional circumpolar channel models forced by
oscillatory wind stress. This comprises the final step of the hierarchy of
models used to investigate the physical mechanisms of eddy saturation at
multiple timescales. In the parameterised model, there are multiple res-
onant frequencies: wptr, WageoM, and wsp. It is put forth that at high fre-
quencies, barotropic processes dominate, leading to short term sensitivity to
wind stress changes (wptr). As wind stress changes shift to lower frequen-
cies, baroclinic instability is able to take over, leading towards emergent
eddy saturation, as put forth in pre-existing literature (e.g., Straub (1993)
and Marshall et al. (2017)), associated with w3p. However, wsp is only as-
sociated with the parameterised eddy energy diagnostic rather than thermal
wind transport. It is concluded that the peak associated with w3 shows that
the mesoscale eddy field grows and decays with baroclinicity just as thermal
wind transport is assumed to do. Thermal wind transport however adjusts on
longer timescales, as suggested by wggrowm, Which is a lower frequency than
wszp. In the eddy resolving model, there are two emergent peak frequencies,
wioy and wyy, (high and low frequency respectively). It is concluded that
these frequencies are associated with barotropic (high frequency) and baro-
clinic (low frequency) mechanisms. In particular, the barotropic response
is associated with the rapid change in bottom pressure gradients associated
with instantaneous wind stress changes applied to the surface. After a suf-
ficiently long adjustment, the mesoscale eddy field counteracts the wind

stress changes, causing baroclinic resonance.

This thesis concludes that there are barotropic (high frequency) and baro-
clinic (low frequency) mechanisms that control the circumpolar current response
to time-dependent wind stress forcing. It is known that bottom pressure gradi-

ents swiftly react to wind stress changes (Munk and Palmén, 1951; Marshall et
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al., 2017). In three-dimensional models, bottom form stress and processes asso-
ciated with bottom form stress have a response peak at high frequency (w;.¢ and
wpTr)- These processes are not included in the dynamical system and the two-
dimensional model by design, hence there is no evidence for the corresponding
barotropic response. However, lower-dimensional models and three-dimensional
models do capture that resonant frequency associated with baroclinic adjustment.

These timescales are detailed in Table 6.4.

Studying a circumpolar current’s response to time-varying wind stress in the
frequency domain is an uncommon approach in the field. As shown in this thesis,
there are clear advantages in using frequency analysis. In the linear case, solu-
tions in the frequency domain clearly and fully characterise the system’s response
to variable wind stress. The response functions of the reduced order dynamical
system have robust magnitude and phase, which is useful in forming hypotheses
about the circumpolar current’s response. However, it is important not to rely too
heavily on the results given through the frequency analysis methodology. As dis-
cussed, the phase shifts in three-dimensional models must be treated with caution,
as the combination of depth and spatial variance prevent a consistent computation
of the phase. Therefore, it is more sensible to look at phase with depth when study-
ing three-dimensional models. Furthermore, frequency analysis is also limited by
computational expense. It would be ideal to run each perturbation experiment for
over 40 cycles before analysing; this is computationally unfeasible with the given
resources. The longer each perturbation experiment is given to run, the clearer the
results. This weakness is not a consequence of frequency analysis, and is rather a

challenge presented to the field in general when running high cost experiments.

162



University of Oxford Wadham College

7.2 Future work

As this thesis contained a hierarchy of models, it is logical that the next step is the
configuring and analysis of a more realistic ACC channel. The three-dimensional
models presented in this thesis both included a submerged bathymetric ridge.
Even with this ridge, these channel models are still extremely idealised. To better
understand the flow through Drake Passage, the inclusion of a continental obstruc-
tion would vastly improve the understanding of the physical mechanisms associ-
ated with eddy saturation and adjustment. Preliminary work including a conti-
nental obstruction in a high resolution configuration is presented with non-trivial

consequences.

7.2.1 A continental ridge

This model setup is nearly identical to the eddying model previously described.
The only physical change in configuration is the addition of a continental obstruc-
tion on top of the bathymetric ridge. This obstruction begins at the northern edge
of the domain and stretches southward for L, /2 = 1000 km. This obstruction
serves a variety of purposes. Firstly, this is more realistic for a model of Drake
Passage, as the tip of South America has not yet been considered in many models.
Secondly, this will cause the flow to interact more with topographical obstructions
which is interesting from a physical and mathematical point of view. Because of
this obstruction, a reduction is ACC transport is expected, as suggested by theory
and reported in other models with a topographical block (Wang, 1994), (Munday
et al., 2015).

While the relevant parameters listed in Table (6.1) still hold, the underlying

physics and behaviour drastically change with the inclusion of the continental ob-

163



University of Oxford Wadham College

struction. The results of this model are currently inconclusive, but show an area
of future work. Due to the f/H contours already present without this obstruction,
the flow is already guided through a choke point along the bathymetric ridge. The
wall essentially "compresses" the flow through a mid-longitude choke point and
introduces sharp changes to the domain, as the flow cannot permeate the continen-
tal obstruction. Future work also includes introducing this continental obstruction

to the parameterised configuration.

Diagnostics over the top 725 m and composite averages are shown in Fig.
7.1. Due to the obstruction, the flow is essentially forced to wrap as close as pos-
sible to the wall, following f/H contours. This leads to decreased kinetic energy
in comparison to the previous configuration. Even with the narrow forced path,
the flow has a wave-like structure downstream of the ridge. There is again an
energetic "hot spot" downstream of the ridge. However, this "hot spot" is split in
two, as there is an additional location at the southeast corner of the continental ob-
struction. This configuration also leads to a broader and more intense counterflow
along the northern boundary (westward flow in this case). Composite averages
are again computed for total transport and depth integrated kinetic energy for a
subselection of oscillation experiments. For both diagnostics, the percent change
is greater than the percent change in the configuration without a continent. That
is, the time averaged diagnostics show greater sensitivity to wind stress changes.
The qualitative behaviour of both, however, agree with the previously shown com-

posite averages.
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Figure 7.1: Time averaged zonal velocity and depth integrated kinetic energy over
the top 725 m (left) and composite averages of total transport and depth integrated
kinetic energy (right).

To fully understand the behaviour across different frequencies, the response
functions for transport and kinetic energy are computed. Due to computational
cost, low frequency oscillations were not computed. The response magnitudes
and phases are shown in Fig. 7.2. Oscillation periods less than 20 days are ex-
cluded, as previous discussion determined that such high frequencies only showed
model configuration artefacts. However, neither of the response function magni-
tudes have obvious peaks. There is some evidence for a peak at approximately
% days™, as also suggested by the sudden phase shift but this is not significant
enough to be a resonant frequency of the system. For transport, the only obvious
peak is at % days™! (not shown) but this is due to the restoring condition. The
integrated kinetic energy response loosely follows the same trend as the previous
continent-less configuration, with the response increasing as frequency decreases.

In both cases though, this relationship is not as clear as the results shown in Chap-
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ters 4 and 5. Compared to both three-dimensional responses in Chapter 6, the

response function magnitude is larger in both diagnostics.
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Figure 7.2: The total transport and integrated kinetic energy response functions.
Frequencies higher than 5= days™' are excluded.

This experimental setup requires data from low frequency experiments. It
is clear that the response functions for the configuration with the continental ridge
differ from the results in Chapter 6. This shows that the inclusion of a continent is
non-trivial and the dynamical response to periodic wind forcing in such a model

requires further careful consideration.
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7.3 Concluding remarks

Eddy saturation relies on baroclinic instability on equilibrated timescales (Straub, 1993;
Munday et al., 2013; Marshall et al., 2017). The resulting insensitivity of ther-
mal wind transport to surface wind stress changes is a defining characteristic of
Antarctic Circumpolar Current dynamics. Eddy saturation is captured in high res-
olution models of the ACC and can be captured in parameterised models—given
that the appropriate parameterisation is implemented—at equilibrated timescales
(Munday et al., 2013), (Mak et al., 2018). However, the response and adjustment
of a circumpolar current across different timescales is often a missing component

in this discussion (Sinha and Abernathey, 2016).

In order to explore the adjustment and response across different timescales,
this thesis presented a hierarchy of models forced by oscillatory wind stress at
different frequencies. This thesis showed that there are both barotropic and baro-
clinic processes associated with circumpolar adjustment in three-dimensional mod-
els with both parameterised and explicity resolved eddies. While the barotropic
processes were not evident in the dynamical system or two-dimensional model,
it is reassuring that the inherent oscillatory timescale associated with GEOMET-
RIC from lower dimensional models persists to models of higher dimension and
resolution. While there are similarities across all steps of the hierarchy, this thesis
shows that models with increased dimensions and resolution lead to more opaque
results. While higher dimensional results are closer to "model truths", the internal
variability and inherent model drift is challenging to analyse within a reasonable
computational budget. It is also clear that more realistic models (such as models
with realistic bathymetry and air-sea fluxes) will have even increased complex-
ity. It is hoped that the work in this thesis provides a starting point for fully

understanding circumpolar adjustment across all timescales, and especially those
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timescales relevant to anthropogenic climate change. Increased understanding in
this adjustment will lead to better eddy parameterisations, which will lead to better

general climate models.
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