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Abstract

The global overturning circulation is a density-driven circulation that controls Earth’s climate

through its latitudinal transport of heat, freshwater and carbon. In the Southern Ocean,

which links all the major oceans of the world, watermasses that are critical to the Meridional

Overturning Circulation (MOC) outcrop and transform as they exchange properties that affect

their density (e.g heat, salt), acting to close the mass budget of the MOC. Two cells make up

the Southern Ocean component of the MOC: a lower cell in which the major portion of global

dense waters are formed and the upper cell in which waters subducted elsewhere are returned

to the surface via upwelling.

The watermasses that transform to drive Southern Ocean overturning have been warming and

freshening over recent decades, which has implications for overturning and upwelling strength as

well as the drawdown of carbon during dense water formation. The turbulent mixing processes

that drive these watermass transformations and the origins of seasonally conditioned dense

waters that form the densest watermass are poorly quantified and spatially characterised. This

limits our ability to forecast climate change in this region, its global transmission and the

performance of climate models. The aim of this thesis is to investigate processes that influence

watermass transformations that are critical to the Southern Ocean MOC.

Over the continental slope at Elephant Island, we observe the first direct evidence of elevated

yet intermittent diapycnal mixing at mid-depths and propose that observed mixing is forced

by the locally-generated internal tide. These events occur between overturning cells and are

associated with shear instability and turbulent mixing, driving watermass transformation at

depth instead of at the surface following upwelling. This has implications for Southern Ocean

overturning and upwelling strength. At the same location but two years later, we capture direct

heat exchange between a lens (likely an eddy) of Upper Circumpolar Deep Waters (UCDW)

and Lower Circumpolar Deep Waters (LCDW). Heat, mass and buoyancy are lost from UCDW

to the cooler LCDW beneath as they transform at mid-depth, with instabilities across their

shared boundary consistent with symmetric forcing in phase with the baroclinic tide. We pro-

pose a mechanism whereby eddy-tide interaction might drive mid-depth heat dispersion from

warm UCDW-core eddies, which are the main form of heat transport onto the shelf along the

Western Antarctic Peninsula where the recent acceleration of ice-shelf melt is linked to ocean

warming. Finally, we link the magnitude of seasonal dense-water pulses at this same location
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with that of previous-season sea-ice concentration over a wider area dominated by Powell Basin

in the west Weddell Sea (the prime site of seasonally-conditioned dense water production),

which is separated from waters at Elephant Island by the South Scotia Ridge. We find that

the time-lag and the location of three further observations of dense water crossing the South

Scotia Ridge via western Hesperides Trough and on the continental slope east of Elephant

Island are consistent with tidally-induced currents along connecting isobaths. This pathway

is more direct than previously proposed, allowing exported waters to maintain more cohe-

sive dense, cold properties upon arrival at the continental slope where they may interact with

warm, saline CDW and convect downslope to replenish and ventilate Antarctic Bottom Waters.

This work highlights the contribution of tides to processes that influence the Southern Ocean

MOC. The findings of the thesis implicate the tide in forcing mid-water diapycnal mixing as the

baroclinic tide interacts with topography and in driving overturns as the baroclinic tide mod-

ifies a submesoscale feature. These processes drive watermass transformations at depth where

they can influence upwelling rates and facilitate mid-depth ocean warming where glacier melt

is sensitive to heat content along the Western Antarctic Peninsula. Additionally, it is proposed

that the tidally-induced flow around bathymetry might play a role in exporting Weddell Sea

waters onto the slope at Elephant Island. This work demonstrates that temporally-intermittent

and submesoscale features and flows (i.e sub-grid processes) contribute to watermass transfor-

mations in the Southern Ocean; depending on location, these can have a significant influence

on regional climate. This work makes a contribution towards understanding the spatial and

temporal variability of these sub-grid processes and highlights regions where these processes

may be studied further.
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Chapter 1

Introduction

1.1 Motivation

In the Southern Ocean, water masses which are critical components of the global overturn-

ing circulation outcrop into the ocean’s surface layer. These watermasses are transformed as

they exchange properties, acting to complete the global overturning circulation, which con-

trols Earth’s climate through redistributing heat latitudinally. The properties of watermasses

critical to the Southern Ocean overturning cells have been changing (warming and freshening)

over the past few decades, some of which is attributed to anthropogenically-forced regional

warming. Our poor understanding of where Southern Ocean watermass transformations occur,

their drivers (e.g turbulent mixing, upwelling) and the origins of seasonally conditioned waters

contributing to these watermasses pose a significant limitation on our ability to forecast climate

change in this region and its global transmission.

1.2 Background

While a concise background and literature review is given at the beginning of each of the

three data chapters, a broader overview of the Southern Ocean, its unique processes and role

1
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in the Meridional Overturning Circulation (MOC) is given here. This section constitutes an

introduction to all the processes relevant to the main chapters of this thesis and is intended

not to duplicate, but to provide a coherent context to the reader for all three chapters.

1.2.1 The Southern Ocean and Drake Passage

The MOC is a primarily density-driven circulation that is responsible for the meridional trans-

port of the Earth’s incoming solar radiation (heat). High-latitude processes dominate dense

water formation globally: in the Southern hemisphere, Antarctic Bottom Water (AABW) for-

mation is primarily controlled by sea-ice production (Ohshima et al. , 2016) as the majority

of brine is rejected into surface-cooled waters as sea-ice forms each season. This watermass

accounts for the greatest portion of ocean mass (30-40%, (Johnson, 2008)). Dense water for-

mation is balanced by diffusion across the thermocline into surface waters at low latitudes and

upwelling in the Southern Ocean, closing the mass budget of the global overturning circulation

and explaining observed ocean stratification. The Southern Ocean MOC is increasingly viewed

as central to driving the MOC (Marshall & Speer, 2012) (Fig.1.1).

The Southern Ocean overturning circulation comprises two cells: a lower in which waters

transform while subject to air-sea fluxes near the cold continent, lose buoyancy and sink to form

AABW; and an upper cell in which surface waters are deflected northwards by Ekman transports

to form Antarctic Intermediate Water (AAIW). Diverging surface waters are replenished by

warm Circumpolar Deep Water (CDW) as it upwells along tilted and thinning isopycnals.

Rising waters are much warmer than surrounding waters and so control the northern limit of

the cryosphere, and demarcate the circumpolar boundary between the two cells (approximately

of isopycnal 27.6 kg m−3, which outcrops at the sea-ice edge (Marshall & Speer, 2012). Fronts

in the Southern Ocean are associated with sharp lateral gradients in hydrographic properties,

with the Polar Front demarcating the northern limit of a minimum temperature of 2oC at 100 -

200 m depth, roughly coinciding with the limit of sea-ice influence, and the Subantarctic Front

defining the northernmost extent of circumpolar currents (Fig.1.2a).

The vigorous, eastward-flowing Antarctic Circumpolar Current (ACC) dominates the Southern
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Figure 1.1: A schematic perspective on the Meridional Overturning Circulation with the South-
ern Ocean overturning cells at its centre reproduced with permission from Rick Lumpkin (Lump-
kin & Speer, 2007). The colour gives approximate density ranges in depth-space so that the red
is γn ≤ 27.0, yellow is γ ' 27.0 - 27.6, green is γn ' 27.6 - 28.15 and blue is γn ≥ 28.15, where
γn is a neutral density surface. The grey-dashed surface is γn = 27.6 at 32oS which separates
the upper and lower cell transformation in the Southern Ocean.

Ocean: able to circumnavigate the globe unimpeded by landmasses and connecting all the

Earth’s major oceans, it is vital for exchanging physical (heat, salt, carbon) and biogeochemical

properties between ocean basins. This current is characterised by energetic eddies and jets, is

driven by strong westerly winds and is guided by bottom topography as it flows through gaps

between ridges, plateaus and shelves at depth, but is uninterrupted in its zonal flow above 1800

m (Hallberg & Gnanadesikan, 2006). Drake Passage presents the narrowest intercontinental

opening through which the ACC flows, with ridges around the South Scotia Sea additionally

obstructing deeper waters. Since there are no zonal pressure gradients (created by meridional

boundaries) in the Southern Ocean, the wind-driven northward Ekman transport of surface

waters is balanced by a poleward geostrophic flow at depth only, where topographical barriers

exist (Meredith et al. , 2011).
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As westerly winds induce Ekman surface transport northwards and a return geostrophic flow

at depth where bathymetry allows, there is an associated upwelling (downwelling) to the south

(north) over the ACC axis, known as a Deacon cell. This acts to overturn density interfaces,

inclining isopycnals upwards towards Antarctica and generating a store of potential energy

(Hallberg & Gnanadesikan, 2006). Eddies restore equilibrium to the baroclinically unstable

isopycnals by extracting the available potential energy as eddy kinetic energy (Marshall &

Radko, 2003), flattening isopycnals and transporting mass polewards. The wind-driven Deacon

cell and the eddy restoration force are equal yet opposite in overturning sense and the strength

of upwelling is approximately the sum of these two circulations (Marshall & Radko, 2003)

(Fig.1.2b). Drake Passage has been identified as an upwelling hotspot in circumpolar terms

(Tamsitt et al. , 2017). This upwelling is adiabatic and requires no vertical mixing, so that

waters are transformed in the ocean’s surface layer where they are subject to air-sea fluxes,

after upwelling.

However, this paradigm has been challenged by the hypothesis that watermasses can trans-

form at depth, prior to outcropping into the surface mixed-layer, effectively ‘short-circuiting’

the adiabatic pathway as mixing across and movement along isopycnals both contribute to

upwelling (Naveira Garabato et al. , 2007; Watson et al. , 2013). These transformations are

driven by diapycnal (cross-isopycnal) mixing as water masses exchange properties and Watson

et al. (2013) suggest that it may account for 20-30% of Southern Ocean upward volume trans-

ports. Diapycnal mixing can occur when instabilities arise from the internal wave field. Internal

waves oscillate on density interfaces in the stratified ocean interior and can be generated by

barotropic (internal) tides interacting with topography (at near-tidal frequencies) or by changes

in wind stress (at near-inertial frequencies). Where instabilities arise, internal waves can break,

initiating a cascade of energy to turbulence length-scales. Since internal waves lie along the

interface between density strata, turbulence increases the surface area of contact between the

layers, enhancing the exchange of properties where gradients are greatest. The diapycnal tur-

bulent diffusivity of mass, kp is described in Munk (1966)’s advection-diffusion equation, which

expresses a balance between the upward advection of water and the downward diffusion of a

property (e.g heat):
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a) b) 

Figure 1.2: These schematics are reproduced with permission from John Marshall from (Mar-
shall & Speer, 2012). a) Shows the average locations of the Subantarctic Front (SAF) (orange
outer ring), the Polar Front (PF) (orange inner ring) and their respective variances in thicker
orange; speed and direction of 15-m drifter currents (green arrows); seasonal sea-ice margins
(black, labelled) and the average extent of sea-ice (grey). Depth is shaded in blue. b) is a
snapshot from idealised ACC simulations, in which we are interested in the wind stress; the
temperature field which undulates with the mesoscale eddy field and the time-mean overturn-
ing cells that make up the Deacon cell. Here, ψ is the mean wind-driven overturning which
sets up vertical isopycnals; ψ∗ is the eddy overturning circulation which acts to flatten vertical
isopycnals and ψres is the residual overturning. White lines indicate density surfaces.

W
dθ

dz
= (

d

dz
)(kp

dθ

dz
) (1.1)

where W is the vertical velocity, θ is the potential temperature, ρ is the potential density and z

is the depth coordinate. Highly non-linear internal waves can break locally in diapycnal mixing

events while others may be radiated away from their generation site through the ocean’s interior

to contribute to background mixing. Munk (1966) estimates the magnitude of diapycnal mixing

required to maintain stratification against 25 - 30 Sv of deep water formation to be of order

10−4 m2 s−1, ten times higher than that observed (Watson et al. , 2013). This ‘missing mixing

paradox’ implies that mixing must be spatially and temporally concentrated (Munk & Wunsch,

1998; Naveira Garabato et al. , 2004).
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The mechanical energy input required to drive sufficient turbulent mixing to maintain existing

stratification is ∼ 2 TW, partitioned roughly equally between wind and tidal energy (Munk,

1966). The Southern Ocean is windy, with its zonal storm belt accounting for 80% of the

world’s wind energy (Zhai et al. , 2012), is tidally energetic (Heywood et al. , 2007), sufficiently

topographically complex to break internal waves (Nikurashin et al. , 2013) and the prerequisite

stratification and internal wave field are both present (Marshall & Speer, 2012). As such, the

Southern Ocean represents a global mixing hotspot, but is in itself spatially variable (Whalen

et al. , 2012). The question of whether there is sufficient concentrated diapyncal mixing that

observations are not resolving either temporally or spatially to meet the required global average

of 10−4 m2 s−1 remains, but it is perhaps now more relevant to ask: what are the relative con-

tributions of diapycnal mixing, adiabatic upwelling and subsurface watermass transformation

to MOC closure?

Our understanding of these Southern Ocean processes greatly limits the predictive capabilities

of climate models since sub-grid processes such as diapycnal mixing and meso- to submesoscale

eddy fluxes must be parameterised (Alford, 2003; Marshall & Speer, 2012). While global circula-

tion models are limited by grid-size (increasing sensitivity to the accuracy of parameterisation)

and representing the uniquely complex 3-dimensional dynamics of the Southern Ocean, observa-

tions are limited by harsh environmental conditions, it is sensible to focus efforts on improving

parameterisation. Critical steps include: (1) quantifying temporally-intermittent and spatially-

variable diapycnal mixing, (2) identifying the depth of peak diapycnal mixing, (3) constraining

the range of effective diffusivities, (4) accurately relating observed mixing to energy sources

and (5) quantifying meridional eddy transport.

1.2.2 Climate and Climate Variability

The MOC mediates Earth’s climate by controlling meridional transports of heat, carbon and

other climatic variables, and is strongly linked to variability in past and present climate change

(Peixoto & Oort, 1992). The upwelling branch of the two-cell overturning circulation in the

Southern Ocean is increasingly considered fundamental to climate control (Farneti et al. , 2015;
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Huybers & Wunsch, n.d.), with Marshall & Speer (2012) claiming that the Southern Ocean

plays at least an equally important role as north Atlantic overturning in controlling climate

variability. The Southern Ocean is a globally important carbon sink, accounting for ∼40% of

all ocean carbon uptake (Sabine et al. , 2004), a consequence of the high primary productivity

in the surface mixed-layer as upwelling waters deliver the productivity-limiting micronutrient

iron (Cullen & Boyd, 2008). Carbon dioxide drawn into surface waters sinks via the biological

pump mechanism (see Ducklow et al. (2001)) and is sequestered in the deep ocean (AABW)

via subducting AAIW and South Antarctic Mode Water (SAMW) (Meredith et al. , 2011). On

glacial-interglacial timescales, the upwelling of carbon-rich Southern Ocean waters is associated

with deglacial increases in atmospheric CO2 concentration (Sigman & Boyle, 2000). Thus,

variability in the strength of upwelling controls the net flux of CO2, heat and nutrients between

the atmosphere, surface mixed-layer and the ocean interior.

Since the ACC permits a global circulation through inter-basin exchange, anomalies in one

ocean basin may be transmitted around the globe, influencing climate in remote locations

(White & Peterson, 1996). Over the past few decades, sustained observations across Drake

Passage have captured a number of changes in the atmosphere, cryosphere and ocean that are

thought to be linked to anthropogenic climate change (see e.g (Meredith et al. , 2011; Marshall

& Speer, 2012) for summary) and influence the CO2 flux into the Southern Ocean. These

include the rapid melting of marine glaciers along the West Antarctic Peninsula (WAP) (Cook

et al. , 2016) linked to mid-depth ocean heat content over the continental slope (Martinson &

McKee, 2012) and warming throughout the Southern Ocean (Gille, 2008) including AABW,

which, through its significant volume also impacts on global sea-level (Purkey & Johnson, 2010).

Atmospheric warming is thought likely to influence stratification and strengthen the Southern

Ocean westerly wind belt and drive it polewards (Fyfe et al. , 2007; Le Quéré et al. , 2000;

Meehl & Zhao, 2007). The strength of the global MOC is thought to be sensitive to changes

in the westerly wind-belt (Abernathey et al. , 2011). The wind belt is observed to shift south-

ward during positive Southern Annular Mode (SAM) years (the dominant mode of interannual

variability in the southern hemisphere), which are increasingly often positive (Meredith et al.

, 2011). The consensus under this scenario is that northward Ekman transports are increased
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(and the ACC eddy field responds proportionately) leading to enhanced upwelling: this brings

more warm water into contact with ice shelves and sea-ice (Meehl & Zhao, 2007; Anderson

et al. , 2009; Ito et al. , 2010; Saenko et al. , 2005) as well enhancing CO2 outgassing; the latter

has been observed over the past 20 years (Le Quéré et al. , 2008). This process, along with

increased ice melt along the WAP, is linked to observed AAIW freshening (see also (Meredith

& King, 2005)). Both AAIW and AABW have freshened and warmed over the last few decades

(Schmidtko et al. , 2014; Purkey & Johnson, 2010; van Wijk & Rintoul, 2014; Jacobs & Giulivi,

2010), and a key concern is whether changes in their buoyancy will affect subduction rates

and hence the strength of the Southern ocean overturning cell (Meredith et al. , 2011); the

total volume of AABW has reduced over the same time period (Johnson, 2008), with Purkey &

Johnson (2012) inferring a slowdown in AABW production. Exported Weddell Sea Deep Water

(WSDW), the main source of dense shelf waters from which AABW is formed, is also freshening

(Jullion et al. , 2013), but knowledge of export pathways and the role of shelf-sourced AABW

and their formation sites limits our ability to monitor variability in AABW formation (Snow

et al. , 2016).

The delicate balance of air-sea-ice interactions and feedbacks highlights the Southern Ocean

and in particular the region around the Weddell Sea and the WAP as being of local and global

significance for climate change. While we lack a coherent understanding of how anthropogenic

warming might force parameters and feedbacks here, it is clear that understanding watermass

transformations critical to the upper and lower overturning cells of the Southern Ocean MOC

would vastly improve the forecasting capabilities of climate models. Major weaknesses presently

include the accurate parameterisation of diapycnal mixing and upwelling (and sensitivity to

those parameters), the contribution of watermass transformations at depth to upwelling, and

our understanding of the export pathways and variability of dense waters leading to AABW

formation.
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b) 

a) 

Figure 1.3: Two schematics to illustrate currents and circulation near the tip of the Antarctic
Peninsula. a) is reproduced with permission from Andrew Thompson from Thompson et al.
(2009) and shows surface currents from drifters labelled as the Coastal Current (CC), the
Weddell Front (WF) and, in grey, Antarctic Slope Front currents from Heywood et al. (2004).
Bathymetry shades change every 500 m and contours between 1000 m and 4000 m are drawn
at 1000-m intervals. The southernmost component of SR1B transect track has been added to
this figure in dashed-white to clarify b) in which the potential temperature over the decade to
2009 along the SR1B transect ending at Elephant Island is shown in colour-filled contours with
potential density contours (kgm−3) that commonly define the boundaries between watermasses
overlain in smooth black lines and that which circumpolarly divides upper and lower overturning
cells in red. Here, SAMW is Subantarctic Mode Water, AAIW is Antarctic Intermediate Water,
UCDW is Upper Circumpolar Deep Water, LCDW is Lower Circumpolar Deep Water and
AABW is Antarctic Bottom Water. The white dashed arrows roughly depict the lower and
upper cells of the Southern Ocean as waters cool near the continent and sink to form AABW
and are deflected northward by Ekman transports. Diverging surface waters are replenished by
upwelling CDW.
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1.2.3 Elephant Island Hydrography

Elephant Island forms the northernmost tip of the Antarctic Peninsula. The wider area is known

as the Weddell Scotia Confluence and is characterised by the continental slope which extends

eastwards from Elephant Island and the SSR which divides the Weddell Sea from the open ocean

at South Drake Passage (for map, see Fig.2.1). Over the steep continental slope immediately

north of Elephant Island, CDW and the isopycnal (27.6 kg m−3) that circumpolarly divides

the upper and lower Southern Ocean overturning cells outcrop into the surface mixed-layer

(Figs.1.2b and 1.3b). South Drake Passage is one of the few regions where upwelling waters

are thought to outcrop close to the continental slope (Tamsitt et al. , 2017). Here, Meredith

et al. (2003) hypothesise that downslope convection feeds AABW and, to the east, WSDW is

exported onto the continental slope via Phillip Passage and Orkney Passage (Heywood et al.

, 2004), perhaps further west towards Elephant Island (Thompson et al. , 2009) (Fig.1.3a).

The region is known for strong slope currents and is favourable for tidally-induced diapycnal

mixing; much of the steep continental shelf-break is sufficiently sloped (Heywood et al. , 2007;

Padman et al. , 2006). Thus, the ocean that surrounda the tip of the Antarctic Peninsula is

remarkable in its representation of processes that dominate Southern Ocean physics as well as

being accessible. As such, the Elephant Island region benefits from a number of long-standing

observational campaigns, including an annually-repeated hydrographic transect across Drake

Passage to Elephant Island (SR1B) and pressure gauges on the continental slope.

1.3 Aims and Objectives

The overarching aim of this thesis is to investigate processes influencing the watermass trans-

formations that are critical to the MOC in the Southern Ocean. The study site is Elephant

Island, where the watermass structure that makes up the Southern Ocean MOC is exemplified

in meridional cross-section onto the continental slope. The objectives are to investigate:

1. intermittent diapycnal mixing at depth;
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2. watermass transformations at depth;

3. sources of observed seasonal pulses of dense water at Elephant Island and

4. Weddell Sea water export pathways onto the continental slope.

1.4 Thesis Structure

The structure of this thesis follows a ‘thesis by publication’ format, in which Chapters 3-5 are

presented as manuscripts in lieu of a results section, reproduced as-is, but with all references

consolidated into a single bibliography with the framing thesis and supporting information

included at the back of each relevant chapter. Chapter 2 provides an overview of data and

methods; Chapter 3 investigates enhanced intermittent mixing across isopycnals that divide

the Southern ocean overturning cells; Chapter 4 analyses the transformation of two water-

masses as they exchange heat over the continental slope and Chapter 5 investigates the origin

of seasonal dense water pulses on the slope at Elephant Island. Chapters 3-5 include their

own introductions, methods, results, discussions and conclusions and are prefaced by a short

paragraph tying them into the thesis as a whole and all references are all enclosed in the thesis’

Bibliography section. Supporting information is included at the back of each chapter. Chap-

ter 6 provides a summary and synthesis of the complete work and its contribution to current

understanding of the topic.

1.5 Publications

Mead Silvester, J., Y.-D. Lenn, J. A. Polton, T. P. Rippeth and M. A. Morales Maqueda

(2014), Observations of a diapycnal shortcut to adiabatic upwelling of Antarctic Circumpolar

Deep Water, Geophysical Research Letters, 41, 79507956, doi:10.1002/2014GL061538.

Mead Silvester, J., Y.-D. Lenn, J. A. Polton, H. E. Phillips and M. A. Morales Maqueda (2017),

Watermass Transformation at Mid-Depths over the Antarctic Continental Slope, manuscript

submitted to the Journal of Physical Oceanography for publication.
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Chapter 2

Instrumentation and methods

2.1 Overview of Cruises and Instruments

The following paragraphs provide an overview of the datasets used in Chapters 3-5. This does

not duplicate the methods sections given in each of the paper chapters, but gives a coherent

summary of the instrumentation and datasets used to produce this work as a whole and expands

on some of the instrumentation. All primary data collection was carried out on three separate

cruises aboard the RRS James Clark Ross in different years (2009, 2011 and 2015). Since

there is overlap in the data used for Chapters 3-5, the data are summarised according to cruise,

greater detail of EM-APEX float handling and some supplementary information that is not

given in the abbreviated methods sections of data chapters is provided. All computational

methodologies, including calibration, are confined to the paper chapters’ respective methods

sections. Table 2.1 summarises the instrumentation used and Fig.2.1 illustrates the locations

of all instrumental deployments.

2.2 Research Cruise JR198 (2009)

The data used from this cruise comprise concurrent conductivity-depth-temperature (CTD)

and VMP microstructure turbulence profiler casts as well as shipboard ADCP data over the

13
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Instrumentation
instrument deployment manufactured model measured variables units
CTD tethered Seabird Electronics conductivity

temperature
pressure

S m−1

oC
decibar

VMP-1000 free-falling Rockland Scientific
Instrument

dissipation W kg−1

ADCP shipboard 75 kHz RDI Ocean
Surveyor

horizontal velocities cm s−1

EM-APEX
floats 4908a,b

autonomous
remotely
controlled

SeaBird Electronics
pumped CTD

electromagnetic
subsystem

conductivity
temperature
pressure,
horizontal velocities

S m−1

oC
decibar
cm s−1

Table 2.1: Summary of instruments used and their respective specifications and measured
variables.

continental slope at Elephant Island. This was part of Cruise JR198, which ran along the

annually-repeated SR1B track from Burdwood Bank, south of the Falkland Islands, and Ele-

phant Island from 18-29 November 2009. These data were collected by principal investigators

Miguel Angel Morales Maqueda and Yueng-Djern Lenn, and are used principally in Chapter 3.

2.3 Research Cruise R265 (2011)

As part of this cruise, an EM-APEX float (no. 4980a) was deployed by principal investigator

Miguel Angel Morales Maqueda on 5 December 2011, again over the continental slope at Ele-

phant Island. The EM-APEX float is a pseudo-Lagrangian, autonomously profiling instrument

which can be set to profile according to a particular dive pattern between fixed depths and

surface as requested to transmit data and receive new instructions via Iridium link. The float

profiled continuously between 400 m and 900 m, surfacing every few days until near recovery (as

batteries depleted) 12 days later on 17 December 2011. The float contains an inflatable bladder

which is used to change the buoyancy of the float to match specified depths. During this time,

the float profiled along the continental slope before entering Hesperides Trough and continuing

eastward along its northern flank. Data were post-processed onshore by John Dunlap at Webb

Research Corporations (USA). These data are used in Chapters 4 and 5.
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Weddell Sea 

Elephant Island 

Hesperides  
  Trough 

Float 2015 

Float 2011 

Powell Basin 

VMP & CTD 

Sea-ice 
concentration 

SR1B CTD 

BPR 

Figure 2.1: Maps showing the location of all instrument deployments and datasets used in this
thesis. Inset: Drake Passage, with the SR1B track, which runs from south of the Faulkland
Islands to Elephant Island, off the tip of the Antarctic Peninsula, labelled in red; the red boxed
region near Elephant Island shows the location of the VMP and CTD timeseries, also marked
on the main map. On the larger map, the 2011 and 1015 EM-APEX float deployments are
marked in orange and green respectively; the BPR location is the mint-green dot and the region
over which sea-ice concentration is averaged is within the brown boxed area.

2.4 Research Cruise JR305 (2015)

The above EM-Apex float was redeployed in 2015 (as float no. 4980b). The same float should

have been redeployed by myself under principal investigator Miguel Angel Morales Maqueda

on cruise JR292 from RRS James Clark Ross in 2014. However, despite the combined efforts

of Jeffrey Pugh, Miguel Angel Morales Maqueda, myself and the many resourceful mechanics

and engineers at Rothera Research Station who went to the lengths of making a specialist tool

to open the instrument, we were unable to revive the float: the batteries were depleted due to a

fault with the ‘sleep’ command hardware and available replacement batteries were of a different
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weight and volume, rendering them impossible to fit and balance. The float was returned to

the Webb Research Corporation (USA) for refurbishment and kindly redeployed by Yvonne

Firing and Geoff Hargreaves the following season on 11 January 2015. This time, the float was

deployed in westernmost Hesperides Trough with the aim of seeing whether it would capture

Weddell Sea waters as observed in the 2011 deployment. The float profiled within Hesperides

Trough before exiting north onto the continental slope where it profiled for a number of days

before moving northwards into the open ocean and losing power on 2 February 2015. During

this time, I worked closely with John Dunlap to respond to data and re-programme the float’s

depth boundaries and dive pattern to maximise useful output; it is possible to partially steer

the float by making an assessment of horizontal velocities and isobaths. Data presented in this

thesis are from continuously-profiling sections and are used only in Chapter 5.

2.5 EM-APEX Float Characteristics and Quality-Control

The EM-APEX measures horizontal velocities via an electromagnetic subsystem that comprises

five electrodes, an accelerometer and a magnetic compass. The EM subsystem records relative

velocities (±0.015 m s −1) in 2.2 m bins by measuring the motion-induced electric fields as

the ocean moves through the vertical component of the Earth’s magnetic field. These may be

translated into absolute velocities using paired surfacing profiles’ GPS locations. Velocities are

used in Chapter 4 alone and are used only for computing shear, strain and potential vorticity,

which do not require absolute velocities. The EM-APEX float was equipped with a pumped

SeaBird Electronics CTD (so that no thermal lag correction was necessary) and measure tem-

perature (± 2 x 10−3 ◦C ), conductivity (± 2 x 10−3) and pressure (± 2 dbar). Data were

quality controlled by:

1. checking for pressure drift (i.e all surface values are the same and applying an offset where

not);

2. flagging bad pressure points (primarily near the top (upward-looking profiles) and bottom

of profiles (downward-looking profiles) where the float overshoots the target depth);
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3. comparing individual density, temperature and salinity profiles and checking whether

spurious density inversions were the result of suspect salinity or temperature spikes and

flagging bad data;

4. visually checking T-S diagrams against density profiles and flagging outliers;

Data considered ‘bad’ according to one variable was removed across all variables and interpo-

lated over. T-S diagrams showing flagged datapoints are included in the supporting information

at the back of relevant chapters.

2.6 Supplementary Data

The following publicly-available datasets are used to support the primary data: hydrographic

data from the SR1B transect across Drake Passage (Chapter 3); the Bottom Pressure Recorder

from Antarctic Circumpolar Current Levels by Altimetry and Island Measurements (ACCLAIM)

at Elephant Island (Chapters 3, 5) and sea-ice concentrations from Passive Microwave Data from

the National Snow and Ice Data Center (NSIDC) (Chapter 5). Additionally, barotropic and

baroclinic tidal estimates are made from TPXO7.2 (Egbert et al. , 1994) (Chapters 3 and 4) and

Tidal Model Driver (TMD) (Padman et al. , 2002) respectively. TPXO7.2 is a global model of

barotropic tides which best-fits (according to least-squares) the Laplace Tidal Equations and the

track-averaged altimeter data from two satellites, TOPEX/Poseidon and Jason, with an RMS of

5 cm. TPXO7.2 can be downloaded from http://volkov.oce.orst.edu/tides/global.html. TMD is

a Matlab package for accessing the harmonic constituents of high latitude barotropic tide mod-

els. Here, it is run with the 1/30◦ x 1/60◦ (2 km) Antarctic Peninsula model (Model AntPen),

a high resolution regional model of the Antarctic Peninsula area from the middle of the Weddell

Sea to west of Pine Island Bay. Computations are based on linearised shallow-water equations

forced at open boundaries by tidal height from the circumpolar forward model CATS02.01 and

astronomical forcing, and the model is particularly valuable for exploring tidal flows in narrow

passages around the Antarctic Peninsula and islands near its tip (as used in Chapter 5). TMD

for the Antarctic Peninsula can be downloaded from

https://mail.esr.org/polar tide models/Model AntPen0401.html.
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Chapter 3

Observations of a Diapycnal Shortcut

to Adiabatic Upwelling of Antarctic

Circumpolar Deep Water

This chapter presents high, intermittent diapycnal mixing at mid-depths over the Antarctic

continental slope north of Elephant Island and proposes that observed mixing is forced by the

locally-generated internal tide. Findings are discussed in the context of short-circuiting adia-

batic upwelling as mid-depth mixing allows watermasses to transform at depth; influence on

Southern Ocean overturning strength and the need for measurements and models to resolve

processes at a sufficient temporal resolution to capture intermittent mixing.

19
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Abstract

In the Southern Ocean, small-scale turbulence causes diapycnal mixing which influences im-

portant water mass transformations, in turn impacting large-scale ocean transports such as the

Meridional Overturning Circulation (MOC), a key controller of Earth’s climate. We present

direct observations of mixing over the Antarctic continental slope between water masses that

are part of the Southern Ocean MOC. A 12-hour time-series of microstructure turbulence mea-

surements, hydrography and velocity observations off Elephant Island, north of the Antarctic

Peninsula, reveals two concurrent bursts of elevated dissipation of O(10−6)Wkg−1, resulting

in heat fluxes ∼10 times higher than basin-integrated Drake Passage estimates. This occurs

across the boundary between adjacent adiabatic upwelling and downwelling overturning cells.

Ray tracing and topography show mixing between 300-400m consistent with the breaking of

locally-generated internal tidal waves. Since similar conditions extend to much of the Antarc-

tic continental slope where these water masses outcrop, their transformation may contribute

significantly to upwelling.
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3.1 Introduction

The global overturning circulation, a critical component of the Earth’s climate system, trans-

ports heat gained in the tropics to high latitudes, where it is lost to the atmosphere (Wunsch,

2004; Marshall & Speer, 2012). This circulation is sustained by ∼2 TW of mechanical energy

input, of which approximately half comes from atmospheric winds and half from tides (Munk,

1966). Tide and wind energy force internal waves which dissipate energy to small-scale turbu-

lence in vertical mixing events. The vertical exchange of heat and mass in the abyssal ocean

balances deep water formation at high latitudes, maintaining abyssal stratification (Wunsch,

2004). However, observed background dissipation of O(10−10)W kg−1 is insufficient to balance

deep water formation, suggesting that intense vertical mixing is concentrated at a few locations

(Naveira Garabato et al. , 2004). The Southern Ocean, the key place where waters subducted

or convected elsewhere rise to the surface to close the MOC, has recently come into focus as one

such region of concentrated vertical mixing. Approximately 80% of the planet’s wind energy

is bound in storm tracks over the Southern Ocean (Zhai et al. , 2012) and this, coupled with

topographic roughness and the action of tides, makes the Southern Ocean a potential hotspot

for diapycnal mixing (Egbert et al. , 2004; Watson et al. , 2013; Wu et al. , 2011).

This study focuses on Drake Passage, a topographically complex chokepoint for ocean currents

where elevated levels of tidally-forced diapycnal mixing can be expected (Heywood et al. , 2007;

Padman et al. , 2006). Our measurements are taken to the north of Elephant Island, at the

northern tip of the Antarctic Peninsula (Fig. 3.1a). M2 tidal amplitudes (Padman et al. , 2002)

and topographic roughness (Wu et al. , 2011) in the vicinity of Elephant Island are typical of the

Antarctic continental shelf break equatorward of the M2 critical latitude (∼74.5◦S), accounting

for ∼60% of the continental slope. At these latitudes, important watermass transformations

occur as deep waters are drawn to the surface along tilting isopycnals where they are either

transported northward by Ekman transports to form Antarctic Intermediate Water (AAIW)

or South Antarctic Mode Water (SAMW), or lose buoyancy through air-sea fluxes near the

cold continent and sink to form Antarctic Bottom Water (AABW) (Sloyan & Rintoul, 2001)

(Fig. 3.1b). Although these transformations do not occur over all longitudes in the Southern
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Ocean, Drake Passage is close to the site of Atlantic AAIW/SAMW formation (Piola & Gordon,

1989) and, immediately to the north of Elephant Island, dense waters formed along the eastern

side of the Antarctic Peninsula convect downslope (Meredith et al. , 2003). While the return

of deep waters to the surface along outcropping, inclined isopycnals is thought to dominate

Southern Ocean upwelling, it has been suggested that such adiabatic processes are unable to

account entirely for upward volume transports in the Southern Ocean, implicating diapycnal

mixing as a contributor (Naveira Garabato et al. , 2007). Watson et al. (2013) estimate from

a tracer-dispersion experiment that diapycnal mixing drives 20 - 30% of total Southern Ocean

upwelling. We present the first time series of direct dissipation measurements to resolve strong

intermittent diapycnal mixing episodes within the southernmost extent of Upper Circumpolar

Deep Waters (UCDW), north of Elephant Island.

3.2 Measurements and Methods

From 18 to 29 November 2009, RRS James Clark Ross carried out a microstructure turbu-

lence time-series (JR198) and the annually-repeated SR1B hydrographic survey from Burdwood

Bank (south of the Falkland Islands) to Elephant Island across Drake Passage. Thirty-one

full-depth conductivity-temperature-depth (CTD) stations were completed during the survey,

culminating in a 12-hr station during which a free falling Rockland Scientific Instruments ver-

tical microstructure profiler VMP-1000 (VMP hereafter), measuring turbulent kinetic energy

(TKE) dissipation rates, repeatedly profiled off the northern coast of Elephant Island on 25

November (Figs. 3.1a, 3.2a). The VMP was equipped with microstructure shear probes,

temperature and conductivity sensors and profiled simultaneously with a SeaBird Electron-

ics CTD for independent, calibrated temperature and conductivity measurements. Fourteen

such casts were accomplished, each approximately 800 m deep and taking 50 minutes from

deployment to recovery. A shipboard 75 kHz RDI Ocean Surveyor acoustic Doppler current

profiler (ADCP) measured velocities in 16-m bins with the first centred at a depth of 46.24

m, with bottom tracking off during the microstructure measurements, and was calibrated us-

ing water track data during post-processing into along- (u) and across-slope (v) components.
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Figure 3.1: a) The location of the study site near Elephant Island is delimited by the red box.
The red track marks the CTD transect across Drake Passage, the hydrography from which is
used to construct schematic b) to illustrate meridional water mass transports across Drake Pas-
sage. Potential density (ρ - 1000 kg m−3) is contoured, with the thicker line marking (isopycnal
σ = 27.6 kg m−3) the boundary between upwelling and downwelling cells of the Southern Ocean
MOC. Green arrows show the mean overturning circulation: wind-driven northwards Ekman
transport, northwards spread of waters cooled at the surface and sinking to form Antarctic
Bottom Water (AABW) are all replenished by Circumpolar Deep Waters (CDW), Upper CDW
(UCDW) and Lower CDW (LCDW) via adiabatic upwelling along isopycnals (e.g (Marshall
& Speer, 2012; Sloyan & Rintoul, 2001)). Subantarctic Mode Water (SAMW) and Antarctic
Intermediate Water (AAIW) are also formed within the Southern Ocean from subducting deep
winter mixed layers. Pink recirculating arrows illustrate diapycnal mixing, a potential means
for upwelling waters to short-circuit adiabatic pathways.

The barotropic tide is estimated from TPXO7.2 (Egbert & Erofeeva, 2002) (available from

http://volkov.oce.orst.edu/tides/global.html) with the timing of high tide agreeing precisely

with local bottom pressure recordings from Antarctic Circumpolar Current Levels by Altime-

try and Island Measurements (ACCLAIM) data.

From ADCP velocities, square of shear was computed as the change in u and v velocity with

depth, squared. Turbulent diffusivity is estimated after Osborn’s relation (Osborn, 1980) as Kρ

= Γ ε
N2 , where ε is the dissipation rate from direct VMP measurements, buoyancy frequency

N2 is calculated from simultaneous CTD casts and Γ, the efficiency, is taken to be 0.2. The
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Figure 3.2: a) Nearby transect CTD stations (white dashed lines) and VMP-CTD casts (solid
blue profiles) are superimposed upon topography (Amante & Eakins, 2009) using the same
colour scheme as (Fig. 3.1a) as a reference to the bathymetry of the wider area. Casts drifted
from west to east (right to left) along the shelf. Coordinate cells highlighted in yellow demarcate
critical slopes according to the Baines parameter (0.5<γ>2.0) and thick, dashed red lines show
the intersection of the M2 ray path with critically-sloped topography. b) Temperature-salinity
diagram.

Ozmidov length scale is computed as ( ε
N3 )1/2 where N is the Brunt-Väisälä frequency. The

M2 ray slope (α =
√

ω2−f2
〈N〉2−ω2 ) is calculated from the internal wave dispersion relation where ω

= 2π/12.42 hrs−1 is the frequency of the M2 tide; f= −1.2737 × 10−4 s−1 is the Coriolis pa-

rameter at this latitude; angle brackets denote time-averaged values; N2 is derived from CTD

casts corresponding to VMP casts for the upper 800 m of the water column and, below 800 m,

from the final five ship’s CTD transect stations (Fig. 3.2a). The Baines parameter is computed

according to γ = dH/dy
α

(Baines, 1982) where dH/dy represents the topographic slope in the

ray propagation direction. Heat fluxes are computed from CTD temperatures as Fh = ρcKρTz

where ρ is the potential density, c = 4181 J Kg−1 is the specific heat capacity of water and Tz

is the vertical temperature gradient. Heat flux errors are computed from standard errors prop-

agated through Kρ and Tz as standard deviations and then normalised by
√
N where N is the

number of independent variables. Finally, the conversion of lee-wave energy flux to diapycnal
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heat flux is calculated after Huang (1999) as F = cbE/H
gαw

where b is the fraction of mechanical

energy used for mixing and is of the order 0.1; E is the mechanical energy flux; H is the depth

of the water column; g = 9.8 m s−2 is the acceleration due to gravity and αw = 0.167 × 10−3

K−1 is the thermal expansion coefficient of water.

3.3 Results

Direct measurements of energy dissipation rates fall within the southernmost reaches of shoal-

ing UCDW where it is drawn to the surface over the Antarctic continental slope. Here,

northeastward-flowing currents dominate, following the shelf edge and the curve of the Antarc-

tic Peninsula. At the VMP station, the shelf edge is approximately aligned in an east-west

orientation (Figs. 3.1a, 3.2a), with a dominant eastward flow. The hydrographic CTD sec-

tion is oriented in an across-slope sense with the VMP and simultaneous CTD casts aligned

along-slope due to ship drift, and are confined within a 3 km2 area (Fig. 3.2a). Analyses

of temperature and salinity characteristics show a water mass of consistent properties at the

margins of the UCDW class (Fig. 3.2b), with negligible variation along the slope relative to

that across the slope. In zonal averages, isopcynal σ = 27.6 kg m−3 delineates the upper and

lower Southern Ocean MOC cells (Lumpkin & Speer, 2007). In a 10-year-averaged SR1b hy-

drographic section (Fig. 3.1b), UCDW ranges from σ = 27.6 kg m−3 to σ = 27.8 kg m−3 with

LCDW and the lower overturning cell found at higher densities.

3.3.1 Turbulent Kinetic Energy Dissipation, Mixing and

Stratification

The VMP observations were collected over a 12-hr period with the intention of resolving the

semi-diurnal tide (Fig. 3.3a). During this period, the surface tide cycled approximately from

low through high to low water (Fig. 3.3b) with tidal current amplitudes of u <7 cm s−1 and v

<2 cm s−1 and measurements taken between spring and neap phases of the tidal cycle.
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Figure 3.3: a) Time-series of the TKE dissipation rate, ε, from VMP casts with black contoured
lines demarcating potential density (ρ - 1000 kg m−3) measured by simultaneous CTD casts. b)
Surface elevation due to semidiurnal M2 tidal constituent from TPXO7.2. c) ADCP measure-
ments of absolute v velocity in colour-filled contours with u velocity contours overlain in black,
both with the depth-mean velocity subtracted. d) Bin-by-bin squared shear (S2) computed
from ADCP velocity data.

Relative to background dissipation levels of O (10−9) W kg−1, two separate bursts of elevated

turbulent dissipation O (10−6) W kg−1 were recorded between 16:30 and 19:00 UTC (casts 7 -

9), at depths of 120 - 200 m and 300 - 400 m. Relative to isopycnals, the upper patch of intense

dissipation maintained a thickness of 25 - 30 m and shoaled progressively; the lower burst was

confined between constant depths. Both persisted for approximately two hours, sampled by

three consecutive VMP profiles. The isopycnal immediately below the lower dissipation event

(σ = 27.8 kg m−3) is displaced by 70 - 80 m, with the largest amplitude displacement coinciding

with the maximum surface elevation of the semi-diurnal barotropic tide. Peak eddy diffusivities,

Kρ, of ∼6 x 10−3 m2 s−1 and ∼1 x 10−3 m2 s−1 compared with background diffusivities of <0.1
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Figure 3.4: a) Total dissipation between 120 - 200 m (upper) and 300 - 400 m (lower). b-c)
Buoyancy frequency, N2 (dots), and squared shear, S2 (lines), for upper (dashed lines) and
lower (solid lines) bursts of dissipation, with the period where the Richardson number N2/S2

< 0.25 shaded in panel c). d-e) Estimated mean turbulent diffusivity between 120 - 200 m and
300 - 400 m, coincident with upper and lower bursts of dissipation respectively.

x 10−3 m2 s−1 coincide with upper and lower bursts of dissipation respectively (Figs. 3.4a, b).

Mixing events dominate the vertical heat flux at these depths averaging 25 ± 18 W m−2 during

the upper burst and 58 ± 36 W m−2 during the lower event, significantly higher than average

background levels of 3 ± 1 W m−2 and 4 ± 2 W m−2 respectively.

3.4 Current Velocities

The u and v velocity components, aligned in the along- and across-slope directions respectively,

reveal a strong reversal in across-slope current direction at 250 - 300 m depth, coincident
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with the timing of mid-depth dissipation events (Fig. 3.3c). This current reversal coincides

temporally with isopycnic heave (Fig. 3.3a). The signature of the mid-depth v velocity reversal

is clearly visible in the square of shear (Fig. 3.3d).

3.5 Discussion

This investigation focuses on the two distinctive bursts of dissipation O(10−6) W kg−1, which

are O(103) larger than background dissipation levels observed at mid-depths. Other instances

of elevated dissipation were also captured, notably in the surface layer (casts 12-14) and the

bottom boundary layer (casts 4-6; 11-14) with analyses (see supporting Fig. 3.6) revealing

that near-surface mixing is consistent with shear-spiking from inertial energy input (Brannigan

et al. , 2013) and that mixing lower in the water column may be attributed to bottom boundary

layer processes, but their treatment is beyond the scope of this paper. Instead, the discussion

is centred on elevated dissipation at mid-depths where upwelling occurs. Specifically, we spec-

ulate as to the origin of the energy available for driving turbulent dissipation and discuss the

implications of these dissipation bursts on diapycnal mixing.

Of the upper and lower bursts of dissipation, the latter is associated with a greater diffusivity,

Kρ, of ∼6 x 10−3 m2 s−1 above background levels compared to ∼1 x 10−3 m2 s−1 in the

upper case, where the rise in dissipation is accompanied by an increase in stratification (Figs.

3.4). This is reinforced by comparing the mean square of shear, S2, and N2 across the layers

containing high dissipation, which reveals that the Richardson number falls to <0.25 during

the lower dissipation burst only (Fig. 3.3c), so that only in this instance do the observations

indicate that shear is sufficient to overcome stratification in turbulent mixing events. Shear

instability may be driving the upper dissipation burst as well, but the Richardson number

calculation is compromised by the low vertical resolution (16-m bins) of the 75 kHz ADCP

which smooths higher in situ shear as the Ozmidov length scale during the upper burst is much

smaller than bin-depth (∼3 m), but sufficiently large during the lower burst (∼15 m).

Three sources known to force the breaking of waves within the internal wave field are inves-
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tigated: wind, tide and mesoscale eddies. Comparing the magnitude and alignment of bulk

shear vectors across the strata containing high dissipation and the wind stress vector shows

that directly wind-driven shear-spiking is unlikely to have provided the energy for mid-depth

dissipation (see supporting Fig. 3.6). Temperature and salinity anomalies exhibit no significant

correlation with velocity profiles within the velocity reversal periods suggesting that eddies are

not responsible for the elevated levels of mixing. Moreover, mesoscale flows vary on timescales

of days and longer, further reducing the likelihood of eddies as the cause of this feature. Sev-

eral features indicative of a tidal signature cannot be conclusively resolved by observations that

span only a single semi-diurnal period. Nevertheless, the isopycnic displacement occurs at close

to the frequency of the M2 tide (Figs. 3.3a, b) and there is a strong sinusoidal signal in the

prominent v reversal close to the frequency of the semi-diurnal tide (Fig. 3.3b, c). Tidal models

(Egbert et al. , 2004; Simmons et al. , 2004; Padman et al. , 2006) implicate the region as a

globally significant dissipative site, while Heywood et al. (2007) show that internal tides are

likely to be generated in Drake Passage from observations of tide-topography interactions, but

emphasise their elusive detection there.

Internal tides are typically generated from the interaction of the tidal current with sufficiently

sloped topography, propagating away from the generation site in a tidal ray refracted through

the stratified ocean. Much of the sloped shelf edge north of Elephant Island is critical (0.5 <

γ < 2.0) according to the Baines parameter categorisation of Robertson (2001) where γ < 0.5

is subcritical, γ > 2.0 is supercritical and a critical slope is the most likely to generate internal

tides. Calculating the M2 ray slope and tracing a radial path from the lower dissipative event to

intersect with topography allows us to speculate as to whether locally generated internal tides

could have been the driver of observed diffusivity. Assuming no reflection from the seabed, the

sites where the M2 ray path intersects critically sloped topography is shown in Fig. 3.2a. It

is suggested that observed mid-depth turbulent diffusivity is consistent with the breaking of

locally-generated internal waves forced by the tide.

Our background diffusivities near Elephant Island are directly comparable to basin-integrated

estimates (based on tracer dispersion) of diapycnal diffusivity within Drake Passage UCDW by

Watson et al. (2013) at 3.6 ± 0.6 x 10−4 m2 s−1, itself an order of magnitude higher than open
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ocean background diffusivities. Our time-averaged diffusivities, including elevated dissipation

events, are approximately five times larger than those associated with lee-wave generation in

Drake Passage UCDW (Watson et al. , 2013), highlighting the importance of continental slope

regions for diapycnal mixing.

Large heat fluxes of 25 ± 18 W m−2 and 58 ± 36 W m−2 resulting from upper and lower

dissipation bursts respectively are at least an order of magnitude greater than time-series back-

ground fluxes of 3 ± 1 W m−2 and 4 ± 2 W m−2. Consequently, dissipation bursts dominate

the time-series averaged fluxes of 8 ± 4 W m−2 (upper) and 16 ± 8 W m−2 (lower). These

heat fluxes, compared with fluxes of ∼0.4 W m−2 across isopycnal σ = 27.4 kg m−3 in the At-

lantic sector of the Southern Ocean (computed using transports of 4 Sv and ∆T ≈ 2.5◦C from

Sloyan & Rintoul (2001)), are very large. Although this comparison is made across a different

isopycnal than that which our fluxes straddle (σ = 27.6 kg m−3), it is globally representative

of the boundary between water masses we observe to have modified properties locally and is

the most relevant of the scarce historical estimates for mixing in the Southern Ocean. From

the basin-integrated lee-wave energy flux of 0.02 W m−2 given for Drake Passage UCDW in

Watson et al. (2013), the equivalent heat flux is calculated after Huang (1999) to be ∼5 W

m−2, assuming a depth of 1000 m. This is comparable with our background fluxes, while our

peak fluxes are ∼10 times larger.

The presence of high dissipation rates suggests that diapycnal mixing plays a role in the trans-

formation of upwelling UCDW at Elephant Island. While the prevailing view that the primary

mechanism for upwelling in the Southern Ocean, the wind-driven adiabatic transport of mass

along inclined, outcropping and narrowing isopycnals requires no energy to be dissipated (Mar-

shall & Speer, 2012), adiabatic pathways are unable to account entirely for upward volume

transports here. It has been proposed that vertical mixing across isopycnals and indeed be-

tween adjacent upwelling and downwelling water masses is a means of short-circuiting adiabatic

upwelling (Naveira Garabato et al. , 2007). Our observations provide evidence for the presence

of strong intermittent diapycnal mixing, where adiabatic upwelling occurs, across isopycnals

that generally divide the upper and lower Southern Ocean MOC cells (circa σ = 27.6 kg m−3)

in a circumpolar sense. Mixing within the water masses at the interface of the two South-
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ern Ocean overturning cells may allow water mass transformation to occur at depth instead

of at the surface following adiabatic upwelling. These isopycnals typically outcrop between

∼60◦S and ∼70◦S, approaching the Antarctic continental slope along the Antarctic Peninsula

and between ∼45◦E and ∼145◦E, south of Australia (Marshall & Speer, 2012). Given that

similar topographic roughness and M2 tidal amplitudes extend to ∼60% of the Antarctic con-

tinental slope and coincide with where the outcropping of UCDW and LCDW approaches the

slope, intermittent, tidally-driven mixing across the UCDW-LCDW interface may also occur

elsewhere.

Although limited to narrow shelf break regions and intermittent, such elevated diapycnal mixing

may drive the missing mid-depth water mass transformation of Watson et al. (2013), influ-

encing our understanding of Southern Ocean overturning strength. The broad implications of

diapycnal mixing at this location for Southern Ocean water mass transformations and upwelling

rates drawn from this short time-series deserve further investigation and it is significant that

we have identified a place where this can be studied.

3.6 Conclusions

A 12-hour time-series of TKE dissipation rates in which we observe elevated intermittent mixing

across the boundary between adjacent adiabatically upwelling and downwelling branches of the

Southern Ocean MOC is investigated. Two concurrent bursts of elevated dissipation of O(10−6)

W kg−1 between 120 - 200 m and 300 - 400 m are associated with high diffusivity and significant

vertical heat fluxes that dominate time-series average fluxes of 8 ± 4 W m−2 and 16 ± 8 W m−2

and are significantly higher than regional estimates. The lower event appears consistent with the

breaking of locally-generated internal tidal waves through shear instability. Our observations

provide evidence that intermittent diapycnal mixing has led to large heat fluxes in upwelling

regions. While the contribution of diapycnal mixing to upwelling per se at this location has

not been quantified, the mixing of tracers has implications for water mass transformations. Yet

if intermittent diapycnal mixing at such key locations has the potential to influence upwelling
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rates, and moreover if it occurs elsewhere along the Antarctic continental slope, this may have

far-reaching consequences for the strength of the MOC. This short time-series demonstrates

the importance of continental slope regions for diapycnal mixing and identifies a place where

the contributions of adiabatic and diapycnal mixing processes to upwelling should be studied.

Finally, the large range in heat fluxes over the time-series highlights the need for further studies

resolving variation on sub-inertial and sub-tidal timescales to elicit underlying processes.
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3.8 Supporting Information

This section contains supporting information for Chapter 3, including supplementary plots

for the reader’s interest and expansions on analyses ‘not shown’ in the original published

manuscript. The contents are as follows:

1. the temperature and salinity along-slope sections from shipboard CTD profiles cast si-

multaneously with VMP profiles and

2. an explanation of and the plots used for the mentioned wind-driven shear-spiking analysis.
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Figure 3.5: a) Potential temperature and b) salinity as measured by CTD casts carried out
at the same time as VMP casts along the slope at Elephant Island. Both are presented as
time-series but so that the measurements taken by each of the 14 casts are clearly attributed
to each respective cast.
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Figure 3.6: a) wind speed and b) associated wind stress (after Large & Pond (1981)) are
compared to c) the square of shear across the mixed-layer depth according to Kara & Hurlburt
(2000)’s diagnosis and d) the direction of the wind stress and shear vectors.When wind stress
and shear vectors align at the base of the surface mixed-layer and wind stress is elevated,
shear-spiking can occur. The described upper and lower dissipation events occur between
approximately 16.30 and 19.00 hours on 25-11-09, which is not consistent with shear-spiking.
Note that these dissipation events are recorded approximately an hour before the wind stress
and shear directions align and the magnitude of shear begins to build, whereas the dissipation
does not intensify at this point. However, near the surface, dissipation begins to rise after
approximately 18.30 hours on 25-11-09, coinciding with the alignment of wind stress and shear
vectors and the building of shear magnitude.
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Chapter 4

Watermass Transformation at

Mid-depths over the Antarctic

Continental Slope

In this chapter, observations of watermasses transforming over the continental slope near Ele-

phant Island at mid-depths are presented as an UCDW lens (likely an eddy) loses heat, mass and

buoyancy to LCDW beneath, via shear-driven turbulent mixing across its lower boundary. It is

suggested that symmetric instabilities arise around the lower boundary due to vortex-stretching

by the baroclinic tide. This is discussed in terms of diabatic contributions to Southern Ocean

upwelling and its relevance as a mechanism for warm-core UCDW eddies, which are prevalent

along the Western Antarctic Peninsula, to supply heat to mid-depth waters over the shelf-break

where the West Antarctic marine glacier melt is sensitive to ocean heat content. It is noted

that general circulation and coupled ice-ocean models do not always capture these submesoscale

features.

37
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Abstract

The Meridional Overturning Circulation (MOC) controls the global oceans’ latitudinal heat

distribution, helping to regulate the Earth’s climate. The Southern Ocean is the primary place

where cool, deep waters return to the surface to complete this global circulation. While water

mass transformations intrinsic to this process predominantly take place at the surface following

upwelling, recent studies implicate vertical mixing in allowing transformation at depth over

the Antarctic continental slope. EM-APEX float observations near Elephant Island, north of

the Antarctic Peninsula’s tip capture direct heat exchange between a lens of Upper Circum-

polar Deep Water (UCDW) and surrounding Lower Circumpolar Deep Waters (LCDW) at

mid-depths over the course of several days as it propagates along the slope. Peaks in diffusivity

estimated from a shear-strain finestructure parameterisation and heat fluxes are associated with

shear instability. Two-dimensional Ertel potential vorticity is elevated inside the UCDW lens

and across its bottom boundary, with a strong contribution from the shear term in these regions.

The alternating sign of the potential vorticity along the bottom boundary implicates symmetric

forcing and we posit that the UCDW lens is deformed by tidally-induced vortex stretching, en-

hancing submesoscale instabilities around its bottom boundary. Hence waters mix across this

boundary so that heat, mass and buoyancy are lost from UCDW to the LCDW beneath, provid-

ing direct evidence of water mass transformation at mid-depths over the Antarctic continental

slope. This has implications for our understanding of rates of upwelling and ocean-atmosphere

exchanges of heat and carbon at this critical location. Further, our observations demonstrate a

mechanism by which UCDW-core eddies along the Western Antarctic Peninsula may contribute

to on-slope heat dispersion at mid-depths in regions where the melting of marine glaciers is

linked to ocean heat content.
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4.1 Introduction

The meridional overturning circulation (MOC) is responsible for the way heat, freshwater and

carbon are stored and transported around the globe, controlling the Earth’s climate. The

Southern Ocean limb of the MOC plays a key role in returning waters subducted elsewhere

to the surface, completing the global overturning circulation. Water masses critical to this

circulation outcrop over the Antarctic continental slope and are transformed either by surface

fluxes following upwelling or by vertical mixing at mid-depths. At the surface, upwelled wa-

ters are transformed as they lose heat to the atmosphere near the cold continent, sinking to

form Antarctic Bottom Water (AABW), or are deflected northward by wind-driven Ekman

transports. Surface waters are replenished by deeper waters along upward-tilting isopycnals, a

largely wind-driven process known as adiabatic upwelling (see schematic Fig.4.1b, (Marshall &

Speer, 2012)) and is a combination of wind-driven Ekman pumping and isopycnic eddy mass

flux; the remainder (20 - 30%) is attributed to diapycnal mixing (Watson et al. , 2013).

The exchange of properties between water masses across their dividing isopycnals and even

between upwelling and downwelling overturning cells can short-circuit the adiabatic pathway

(Naveira Garabato et al. , 2007; Mead Silvester et al. , 2014). These mid-water watermass

transformations influence the total buoyancy budget of the circulation (Polton & Marshall,

2007) and subtly influence the rate of upwelling and so the rate at which both heat and the

Southern Ocean’s deep, carbon-rich waters communicate with the atmosphere.

Warm, salty UCDW is found along the steep continental slope near Elephant Island, at the

northern tip of the Antarctic Peninsula (Fig.4.1a). Here, the isopycnals that circumpolarly

divide upper and lower overturning cells outcrop (Lumpkin & Speer, 2007; Marshall & Speer,

2012) (Fig.4.1b) and, below, dense waters convect downslope (Meredith et al. , 2003). Previous

observations along this slope resolve intense, intermittent mixing across the interface between

overturning cells consistent with forcing from internal tides (Mead Silvester et al. , 2014).

Along the Western Antarctic Peninsula (WAP), UCDW extends onto the slope either as UCDW

tongues or as eddies shed from the Antarctic Circumpolar Current (ACC) further north. The
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a) b) 

Figure 4.1: a) The EM-APEX float trajectory (red) from deployment near Elephant Island,
in South Drake Passage (inset). The float drifted eastward along the steep continental slope
before entering Hesperides trough. The white, dashed circle highlights the along-slope section
under discussion. b) The mean overturning is depicted by red and blue arrows, the upper and
lower overturning cells respectively. Waters upwell adiabatically, driven by the wind-driven
overturning Deacon cell, which tilts isopycnals poleward, and an eddy cell which overturns
in the equal yet opposite sense and acts to flatten them out, resulting in inclined, narrowing
isopycnals that outcrop over the continental slope. UCDW and LCDW upwell along these
layers towards the surface where they are either deflected north by Ekman transports to form
Antarctic Intermediate Waters (AAIW) as deep winter mixed layers are subducted, or they lose
buoyancy (heat) to the atmosphere through air-sea fluxes near the cold continent and sink to
form Antarctic Bottom Water (AABW). Green squiggles show diapycnal mixing across isopy-
cnals and between water masses, a means of short-circuiting the adiabatic upwelling pathway
and subsequent transformations.
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vertical exchange of heat along the base of these warmer water masses must be an important

mechanism in dispersing their heat onto the shelf, which has been linked to the observed increase

in mid-depth ocean heat content along the WAP (Martinson & McKee, 2012). The increase

in mid-depth ocean heat content plays a critical role in the recent marine glacier retreat along

the WAP (Cook et al. , 2016). It is thought that warmed LCDW is transported, via deep

canyons in the shelf, into direct contact with the base of ice shelves at the coast (Moffat et al.

, 2009) and that the principal pathway of warm water onto the slope is via UCDW-core eddies

(Martinson & McKee, 2012).

We present new observations that show the time-evolution of a lens of UCDW, likely an eddy,

at mid-depths over the Antarctic continental slope. Given that the Rossby Radius is 5.3-6.4 km

(i.e a mesoscale eddy would be of a minimum diameter of 10.6-6.4 km) and the lens is 2.4-4 km

diameter, we suppose that the lens is a submesoscale feature, though it should be remembered

that lateral gradients are poorly resolved here. We investigate how the baroclinic tide interacts

with the UCDW lens to enhance submesoscale instabilities and vertical mixing to effect the

transformation of the UCDW lens and the LCDW below.

4.2 Methods

4.2.1 Instruments and Data

An autonomously profiling EM-APEX float (no. 4980a) was deployed from RRS James Clark

Ross on cruise R264 on 5 December 2011 immediately north of Elephant Island (Fig.4.1a). The

float profiled vertically and continuously between 400 m and 900 m, with each up-down cycle

lasting approximately 1 hr 45 mins, and surfaced every other day until recovery on 17 December,

12 days later. Data are sent, and instructions received, via iridium link at the surface. The

section under discussion runs from 6 -11 December, when the float followed the continental slope

eastward, before crossing a bathymetric ridge and entering Hesperides Trough. As the EM-

APEX float profiled, in situ measurements of temperature (± 2 x 10−3 ◦C ), conductivity (± 2
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x 10−3) and pressure (± 2 dbar) were recorded by a pumped SeaBird Electronics CTD in 2.2 m

vertical bins. Horizontal velocities were derived from the onboard electromagnetic subsystem

and processed onshore into zonal and meridional velocities in 3 m vertical bins. Profiles were

visually checked for surface pressure consistency and any bad pressure points, which tend to

occur near the top and bottom of profiles, were removed. Outlying values of temperature and

salinity were flagged using T-S diagrams and visually evaluated against density profiles; in rare

instances of bad data, points were removed and interpolated over. Supproting Fig.4.10 shows

the flagged data and the subsurface float trajectory.

4.2.2 Velocities

The continental slope here is oriented such that the along-slope direction is notationally east-

wards and the off-slope direction is notationally northwards (Fig.4.1a). The along-slope, U ,

and across-slope, V , velocity anomalies are calculated relative to the time-mean profile at each

depth. Depth-mean along- and across- slope velocities within the UCDW lens are also pre-

sented.

4.2.3 Heat Content and Heat fluxes

The temperature anomaly relative to the time-mean profile within the UCDW lens is compared

to that of the LCDW that lies between the the bottom boundary of the UCDW lens and

isopycnal 27.78 kg m−3 (Fig.4.2a); where the 27.78 kg m−3 lower bounding isopycnal for LCDW

is not captured, the deepest limit of the float profile is used as the lower boundary. The

depth-integrated heat content is computed as Q =
∫
ρCpTdz where ρ is the potential density

(relative to the surface density), Cp is the specific heat capacity of seawater, T is the potential

temperature and z is depth. The rate of change in heat content equivalent to the heat flux

between UCDW and LCDW is computed as F = ∂
∂t

(ρCp
∫
T(z)dz) where t is time and vertical

fluxes are down a gradient across the top and bottom boundaries of the UCDW lens from

the temperature maximum inside to the temperature minimum outside. For each profile, the
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temperature maximum is used to represent the core of the UCDW lens and, for consistency,

the temperature minimum within LCDW is used as the deep integral limit; this contour closely

follows isopycnal 27.78 kg m−3. Heat and freshwater (salt) fluxes follow a similar temporal

pattern (see supporting Fig. 4.7b - c) and heat fluxes across the top and bottom boundaries

are of a similar magnitude and peak at similar times (see supporting Fig. 4.7 b - c). However

since the top of the lens is only just captured by the float, fluxes across the top boundary are

not adequately resolved, they are not discussed hereafter.

4.2.4 Dissipation, Diffusivity and the Gradient Richardson Number

Diffusivity is estimated from heat fluxes across the bottom boundary, again from the maxi-

mum temperature inside the UCDW lens to the minimum temperature beneath, according to

kflux = F
−ρCpdT/dz

. For comparison, diffusivity is also estimated from dissipation according to

shear-strain parameterisation after Meyer et al. (2014, 2015) and used to estimate diffusivity

according to Osborn’s relation (Osborn, 1980), kshear−strain = Γ ε
N2 , where ε is the dissipation

rate and Γ = 0.2 is the mixing efficiency. The gradient Richardson number is Ri = N2

S2 , where

N2 is the buoyancy frequency and the S2 = (dU/dz)2 + (dV/dz)2 is the shear-squared.

4.2.5 Ertel’s Potential Vorticity and Gravitational Instability

Ertel’s potential vorticity (EPV) is used to identify regions of instability. Since the emphasis of

analysis here is on the relative spatial distribution of EPV and density is available only in the

along-slope direction, the two-dimensional potential vorticity is approximated from an adaption

of Thompson et al. (2014)’s formula as EPV2D = fbz−Vzbx+Vxbz where f= −1.27×10−4 s−1

is the Coriolis parameter at this latitude; V is the across-slope velocity; and b = −gρ/ρo is the

buoyancy in which g = 9.8 m s−2 is the acceleration due to gravity; ρ is the potential density

and ρo is the reference density averaged from recorded surface values (not shown in Fig.4.2a);

and subscripts denote partial derivatives with z increasing upwards and x increasing eastward

in the on-slope direction. Positive EPV denotes regions of instability. The relative contribution
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of the planetary term (fbz) and the shear term (−Vzbx+Vxbz) to EPV2D are evaluated, and the

balanced Richardson number is computed to diagnose instabilities after Thomas et al. (2013)

as RiB = f2N2

M2 where N2 is the buoyancy frequency and M is the smoothed lateral buoyancy

gradient, | 5hb |. The rotational sense of shear within the UCDW lens is predominantly,

yet weakly, anticyclonic and is presumed so when analysing instabilities from the balanced

Richardson number.

4.3 Results

The continental slope lies approximately in an east-west orientation so that zonal and meridional

velocities translate into the along-slope, U , and across-slope, V , directions respectively, with the

dominant eastward flow determining the EM-APEX float’s trajectory (Fig.4.3a,b). Analyses of

temperature, salinity and potential vorticity characteristics show two markedly different water

masses: UCDW and LCDW (Fig.4.2a). Initially, the float profiles within warm, salty UCDW,

until an abrupt change in the direction of the EM-APEX float on 12/06 precipitates a transition

into cooler, fresher LCDW with a distinct, 200 m thick lens of UCDW propagating along the

slope within it. Supporting Fig. 4.8b shows that the waters of this lens are distinct from

surrounding waters.

A semi-diurnal signal dominates the barotropic tide (Fig.4.3c, TPXO7.2), but is close to the

inertial frequency at this latitude, and the lower boundary of the UCDW lens appears to be

modified in the vertical plane at a semi-diurnal frequency, which dominates the thickness of

the lens (Fig.4.2b). At these latitudes, it requires a longer timeseries than ours to separate

the inertial and M2 frequencies, but supporting Fig.4.8b shows that there is a broad hump

around the semi-diurnal frequency in the temperature signal across the depths of the bottom

boundary of the lens. Despite a sense of anticyclonic rotation, analysis of the EM-APEX float

velocities do not bear a clear signature of an eddy (Fig.4.3d,e). This is likely because the spatial

sampling of the lens is pseudo-Lagrangian and would not resolve the eddy cross-section well.

However, onshore-propagating eddies originating from offshore CDW masses and with similar
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characteristics have been observed over the continental slope nearby to the west (Martinson

& McKee, 2012) and to the east (Thompson et al. , 2014) and the UCDW lens in this study

is characterised by similar temperature and salinity properties to an UCDW mass sampled

offshore and further west (Fig.4.2a).

Across-slope velocities throughout the water column vary with the diurnal tide (Fig.4.3b,c), so

that the entire water column is pushed laterally onto the slope during high tide, and retreats at

low tide: this relationship is clearer in the velocity signal within the UCDW lens (Fig.4.3c, e).

This is also supported by the diurnal signal in the tidal elevation (Fig. 4.3c) and the diurnal

tidal ellipses, the dominant axes of which are aligned perpendicularly to the continental slope

at our study site (see supporting Figs. 4.9b,d). We suggest that the diurnal tide advects the

entire water column (lens included) onto and off the continental slope in the horizontal plane,

while the semi-diurnal tide modifies the bottom boundary of the lens in the vertical plane.

4.3.1 Heat Content and Heat fluxes

As the UCDW lens propagates eastward along the slope, it loses heat; total depth-integrated

heat content over the last day is 46% lower than over the first day. Figs.4.2c and 4.2g shows a

clear heat exchange between UCDW within the lens and the LCDW below, in phase with the

deepening and shoaling of the lower boundary of the UCDW lens. At its deepest extent, the

UCDW temperature anomaly peaks (see dashed lines, Fig. 4.2c), followed by an immediate rise

in the temperature anomaly of the LCDW below and a synchronous drop in UCDW temperature

anomaly. These events are associated with peaking heat fluxes (see supporting Fig. 4.7c) and

bursts of warming occurring at the UCDW-LCDW interface signified by warmer datapoints

migrating into waters of higher density (Fig. 4.2g).

4.3.2 Dissipation, Diffusivity and Shear Instability

For rigour, depth-mean diffusivities across the bottom boundary of the UCDW lens from shear-

strain finescale parameterisation and heat flux estimates are compared (Fig.4.2d). While the
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Figure 4.2: a) potential temperature of the along-slope section. Initially the float samples
UCDW throughout the profiles, then a lens of UCDW, defined by its bounding isopycnal 27.77
kg m−3 (thick black line), propagating through LCDW; b) thickness of the UCDW lens; c)
temperature anomaly relative to the time-mean profile within the UCDW lens and within the
LCDW beneath between the bottom boundary and isopycnal 27.8 kg m−3 (thick dashed line
in b); d) diffusivity estimated from shear-strain and heat flux calculations across the bottom
boundary of the UCDW lens; e) the depth-averaged balanced Richardson number, RiB; f)
comparing vertical shear-squared (S2) and the buoyancy frequency (N2). Where S2 ≥ N2,
the Richardson number Ri ≤ 1. g) scatter of temperature profiles in density-space. Dashed
grey lines facilitate comparison between the isopycnic heave of the lower boundary (b), heat
exchange (c), estimated diffusivity (d) and S2 : N2
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c) 
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Figure 4.3: a) Along-slope, U , velocity anomaly; b) across-slope, V , velocity anomaly; c) the
surface elevation of the barotropic tide; d) depth-mean velocity relative to the time-averaged
velocity (i.e velocity anomaly) vector within the UCDW lens and e) the depth-mean velocity
anomalies within the UCDW lens.

two estimates pick up similar peaks (Fig.4.2d), the heat-flux method tends to be more closely

associated with the deepening of the UCDW lens’s bottom isopycnal (Fig. 4.2a,d) with shear-

strain methods estimating lower diffusivities in general, but illustrating the high dissipation

associated with the UCDW lens compared to surrounding waters (see supporting Fig. 4.7d).

These values are compared across the bottom boundary only, due to loss of data points across

the top boundary in the shear-strain calculation. Shear instability can be expected for Ri ≤ 1,

where S2 ≥ N2 in Fig.4.2f, and is the usually the case where diffusivities peak, although there

are instances where Ri ≤ 1 and diffusivities are not elevated (Fig.4.2d). Events where Ri ≤ 1

but diffusivity is not enhanced appear to coincide with velocity reversals across the bottom

boundary (Fig.4.3a,b), but this is beyond the scope of this paper.
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4.3.3 Ertel’s Potential Vorticity and Gravitational Instability

The EPV2D is O(1) higher inside than outside the UCDW lens and is visibly higher inside the

lens than immediately beneath it, forming a gradient across the lower boundary, around which

EPV2D peaks (Fig. 4.4b) and alternates between positive and negative over time (Fig.4.4a).

The EPV2D is also higher within the second evolution of the lens (12/08 - 12/09) than in the

first (12/06 - 12/08). Figs 4.4b-d show the relative contributions of the planetary and shear

terms to EPV2D, in which the shear term appears to contribute much to the cross-boundary

intensification of potential vorticity. Instabilities are expected to arise from pure gravitational

forcing where RiB ≤ −1, as across the top boundary of the UCDW lens, progressively tending

towards forced symmetric instability for 0 ≤ RiB ≤ 1 and anticyclonic vorticity (Thomas et al.

, 2013). Fig 4.4e shows that instabilities increasingly tend toward the symmetric across and

immediately below the lower boundary, and this is supported by the changing sign in potential

vorticity across the lower boundary, which is indicative of symmetric instability. The time-

averaged balanced Richardson number (not shown) is dominated by higher values across the

depths of the bottom boundary of the lens and the depth-averaged balanced Richardson number

appears to increase with diffusivity across the bottom boundary of the lens (Fig. 4.2d,e). This

is further supported by the episodic warming of the LCDW density class waters as the balanced

Richardson number increases (Fig. 4.2c).

4.4 Discussion

The EM-APEX float samples a distinct lens of UCDW propagating along the Antarctic conti-

nental slope within LCDW at mid-depths, that is consistent with a submesoscale feature. This

UCDW feature shares hydrographic characteristics with the offshore UCDW mass initially sam-

pled, implicating it as a potential source, consistent with observations along the continental

shelf further south along the WAP (Martinson & McKee, 2012) and the nearby western flanks

of Powell Basin (Thompson et al. , 2014). While we cannot conclude that the UCDW lens

is an eddy since the spatial sampling of the lens eliminates such a diagnosis, it is likely an
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Figure 4.4: a) The two-dimensional case for Ertel’s potential vorticity (EPV2D), depth-
integrated across the bottom boundary of the UCDW lens (50 m above and below); b) EPV2D

and the relative contributions of c) the planetary term and d) the shear term to (EPV2D) and e)
the balanced Richardson number in which gravitational instabilities arise where (RiB ≤ −1,);
gravitational/symmetric instabilities arise where (−1 ≤ RiB ≤ 0) symmetric instabilities arise
where 0 ≤ RiB ≤ 1 (darker blue). UCDW boundaries overlain in black.
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Figure 4.5: a) Schematic to illustrate how baroclinic instabilities can extract available potential
energy and convert it to kinetic energy under different conditions, thus driving a forward cascade
of energy so that it may dissipate at turbulence length-scales.

eddy and Martinson & McKee (2012) note that UCDW-core eddies are the dominant means

of transporting heat onto the continental slope along the WAP. As the float travels along the

slope, the entire water column is advected horizontally onto and off the slope by the diurnal

tide. Meanwhile, the UCDW lens undergoes vertical vortex-stretching at approximately a semi-

diurnal frequency, controlling the overall thickness of the lens. Much of the steep continental

slope is favourable for the generation of internal tides (Heywood et al. , 2007; Padman et al.

, 2006) and there is evidence of mixing consistent with the dissipation of M2 internal tides

(Mead Silvester et al. , 2014). It is therefore likely that this vortex-stretching arises from the

propagation of an internal tide. However, the M2 tidal frequency and the inertial frequency,

f , are very close at this latitude (12.42 hrs and ∼14 hrs respectively). Additionally, given the

diurnal and semi-diurnal signals in the surface elevation, there may be some interplay between

the vertical semi-diurnal vortex-stretching and any ’squashing’ that might arise from the water
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column being pushed onto the slope at a by the diurnal tide at a diurnal frequency; exploring

a mode 4 signal is, however, beyond the scope of this paper.

Heat is clearly exchanged between UCDW and LCDW (Fig. 4.2c), and the UCDW lens loses

46% of its heat content to the surrounding LCDW between the first and last day it was mea-

sured. Thus, as the UCDW lens transforms, it loses both buoyancy and thickness (mass) to the

LCDW beneath (Fig. 4.2a,b), so that its centre has sunk by approximately 150 m from its first

to its last sample point. Estimated heat fluxes and diffusivity from heat fluxes generally peak

in phase with heat gain by LCDW and a deepening of the UCDW lens’s bottom boundary,

suggesting that the energy for this exchange is bound in a semi-diurnal frequency.

Dissipation, εshear−strain, is highest within the UCDW lens and diffusivity across the bottom

boundary estimated from heat fluxes and shear-strain methods are comparable when peaking

(Fig. 4.2d), but diffusivity estimates from heat flux tend to be higher. This difference cannot

be entirely attributed to lateral heat fluxes, computed as ρCp < V T >, where V and T are

anomalies relative to the time-mean, since they are at least O(1) smaller than vertical heat

fluxes. We note that dissipation estimates from shear-strain methods are less reliable near

topography (Kunze et al. , 2006), as in this case.

Diffusivity peaks where S2 ≥ N2 ( Fig. 4.2d,f), so that where these coincide with heat exchange,

shear instability and turbulent mixing are implicated as a mechanism for heat exchange across

the bottom boundary. This is further supported by the relatively strong contribution of the

shear term to EPV2D and the potential vorticity fluxes near the UCDW lens’s lower boundary

(Fig. 4.4a). The potential vorticity is higher above the boundary than below it (Fig. 4.4b),

creating a gradient across the lower boundary, consistent with a downward mass flux. Pos-

itive EPV2D indicates regions where instabilities can develop (Thomas et al. , 2013). Since

the depth-integrated EPV2D changes sign across the bottom boundary as potential vorticity

is driven repeatedly to zero (Fig. 4.4a), we diagnose that the instabilities are associated with

symmetric forcing along the bottom boundary. The type of instability can also be inferred from

the balanced Richardson number, RiB (Fig. 4.5), and we use it to support the evidence from the

changing potential vorticity sign only, with the caveat here that the float is pseudo-Lagrangian
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and therefore not accurately resolving lateral instabilities. The balanced Richardson number

is less than unity everywhere in our data, indicating that instabilities arise from gravitational

and/or symmetric forcing (Fig. 4.5). Symmetric instabilities arise where 0 ≤ RiB ≤ 1; gravita-

tional instabilities where RiB ≤ −1 with a transition where −1 ≤ RiB ≤ 0 (Fig. 4.5). Across

the upper boundary of the UCDW lens, instabilities are mainly gravitational, consistent with

convective heat (buoyancy) loss across the top of the lens (Fig. 4.5). Our results show that in-

stabilities tend towards the symmetric across and immediately below the lower boundary (Fig.

4.4e). Symmetric instability typically mixes waters of oppositely signed potential vorticity - as

directly along the lower boundary - to reduce the potential vorticity to zero (Thomas et al. ,

2013), and is most active in the region beneath the UCDW lens (Fig. 4.4b) where EPV2D is

repeatedly driven towards zero (Fig. 4.4a). This occurs as the bottom boundary is deepened

at the frequency of the semi-diurnal baroclinic tide, which increases the lateral density gradient

along the bottom boundary of the UCDW lens so that the available potential energy may be

extracted from the lateral density gradient as kinetic energy in overturning motions (Fig. 4.6).

Thus, shear instabilities are driving turbulent mixing across the boundary between these two

water masses, leading to the observed heat exchange and transformation at mid-depths over

the Antarctic continental slope.

The interaction between the tide and the UCDW lens and the resultant dispersion of heat

into LCDW beneath it and over the continental slope highlights the importance of under-

standing tide-eddy interactions along the Antarctic margins, where UCDW-core eddies are the

dominant means of transporting warm UCDW onto the shelf (Martinson & McKee, 2012). The

subsequent intrusion of warmed LCDW through depressions in the shelf and into coastal waters

where they may reach the undersides of ice shelves is more relevant to observed marine glacier

retreat further south along the WAP (Cook et al. , 2016). However, our observations show that

the vertical deformation of eddies by the baroclinic tide to generate instabilities could be an

important mechanism for dispersing heat over the continental slope and at mid-depths, where

WAP glacier melt is most sensitive to ocean heat content (Cook et al. , 2016).
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1. The tide stretches the 
eddy vertically, deepening 
the isopycnal that defines 
the bottom boundary 

2. Lateral density 
gradients are enhanced 

3. Symmetric 
instabilities develop 

4. Heat is 
dispersed onto the 
continental slope 

Figure 4.6: a) Schematic representation of instabilities across and around the bottom boundary
of an eddy. 1. The tide (green dashed line represents elevation) stretches the eddy in the vertical
plane, deepening the isopycnal that defines its bottom boundary; 2. the lateral density gradient
along the bottom boundary of the eddy are enhanced; 3. symmetric instabilities develop; 4.
overturning motions disperse heat onto the continental slope.

4.5 Summary and Conclusions

An EM-APEX float profiling eastward along the steep Antarctic continental slope from Ele-

phant Island captures a lens of UCDW propagating within LCDW. Heat is exchanged directly

between the two as the UCDW lens loses heat, salt, buoyancy and thickness (mass) to the

LCDW beneath. Heat fluxes vary at a semi-diurnal frequency of either tidal or inertial origin

and peaking diffusivities across the lower boundary of the UCDW lens are associated with

shear instability according to the gradient Richardson number. The two-dimensional approxi-

mation of Ertel’s potential vorticity is both higher within this lens and raised along its lower

boundary, with the shear term’s contribution explaining much of the elevation in EPV2D along
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the bottom boundary of the UCDW lens. The changing sign of the potential vorticity along

the UCDW lens’ lower boundary is commensurate with symmetric forcing driving potential

vorticity towards zero as oppositely signed waters mix. Taken together, this provides evidence

of mixing (down a flux gradient, from UCDW to LCDW) across the bottom boundary of the

lens, explaining observed heat and mass loss from the UCDW lens. We posit that the baroclinic

tide is deforming the lower boundary of the submesoscale lens at a semi-diurnal frequency to

enhance lateral density gradients and hence symmetric instabilities; this creates the conditions

for overturning and a forward cascade of energy to turbulent length-scales, where it may be

dissipated.

The Southern Ocean is recognised for its important role in closing the global ocean heat budget.

A vast theoretical and numerical modelling literature exists on the competing contributions to

the buoyancy budget, yet only a limited number of observational studies have estimated the

role of diapycnal mixing (e.g. Naveira Garabato et al. (2007); Mead Silvester et al. (2014)).

This study further supports the hypothesis that diabatic processes contribute to mid-water wa-

termass transformation. We have presented direct observations of transforming water masses

at mid-depths over the Antarctic continental slope as shear instability drives turbulent mix-

ing and heat exchange. In this region, water masses are predominantly transformed following

adiabatic upwelling and our observations demonstrate that this also happens at mid-depths,

short-circuiting the adiabatic pathway. Quantifying the contribution of such transformations

is vital to our understanding of upwelling rates, a critical component in setting the strength

of the MOC and the rate of communication of carbon and heat between the ocean and the

atmosphere. We have also demonstrated a mechanism by which submesoscale instabilities re-

sulting from the interaction of the baroclinic tide and UCDW-core eddies along the Antarctic

margins may contribute to on-slope heat dispersion at mid-depths in regions where the melting

of marine glaciers is linked to ocean heat content.
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4.7 Supporting Information

This section contains supporting information for Chapter 4. This includes plots that support

the analysis and information provided such as those ‘not shown’ in the original manuscript.

The contents are as follows:

1. salinity section, heat and freshwater fluxes including a comparison of fluxes across the top

and bottom boundaries as well as the dissipation section from shear-strain calculations;

2. spectrum of temperature at different depths across the lens and T-S diagram of waters

inside and outside the lens;

3. tidal ellipse axes for the dominant regional tidal constituents and

4. flagged T-S datapoints from quality-control.
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a) 

b) 

c) 

d) 

Figure 4.7: a) Salinity of the along-slope section corresponding to the potential temperature
plot in Fig. 4.3a. Note that the lens exhibits similar salinity characteristics to the UCDW first
sampled throughout the depth profiles and is similar in pattern to the potential temperature
section; b - c) freshwater (salt) and heat fluxes across the bottom boundary and c) heat fluxes
across the top and bottom boundaries are presented for comparison.Those across the top are
neglected in the body of this chapter because the top boundary of the lens is not always
captured, much less the surrounding waters. d) plot of the dissipation computed from shear-
strain, highlighting elevated dissipation within the first evolution of the lens and the latter part
of the second evolution of the lens. Note that because of the fast fourier transform implicit
in shear-strain computations, datapoints are lost from the top and bottom of profiles and so
dissipation across much of the top of the lens is not resolved.
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a) 

b) 

Figure 4.8: a) Power spectral density of the temperature across the depths of the lens (and
within the lens). Note that at the depths of the lower boundary of the lens (600-650 m),
there is a hump around the the inertial frequency (f) and the M 2 tidal frequency; they are,
however close at this latitude and their separation to deduce whether tidal or inertial energy
dominates would require a longer timeseries. b) T-S diagram highlighting the clear separation
of watermasses within the lens (black crosses) and outside it (coloured by depth).
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a) b) 

c) d) 

Elephant Island 

Figure 4.9: a-d) show the tidal ellipse axes for the dominant tidal constituents in the region over
the bathymetry. Note that the ellipses for the diurnal tides (subplots b and d) are perpendicular
to the continental shelf-break in the region of our EM-APEX float observations (circled in
black).
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a) 

c) 

b) 

Figure 4.10: a) T-S diagram showing datapoints coloured by depth. Any datapoints removed
during quality-control are shown in magenta and are primarily removed from the tops and
bottoms of profiles where the EM-APEX float overshoots its target depth and bad pressure
points are normally found within these ranges. Additional, any outliers are removed after
visually checking individual profiles. b) demonstrates a temperature section from the raw data
prior to quality-control, highlighting overshoots at the bottom on descending profiles and at
the top on ascending profiles as well as showing individual profiles. c) is the subsurface float
trajectory from relative velocities for the same section, with surfacing profiles highlighted in
magenta.



Chapter 5

Observations of Dense Weddell Sea

Water Export across the South Scotia

Ridge

In this chapter, the origins of seasonal dense-water pulses observed at 1040 m on the continental

slope north of Elephant Island, further east along the slope and within Hesperides Trough are

investigated. Pathways for cold, dense Weddell Sea waters into Hesperides Trough and onto

the continental slope here are explored. These processes are linked to dense water (AABW)

formation and ventilation. Findings are discussed in the context of Southern Ocean overturning

strength, AABW variability, climate feedbacks and a need for sufficient spatial resolution to

capture the tidally-induced flows in circulation models.

61
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Abstract

The major source of dense water in the Southern Hemishere is sea-ice production in the Wed-

dell Sea. These waters are exported onto the Antarctic continental slope where they mix with

warmer waters, transform and convect downslope to form Antarctic Bottom Water (AABW).

AABW, which accounts for 30-40% of total ocean mass, is warming and freshening. Its for-

mation drives the lower overturning cell and its ventilation controls the net CO2 flux in the

Southern Ocean. Weddell waters are separated from south Drake Passage’s continental slope

by the South Scotia Ridge (SSR) and reach the continental slope either by circumnavigating

the SSR to the east or by crossing through topographical gaps. Two EM-APEX floats deployed

in 2011 and 2015 near Elephant Island, capture cold, dense waters consistent with Weddell wa-

ters crossing the SSR via Hesperides Trough and reaching the continental slope near Elephant

Island. These observations occur at similar phases of sea-ice melt to seasonal pulses of cold,

dense water captured by a 20-year timeseries from a BPR lander at 1040 m on the continental

slope at Elephant Island. The magnitude of these seasonal cold-water pulses on the continental

slope and annual sea-ice concentration peaks over an area dominated by Powell Basin from

20-year records are significantly correlated with r = −0.70, p < 0.05 and a seasonal lag of 7.5-

11 months. This time-lag is consistent with wind-forced transports and tidally-induced flows

along the isobaths that connect the slope at Elephant Island and Powell Basin, via Hesperides

Trough. Understanding dense water export pathways and their drivers is critical to monitoring

AABW variability.
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5.1 Introduction

High-latitude processes dominate global dense water formation and the subsequent sinking of

watermasses that drives the Meriodional Overturning Circulation (MOC). Antarctic Bottom

Water (AABW), the main water mass that occupies the lower cell of the MOC, is thought to

account for 30-40% of all ocean mass (Johnson, 2008) and AABW formation is dominated by

sea-ice production (Ohshima et al. , 2016).

AABW is formed at a few sites along the Antarctic Continental slope where warm, saline Cir-

cumpolar Deep Waters (CDW) and cold, Dense Shelf Waters (DSW) interact to form dense

convective plumes that can descend the steep continental slope and contribute to deep ocean

ventilation (Meredith et al. , 2003; Naveira Garabato et al. , 2002). A major source is Weddell

Sea Deep Water (WSDW), accounting for ∼40% of AABW formation (Meredith et al. , 2013).

Near the tip of the Antarctic Peninsula, dense waters from the Western Weddell Sea are ex-

ported into the South Scotia Sea (Heywood et al. , 2004), where warm, salty CDW pushes onto

the shelf. In the Weddell Sea, Weddell deep Water overlies WSDW, which in turn overlies Wed-

dell Sea Bottom Water, with denser classes constrained south of the South Scotia Ridge (SSR).

Weddell Sea water export pathways are poorly understood and while they can flow around the

SSR via the deep Orkney Passage, there is a growing consensus that they are able to cross

the SSR through gaps in topography (Heywood et al. , 2004; Thompson et al. , 2009; Palmer

et al. , 2012; Naveira Garabato et al. , 2002). Naveira Garabato et al. (2002) estimate the

outflow from the Weddell Sea across the SSR at 19±7 Sv, of which 6±1.5 Sv is bottom water

and 10.5±5 Sv is in the LCDW/WDW range. Of the latter, Palmer et al. (2012) estimate 7±5

Sv is northward across the SSR, amounting to 1/7th of total WSDW export.

The Antarctic Slope Current (ASC) and the Coastal Current (CC) are the main pathways

for Weddell Sea waters crossing the SSR through gaps in topography: the former through

western Hesperides Trough and the latter via Bransfield Strait (Fig.5.1) (Heywood et al. , 2004;

Thompson et al. , 2009; Flexas et al. , 2015b). Additionally, the Weddell Front, a component of

the Weddell Gyre, circulates around Powell Basin and a portion exits through Phillip Passage

(Thompson et al. , 2009), at depths of almost 2000 m. Weddell Sea waters entering Hesperides
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Figure 5.1: Location of EM-APEX float trajectories in 2011 (orange) and 2015 (green), with the
end of their trajectories marked by squares. The mint-green dot is the site of BPR-temperature
lander at 1040 m over the continental slope north of Elephant Island. The grey-boxed area
corresponds to the area in Fig.5.6 and the taupe-boxed area outlines the area over which daily
sea-ice concentration is averaged. The pathway commonly given for the Weddell Front (WF),
a branch of the Weddell Gyre circulation, is outlined by the dark blue dashed line; the Coastal
Current (CC) around Bransfield Strait is given by the light blue dashed line; the Antarctic
Slope Front (ASF) is given by the white-dashed line after Heywood et al. (2004) with the
westernmost exit branch onto the continental slope suggested by Thompson et al. (2009).

Trough circulate clockwise around its flanks before they too exit via Phillip Passage through

the northern opening, so that although there is no direct connectivity between waters entering

and leaving, those waters arriving onto the continental slope are significantly cooler and denser

(Palmer et al. , 2012).

Along the northern slope of the SSR, important watermass transformations contribute to the

upper and lower limbs of the Southern Ocean MOC. Here, waters upwell and undergo transfor-

mation at the surface near the cold continent, some of which lose buoyancy and sink to form

AABW. Near Elephant Island, the continental slope drops steeply to ∼3000 m.
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Meredith et al. (2003) linked seasonal dense water pulses on the continental slope at Elephant

Island to local dense water production associated with seasonal changes in sea-ice. While

Meredith et al. (2003) rejected the ingression of Weddell Sea waters around the SSR as an

explanation for seasonal cold-water pulses, more recent studies have shown that the ASF,

CC and Weddell Front likely form pathways onto the slope near these measurements at Ele-

phant Island (Fig.5.1). These studies use a combination of ADCP current velocity observations

(Naveira Garabato et al. , 2002), surface drifter pathways (Thompson et al. , 2009), current-

meter moorings and hydrographic sections (von Gyldenfeldt et al. , 2002; Heywood et al. , 2004)

and general circulation models (Schodlok et al. , 2002). Flexas et al. (2015b) note that tides

contribute to the maintaince and steering of the ASC. More recent studies by Meijers et al.

(2016) and Youngs et al. (2015) link seasonal variability in the properties of the slope current

at Elephant Island to wind stress curl over the Weddell Gyre, an intensification of the Weddell

Front and hence the ASC so that Weddell Sea waters are forced through deep sills across the

SSR.

AABW and exported Weddell Sea waters have been freshening and warming over recent decades

(Jullion et al. , 2013; Schmidtko et al. , 2014), affecting AABW subduction (Purkey & Johnson,

2010), which has implications for overturning strength as well as the efficacy of CO2 drawdown.

However, at present, our understanding of export pathways, modification en route and sites

of shelf-sourced AABW formation limits our ability to monitor the variability of AABW and

exported Weddell Sea waters.

Identifying shorter export pathways (i.e across the SSR) is important because waters transform

en route so that the dense, cold properties of Weddell Sea waters are diluted. This is a region

where high turbulent kinetic energy dissipation and therefore modification is expected (e.g

Padman et al. (2006)). Monitoring how waters that feed AABW are modified along their

export pathways and their variability is essential to understanding changes in AABW, but

is presently constrained by a poor understanding of export pathways and their drivers. The

aim of this paper is to investigate the source of cold, dense waters captured by EM-APEX

floats near Elephant Island and in western Hesperides Trough as well as seasonal dense-water

pulses recorded over 20 years by a Bottom Pressure Recorder on the continental slope at
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Elephant Island. As such, the objectives are (1) to explore the relationship between seasonal

cold-water pulses at Elephant Island and regional sea-ice concentration; (2) to explore possible

sources of our dense-water observations and BPR pulses (i.e locally-produced dense shelf waters

or dense waters exported from elsewhere) and (3) to explore possible export pathways from

time-lags between sea-ice production (i.e dense water formation), known ocean flows, and our

observations.

Our observations consist of three sections taken from two autonomously profiling EM-APEX

float timeseries that capture cold, dense waters in western Hesperides Trough and on the

continental slope north of the SSR. The data and models used are described in Section 5.2 and

results are presented in Section 5.3. Our findings are discussed in Section 5.4 and summarised

and concluded in Section 5.5.

5.2 Measurements, methods and rationale

This study uses direct observations from two autonomously profiling EM-APEX floats, which

capture cold, dense water in Hesperides Trough and on the continental slope in south Drake

Passage. The timing of these events are compared to a 20-year record of absolute temperature

from a Bottom Pressure Recorder (BPR) at a depth of 1040 m on the continental slope at

Elephant Island, and this timeseries is compared to a corresponding 20-year record of Antarctic

sea-ice concentration from composite satellite data over the region. Since there is a time-lag of

9-10 months between sea-ice production over the region and dense-water pulses and we have

observations of cold, dense water crossing the SSR and steered along isobaths, we use modelled

tidally rectified velocities from TMD (Padman & Erofeeva, 2014) to explore transports between

Powell Basin in the Weddell Sea and the continental slope at Elephant Island. The datasets

used are introduced in detail in the following paragraphs.
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a) 

b) e) 

c) 

d) 

f) 

Figure 5.2: a) potential temperature, b) salinity and c) potential density of the 2011 deployment
of the EM-APEX float; d) potential temperature, e) salinity and f) potential temperature of
the 2015 EM-APEX float deployment. Regions A, B and C, which correspond to T-S diagrams
A, B and C in (Fig.5.4) are highlighted; their colour signatures are consistent throughout the
figures presented in this paper.

5.2.1 Dense water observations

An autonomously profiling EM-APEX float (no. 4980a) was deployed from RRS James Clark

Ross on cruise R264 near Elephant Island on 5 December 2011 and recovered on 17 December

2011. The float profiled continuously between 400m and 900m along the continental slope near

Elephant Island and within Hesperides Trough, a deep trench crossing the ridge that separates

Drake Passage and the Weddell Sea (Fig.5.1). The float was redeployed (as no. 4980b) on

11th January in Hesperides Trough at the westernmost end, where it profiled to 900 m before

crossing the northern ridge and drifting eastwards along the continental slope until its battery

depleted on the 2nd February 2015 (Fig.5.1). The EM-APEX made in situ measurements of
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conductivity (± 2 x 10−3) (Fig.5.2b and d), temperature (± 2 x 10−3 ◦C ) (Fig.5.2a and c)

and pressure (± 2 dbar) which were recorded by a pumped SeaBird Electronics CTD in 2.2 m

vertical bins. All data were visually checked for surface pressure consistency and bad pressure

points (mainly near the top and bottom of profiles) were removed. Outlying temperature and

salinity values were flagged using T-S diagrams and visually evaluated against density profiles;

in rare instances of bad data, points were removed and interpolated over (see supporting Fig

5.9 for flagged data and further explanation). We present sections in which dense water was

observed, two of which are in Hesperides Trough, captured in separate years, and one of which is

on the continental slope in South Drake Passage (Fig.5.2, boxed areas A,B and C and Fig.5.4).

5.2.2 BPR temperature record and sea-ice concentrations

BPR temperature record

The high resolution (1992-2012) absolute temperature record comes from the Drake Passage

South BPR, which sits on a lander at 1040 m on the continental slope immediately north

of Elephant Island (Fig.5.1), and records temperature and pressure every 15 minutes. Data

are retrieved and the landers are serviced annually or biennially as part of NOC Liverpool’s

Antarctic Circumpolar Levels by Altimetry and Island Measurements (ACCLAIM) programme.

Meredith et al. (2003) calibrated temperature data from 1992-1999 and 2000-2001 deployments

and found accuracy to be within 0.01oC, sufficiently accurate to reliably capture seasonal cold

water pulses.

Sea-ice concentrations

Daily averaged sea-ice concentrations 1992-2015 are from Nimbus-7 SMMR and DMSP SSM/I-

SSMIS Passive Microwave Data from the National Snow and Ice Data Center. Regions are then

divided into the taupe-boxed area in (Fig.5.1), a larger area, Hesperides Trough only, Powell

Basin only and the shelf immediately north of Elephant Island. Daily sea-ice concentrations are



5.2. Measurements, methods and rationale 69

Figure 5.3: a) power density spectrum of the absolute temperature from the BPR recorder at
Elephant island from 1992-2012. Note the annual peak in the spectrum, as well as diurnal,
semi-duirnal and terdiurnal frequencies.

then averaged over the entire area for each region. The different areas are shown in supporting

Fig.5.7a and d.

Correlations

We use a simple method for testing correlations between noisy, high-resolution datasets which

correlates the higher-amplitude signals at the dominant frequency according to spectral pe-

riodicity. This is similar in concept to the first intrinsic mode function of a Hilbert-Huang

transformation (Huang, 2014). Since the signals of both sea-ice concentration and BPR water

temperature are dominated by annual spectral periodicity (see Meredith et al. (2003) and

Fig.5.3), the peaks and troughs in sea-ice concentration and BPR temperature respectively

(Fig.5.5 a and b) are identified according to the specification that (1) there should be 20 in the

20-year timeseries and (2) they should not be closer than 300 days apart. The magnitude of

seasonal peaks in sea-ice concentration and the magnitude of seasonal troughs in BPR water
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temperature for each year are then correlated, using a Pearson’s correlation. This is repeated

using a lag of one season so that the magnitude of the seasonal sea-ice concentration peak of,

e.g 1995, is compared the magnitude of the seasonal trough in BPR temperature in 1996. The

resulting correlation is only performed on overlapping years so that the BPR temperature for

1992 and the sea-ice concentration in 2011 are not taken into consideration. When performing

an optimally-lagged correlation on the entire dataset, lags do not exceed one year. The pat-

tern of seasonal sea-ice concentration is much the same for all regions investigated (supporting

Fig.5.7c) and we present the results for the taupe-boxed area in Fig.5.1, which exhibits the

strongest correlation. It is noted that there is a similarly strong correlation over the largest

area and Powell Basin only (which dominates the taupe-boxed region), followed by Hesperides

Trough only and, lastly, the Elephant Island shelf area (supporting Fig.5.7b). We use this

correlation only to support observations in inferring likely source regions and export pathways

from the time-lag between peaking sea-ice concentration (marking the end of production) and

the BPR dense-water pulses; we do not suggest the likely location of dense-water production

from the strength of correlation alone in any region.

5.2.3 Tidally-induced flow

The tidally induced flow is computed using Tidal Model Driver (TMD) (Padman et al. ,

2002). This is a Matlab package for accessing the harmonic constituents of high latitude

barotropic tide models and is run here with the1/30◦ x 1/60◦ (2 km) Antarctic Peninsula

model (Model AntPen) (76◦S−58◦S, and 240◦E − 330◦E), from the middle of the Weddell Sea

to west of Pine Island Bay. Computations are based on linearised shallow-water equations

forced at open boundaries by tidal height from the circumpolar forward model CATS02.01 and

astronomical forcing, and the model is particularly valuable for exploring tidal flows in narrow

passages around the Antarctic Peninsula and islands near its tip, and is used for these purposes

here. TMD for the Antarctic Peninsula can be downloaded from

https://mail.esr.org/polar tide models/Model AntPen0401.html.

For our purposes, the depth- and time-averaged tidal residual velocities are extracted for each
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of the M2, S2, O1 and K1 harmonic constituents, and linearly added together. The magnitude

of the tidal excursion, for each harmonic constituent, is computed from the semi-major and

semi-minor tidal ellipse model output (which are accurate to 0.05 cm s−1) and, from this, the

velocities are computed after Polton (2015) as:

U = αLT (f
∆h

h
) (5.1)

where LB is the length scale of the bathymetry, LT is the point-wise tidal excursion length scale

and α, the frictional coefficient, is 0.15 (Robinson, 1981) where LT ≤ LB and 0 where LT ≥ LB

(the velocity of the induced current does not differ by more that O(1) for a frictional coefficient

between 0.15 and 0.75). Finally, ∆h
h

is the maximum fractional change in water depth within a

single tidal period. The latter can also be described, and is computed, as the ratio of the tidal

excursion in the upslope direction to the bathymetric length scale, LB, to give the maximum

fractional change in water depth (Polton, 2015).

For a full description of how net currents are induced from oscillating flow over bathymetry

from the vortex stretching of the Coriolis effect and friction, see Huthnance (1973); Polton

(2015). The depth-averaged velocities of the tidally rectified flow presented here provide only a

qualitative, instantaneous description of the persistent, baroclinic current speeds along isobaths.

Nevertheless, this does give a first-order estimate for tidally induced currents that can be used to

identify flow pathways across the SSR since flow is anticlockwise around bumps and clockwise

around troughs in the southern hemisphere. We use the modelled magnitude of the tidally

induced flow to approximate the flow along the 1000m -1500m and the 750m-900m isobath in

a back-of the envelope fashion: taking the contour equidistant from the boundary contours (i.e

1250 m and 825 m respectively), we compute the point-wise velocity between points X and

BPR and integrate along the isobath to find the time taken.
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b) 

c) 

a) 

Figure 5.4: a) Potential temperature-salinity plot and relevant water masses for all sections A-C
coloured by depth, with the depth-mean for each section overlain in the colour corresponding
to the border of T-S diagrams A-C in panel b) and c) a box -and-whisker plot of the isopycnic
diffusivity for section C, binned every 0.5 kg m−3, with the box limits denoting interquartile
range, the whiskers are the standard deviation, the orange line the median and the orange cross
is the bin-average.

5.2.4 Diffusivity estimate

Dissipation is estimated by applying shear-strain parameterisation methods after Meyer et al.

(2014, 2015) to the EM-APEX float parameters. The resulting diffusivity is used to compute

the diffusivity via Osborn’s relation (Osborn, 1980), kshear−strain = Γ ε
N2 , where ε is the dis-

sipation rate and Γ, the mixing efficiency, is fixed at 0.2. Plots of N2 and ε are shown in

supporting Figs.5.8b-c. Note that during the fast fourier transforms implicit in the shear-strain

parameterisation calculation, a number of datapoints are lost from the top and bottom of

profiles.
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5.3 Results

The Temperature-Salinity (T-S) diagrams from sections A, B and C are given in (Fig.5.4 a)

and conform to the T-S watermass map in the Southern Ocean, characterised by a hook-shaped

formation associated with WDW (Heywood et al. , 2004; Thompson et al. , 2009) (Fig.5.4 a).

Section A, from 2011, depicts cold, fresh waters at mid-depths and a clear increase in salinity

with depth; section B from 2015 shows a similar region of cold (< 0.5), fresh waters between

400 m and 700 m, with a slightly warmer and more haline signal below 700 m, cooling sharply

along the 27.8 kg m−3 isopycnal; section C shows CDW overlying WDW through WSDW,

with a sharp transition associated with relatively elevated diffusivities (Fig.5.4 c), although

errors are high. Generally, waters hold the characteristics of Antarctic surface waters above

200 m (limited profiles in B and C) and Weddell Sea waters below 700 m. Notably section

B demonstrates some of the characteristics associated with the ASC at mid-depths (Heywood

et al. , 2004).

Sea-ice concentration and BPR temperature both display annual, seasonal signals (Fig.5.5 a

and b), with spectral energy density peaking annually (Fig.5.3. Cold, dense-water pulses here

are also associated with freshening (Meijers et al. , 2016). Harmonic analysis also confirms the

dominant annual signal in the sea-ice concentration and BPR-temperature timeseries (support-

ing Fig.5.8). While the phasing of cold-water pulses - and our EM-APEX float dense water

observations - consistently occur as sea-ice concentration diminishes (melts) during the same

season (Fig.5.6), the magnitude of the annual peak in sea-ice concentration over the taupe-

boxed area in (Fig.5.1) and that of the seasonally-lagged trough in BPR water temperature are

significantly and negatively correlated with r = −0.70 (insignificant for current season), both

with p < 0.05. The average seasonal phase lag is 262.94 days with a standard deviation of 54.02

days (7.5-11 months). Initially, five different areas of sea-ice concentration were correlated with

BPR temperature (the wider area of south Drake Passage and Powell Basin, the taupe-boxed

region in Fig.5.1, Hesperides Trough only, Powell Basin only and the shelf immediately north of

Elephant Island only, see also supporting Fig.5.7). The taupe-boxed region displays the highest

correlation when optimally lagged, while the local on-slope region displays the weakest corre-
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lation. However, the annual phasing of growth and decay in sea-ice concentration is similar for

all areas.

The magnitude of the depth-averaged tidally-induced flow around bathymetry is shown in

Fig.5.6, together with the flow direction along the isobath between the 1000 m and the 1500

m contours, which run continuously around the Antarctic Peninsula, connecting Powell Basin

and south Drake Passage. In the southern hemisphere, the tidally induced current flows anti-

clockwise around bumps and clockwise around troughs (the direction of flow around Hesperides

Trough is known to be clockwise (Palmer et al. , 2012)). The magnitude of the current along

the 1250 m contour gives a first-order approximation of the tidally-induced flow along the con-

necting isobath between the 1000 m and 1500 m, between points X and point BPR, where

the BPR recorder lies on the isobath at 1040 m. The flow is considerable at several orders of

magnitude greater than that around the rest of the peninsula, where it continues. The tidally-

induced flow takes ∼262 days (9-10 months) to complete the journey in the direction of the

yellow arrows. This is in good agreement with the seasonal lag between sea-ice concentration

and cold-water pulse magnitudes. Where tidally-induced currents are persistent and high, they

may be sufficient to act as biogechemical pathways (Polton, 2015); this is the case over much

of the route along the 1000 m - 1500 m isobath and the 700 m - 900 m isobath.

5.4 Discussion and summary

Weddell Sea Deep Waters are the main supplier of AABW globally, and a portion (∼ 1/7th)

is exported across the SSR (Palmer et al. , 2012) onto the continental slope where it can form

AABW. It is thought that Weddell Sea Waters crossing the SSR are predominantly transported

from Powell Basin into Hesperides Trough via the CC and the ASC before exiting northwards

via Phillip Passage. Heywood et al. (2004); Thompson et al. (2009) hypothesise that the

ASC carries dense Weddell Sea waters across the SSR further west near Elephant Island, but

the fate of the ASC beyond Hesperides Trough is unclear: Heywood et al. (2004) suggest

the watermass loses cohesion through mixing while Meijers et al. (2016) identify a cool, fresh
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a) 

b) 

c) 

Figure 5.5: a) sea-ice concentration in the taupe-boxed region in Fig.5.1 and b) BPR-
temperature. The circles mark the annual peaks and troughs respectively, with grey vertical
lines in panel a) aligning with the cold-water pulse spikes in panel b). Stars show the timing
of measurements A-C, chronologically and in consistent colours. c) is a plot of the magnitude
of seasonal sea-ice concentration peaks and BPR-temperature troughs for each year, lagged by
one season (significant correlation r = 0.70).
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westward-flowing slope current along the continental slope at Elephant Island and hypothesise

that it is an extension of the ASC in which Weddell Sea waters remain cohesive. von Gyldenfeldt

et al. (2002) and Meijers et al. (2016) posit that gaps in topography at depths greater than

1000 m along the southern SSR west of Phillip Passage may form additional gateways for dense

Weddell Sea Waters.

We observe T-S watermass properties consistent with dense Weddell Sea waters in western

Hesperides Trough (Fig.5.4 b, sites A,B) and on the Antarctic continental slope (Fig.5.4 b,

site C) at 52 -53o W, close to Elephant Island and further west than Phillip Passage. We also

confirm the continued trend in seasonal cold, dense water pulses in the temperature record at

1040 m on the continental slope at Elephant Island (Fig. 5.6, site BPR) identified by Meredith

et al. (2003) by extending the 10-year timeseries by over a decade (Fig. 5.3). From this, we

find a strong and significant, seasonally-lagged correlation of r = −0.70, p < 0.05 between the

magnitude of cold water pulses and that of (previous season) sea-ice concentration. Not all

our observations A-C are consistent with dense Weddell Sea Water export pathways proposed

in the literature and dense waters observed at A,B and C occur at similar phase lags from

peak sea-ice concentration to BPR cold water pulses. Since (1) there is a seasonal lag in the

correlation between cold water pulses and previous-season sea-ice concentration peaks; (2) there

is no significant correlation with current-season sea-ice concentration; (3) the best correlation

comes from a relatively large area that includes Powell Basin, Hesperides Trough and the

continental slope (Fig.5.1) and (4) there is no significant correlation with same-season local

shelf sea-ice concentration, we propose that the dense water is exported from elsewhere onto

the slope at Elephant Island. The shelf near Elephant Island forms part of an envelope at

the tip of the Antarctic Peninsula identified by Ohshima et al. (2016) as a region of ∼ 2-3 m

annual sea-ice production, creating the conditions for DSW formation, but we may discount

this as a source because of the seasonal lag and the low capacity for storage over such a long

period on the narrow shelf near Elephant Island. Our 7.5-11 month time-lag between sea-ice

concentration peak (marking the end of production) and the cold-water pulses at Elephant

Island is in agreement with the 6-13 month time-lag that Meijers et al. (2016) find between an

intensification of wind-stress curl over the Weddell Gyre and slope current densities at Elephant
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Island; they hypothesise that this is the result of the barotropic acceleration of the boundary

current and the subsequent ingression of Weddell Sea waters across the SSR via the ASC

(export around the SSR via Orkney Passage would take too long). From this explanation, our

observations might represent a braided continuation of the ASC within and beyond Western

Hesperides Trough.

Since our EM-APEX float observations of cold, dense water (Fig. 5.6) do not neatly align with

the ASC but track isobaths that connect Powell Basin to the continental slope in south Drake

Passage, we further investigate along-isobath flows by exploring the tidally-induced current

along those isobaths. Our back-of-the-envelope calculation of the time taken from site X

(Fig.5.6) to the BPR lander along the continuous isobath 1000 m - 1500 m (∼262 days) agrees

remarkably well with the observed seasonal lag between sea-ice concentration peaking and

dense-water pulses (∼282 days). If the tidally-induced currents transport Weddell Sea waters

from Powell Basin along the isobath where the BPR lies at 1040 m, then the cool, fresh pulses

observed here would not necessarily be associated with the downslope convection hypothesised

by Meredith et al. (2003); this is supported by the fact that these seasonal pulses are not

recorded by the lander below at 2000 m (Meijers et al. , 2016), which implies an along-isobath

delivery of cold, dense waters at 1040 m.

However, higher isobaths (750 m - 900 m) also connect the two sites at depths consistent

with our EM-APEX observations of cold, dense waters, connecting at the southernmost tip of

Clarence Island or circulating around Bransfield Strait before crossing immediately north of

Clarence Island and onto the shelf north of Elephant Island (Fig.5.6). From the tidally-induced

current, we estimate that the shorter route that connects south of Clarence Island would take

∼190 days, while the slower tidally-induced flow around Bransfield Strait adds 5.8 years onto

the journey. A number of 15-m surface drifters which are topographically steered replicate the

route via the connection south of Clarence Island in Thompson et al. (2009)’s study, sup-

porting this shorter pathway. While significantly shorter than the tidally-induced flow along

deeper isobaths at around 6 months, waters reaching the shelf north of Elephant Island via

this route may then form dense water upon interaction with salty CDW, spread and descend,

a process which takes a few of months (Meredith et al. , 2003). This brings the journey time
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Figure 5.6: Zoomed-in area corresponding to the grey boxed area in Fig.5.1, coloured by the
magnitude of the tidally-induced current, which flows anticlockwise around bumps and clock-
wise around troughs in the southern hemisphere. Excepting labelled islands, white regions
are masked where the scale of the tidal excursion is greater than the bathymetric length scale
(LT > LB in 1.1), giving rise to unbounded values. The isobath between 700 m and 900 m
is marked with thick dashed lines and the 825 m contour between is the yellow dashed line;
the isobath between 1000 m and 1500 m contours is masked by the thick black line with the
1250 m contour line marked in yellow, with arrows denoting the direction of flow of the tidally
induced current. Both isobaths connect Powell Basin and the continental slope in south Drake
Passage. Point X and BPR are marked as the beginning and end of the route for which back-
of-the-envelope timescales for the tidally-induced current are computed. EM-APEX sections A
(red), B (yellow) and C (green) are shown, corresponding to regions where Weddell Sea waters
are observed.
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to the BPR site into line with that along deeper isobaths, so that, although less likely as it

invokes multiple processes (and is not observed at the deeper lander), the export of Weddell

waters along isobaths connecting Powell Basin and this location does not necessarily preclude

downslope convection.

The pathways outlined here form a much more direct route from Powell Basin than previ-

ously suggested, allowing dense waters to exit Hesperides Trough without having to first circu-

late around it. Thus, Weddell Sea waters would have had less opportunity to mix and would

therefore retain more cohesive characteristics onto the continental slope - as we see in the

temperature-salinity characteristics captured by the EM-APEX float and the BPR tempera-

ture signal, both of which exhibit cold, fresh, dense water. This would allow for significant

mixing as observed over the slope at Elephant Island (Mead Silvester et al. , 2014) once in con-

tact with warmer, saline CDW over the continental slope, allowing for downslope convection

and AABW formation. At site C, further east from Elephant Island, diffusivity is moderately

enhanced at the boundary between warm, salty CDW and the dense water it overlies (Fig.5.4

c), suggesting that these processes may extend beyond Elephant Island, over the continental

slope. This shortened pathway connecting the reservoirs of Powell Basin and south Drake Pas-

sage, where flows are significant (and timescales therefore short) and persistent may also act as

a biogeochemical pathway, connecting the two basins; flows are especially fast along the short

sections connecting Powell Basin and Hesperides Trough as well as Hesperides Trough and south

Drake Passage (see Fig.5.6). The proposed pathways highlight sites for further study and the

monitoring of topographically-steered Weddell Sea water export, both tidally- and wind-forced,

onto the continental slope along the Western Antarctic Peninsula.

5.5 Conclusions

We demonstrate that the magnitude of seasonal cool, dense water pulses over the continen-

tal slope north of Elephant Island is linked to the magnitude of previous-season sea-ice con-

centration peaks. While these seasonal pulses of dense water were previously thought to be
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descending local DSW feeding AABW (Meredith et al. , 2003), the pulses are not detected

lower down the slope (Meijers et al. , 2016), suggesting transport along bathymetric contours.

Our strong, seasonally-lagged correlation with the magnitude of sea-ice concentration in Powell

Basin, a region associated with dense water production as sea-ice forms, favours the ingression

of remotely-produced dense waters as an explanation for dense water pulses at Elephant Is-

land. Further east, but nearby along the continental slope and in western Hesperides Trough,

both deployments of EM-APEX floats capture cold, dense waters, consistent with exported

Weddell Sea waters but not their known or proposed export pathways. These observations

closely follow bathymetric contours, and we show that the tidally-induced flow along contours

connecting Powell Basin and the site of dense water pulses at Elephant Island is consistent

with the seasonal time-lag we observe, and is consistent with the topographically steered EM-

APEX float observations and Thompson et al. (2009)’s drifter pathways. The timescale of our

tidally-induced pathways may also be significant for biogeochemical connectivity between the

two basins separated by the SSR, and this deserves further investigation. However, the time-lag

is also consistent with Meijers et al. (2016)’s hypothesis that wind stress curl over the Weddell

gyre intensifies boundary currents and allows waters to cross the SSR through topography and

our EM-APEX float observations might represent a braided continuation of the ASC through

the SSR. Both invoke isobathically steered flows on similar timescales. We therefore suggest

that seasonal dense-water pulses are likely remotely produced and may be exported across the

SSR from the Weddell Sea by the wind-forced ASC or tidally-induced current. This is shorter

route than previously proposed, allowing more coherent dense water properties to come into

contact with warmer CDW which can then transform to replenish and ventilate AABW. Map-

ping the pathways of dense water export and understanding their drivers and their variability

is a critical step towards monitoring AABW variability on seasonal, interannual and longer

timescales. This is particularly important given recent trends in the warming and freshening

of Weddell Sea waters, exported waters and AABW and forecasting how these changes might

influence overturning strength and the efficacy of CO2 drawdown in the Southern Ocean.
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5.7 Supporting Information

This section contains supporting information for Chapter 5. This includes plots that support

the analysis and information provided such as those ‘not shown’ in the original manuscript and

any background plots and statistics. The contents are as follows:

1. information on different areas used to average daily sea-ice concnetrations;

2. harmonic analysis of sea-ice concentration and BPR-temperature signals;

3. flagged datapoints removed during quality-control and

4. sections of parameters relevant to the shear-strain computation.
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Area Lagged 
Correlation 

(r) 

Significance 
(p) 

Large general 
area 

-0.6625 0.002 

Small 
general area 

-0.6967 0.0009 

Powell Basin -0.6628 0.002 

Hesperides 
Trough 

-0.6313 0.0016 

Elephant 
Island shelf 

-0.5877 0.0011 

a) b) 

c) 

Figure 5.7: a) bathymetry is shaded as per Fig.5.1, the BPR location is the white dot and
the areas over which daily sea-ice concentration is averaged are coloured to correspond the the
areas in b) the tabulated, lagged, Pearson’s correlations between the BPR-temperature troughs
and sea-ice concentration peak magnitudes and c) the mean daily sea-ice concentration over
each of the areas. There is no significant correlation with same-season sea-ice concentration
and BPR-temperature troughs for any region.
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a) 

b) 

Figure 5.8: a) harmonic analysis for sea-ice concentration and b) BPR-temperature signals.
Both display annual cycles, but it should be noted that harmonic analyses ‘drift’ towards the
end of timeseries longer than 18.4 years as is the case for the sea-ice concentration signal here,
so that the timing is not consistent for the latter portion of the timeseries.
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a) 

b) c) 

Figure 5.9: a) T-S diagram for all EM-APEX float datapoints used during this chapter with
bad data flagged in magenta. These data are mainly from the tops and bottoms of ascending
and descending profiles respectively as the float overshoots its target depth where bad pressure
points are found as well as any outliers from individual T-S profiles. b) the buoyancy frequency
and c) the dissipation (ε) that are used for computing the diffusivity in Fig. 5.4. Note the
shortened profiles as datapoints are lost from the top and bottom of profiles during the shear-
strain calculation.
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Chapter 6

Synthesis

6.1 Summary

The aim of this thesis was to investigate processes that influence the watermass transformations

acting to close the Southern Ocean MOC. The Southern Ocean, and in particular the area

around the Antarctic Peninsula, has experienced rapid climate change over the past few decades,

with a marked warming of the oceans (Gille, 2008). Observed variability in the atmosphere,

ocean and cryosphere occurs on a multitude of timescales in this region, including seasonal,

interannual and decadal, but there is growing evidence over the past few decades of trends

linked to anthropogenic forcing (Meredith et al. , 2011). How these changes might feedback

on climate is poorly understood, and the accuracy of climate models is constrained in no small

part by poor parameterisations in the Southern Ocean: sub-grid scale processes such as tidal

effects (Flexas et al. , 2015a), diapycnal mixing, and mesoscale to submesoscale eddies need

to be parameterised, and these dictate the modelled exchange between watermasses and hence

climate trends (Downes et al. , 2015). Our ability to accurately parameterise these processes

is limited by understanding, partly due to a lack of observations in this harsh environment. A

number of deficiencies in understanding were identified in Section 1.2.2, including quantifying

intermittent diapycnal mixing and watermass transformations at depth where they can influence

upwelling rates and identifying the sources and pathways of dense waters that feed AABW. As

87
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such, the objectives of this thesis were to investigate:

1. intermittent diapycnal mixing at depth;

2. watermass transformations at depth;

3. sources of observed seasonal pulses of dense water at Elephant Island and

4. Weddell Sea water export pathways onto the continental slope.

The following paragraphs summarise how each of these objectives was met in turn and draws

together the main findings in the context of current knowledge.

The short dissipation timeseries at Elephant Island (Chapter 3) addresses objectives (1) and (2)

and explores enhanced diapycnal diffusivities of O(10−3) associated with shear-driven turbulent

mixing within upwelling CDW and across the interface of the two Southern Ocean overturning

cells. These are the first direct measurements in support of Naveira Garabato et al. (2007)’s

mid-depth mixing hypothesis and a driver for the missing mid-depth watermass transformations

of Watson et al. (2013). These transformations effectively short-cut the adiabatic pathway in

which transformations occur at the surface following adiabatic upwelling. Our enhanced mixing

events are consistent with the breaking of locally-generated internal waves forced by the baro-

clinic tide. While this link remains a hypothesis, and a major weakness is therefore the inability

to separate the inertial from the semidiurnal tide with such a short timeseries at this latitude,

pinning this intermittent event to a mechanism is important because it enables a hypothetic

up-scaling of the process that can inform future observational campaigns. For instance, we

demonstrate that similar conditions (steep topography over which the same isopycnals outcrop

and similar tidal amplitudes) extend to ∼ 60% of the Antarctic continental slope so that the

contribution to upwelling could be significant. It is therefore important for future observa-

tions over the shelf-break to resolve temporally-intermittent processes and we have highlighted

regions where this can be studied.

In addition to the high diapycnal diffusivity and associated heat fluxes between UCDW and

LCDW described in Chapter 3, EM-APEX float no.4980a captures direct heat exchange between
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UCDW and LCDW at mid-depths over the shelf-break at Elephant Island two years later

(Chapter 4) and address objective (2). This time, heat is exchanged across the bottom boundary

of as an UCDW lens (likely an eddy) loses heat to the cooler LCDW below, an exchange driven

by shear instability and turbulent mixing. Across the bottom boundary of the lens, we find that

instabilities are consistent with symmetric forcing. We propose a mechanism in which the lens or

eddy is stretched on a timescale consistent with the passing of baroclinic tides to enhance lateral

density gradients, generating symmetric instabilities and creating the conditions for turbulent

mixing. This hypothesised mechanism for heat dispersion is of particular relevance further

west along the WAP where warm, UCDW-core eddies are the dominant mode of transporting

heat onto the shelf (Martinson & McKee, 2012): here, the rising heat content of mid-depth

LCDW is linked to the recent acceleration in basal melting of ice shelves (Cook et al. , 2016).

The main limitations of the work in Chapter 4 are the poorly resolved lateral gradients which

compromises the balanced Richardson number calculation (although this result is supported by

potential vorticity analyses) and means we cannot determine whether the lens is an eddy, due

to the sampling pattern of the EM-APEX float. It is also difficult to determine how Lagrangian

the float is and therefore to what extent the lens is sampled in time and space. Nonetheless, this

is a relatively high-resolution section in a poorly-sampled region and gives a rare insight into

how warm water can penetrate at mid-depths over the continental slope of the WAP. Chapters

3 and 4 show that tides are likely to play a central role in mid-depth water mass transformations

over the shelf-break through its interaction with steep topography and the submesoscale eddy

field.

On the slope at Elephant Island, we have made separate observations of (1) enhanced diapycnal

diffusivity and (2) direct heat exchange between water masses at mid-depths relevant to the

lower (upper) boundary of the upper (lower) Southern Ocean overturning cells. Here too,

seasonal pulses of dense, cold water are recorded over 20 years by a BPR lander at 1040 m,

representing the lower boundary of the lower overturning cell on its descent path. Further east,

but nearby along the continental slope and in western Hesperides Trough, both deployments

of EM-APEX floats capture cold, dense waters, consistent with exported Weddell Sea waters

but not their known or proposed export pathways. We investigate the origins of these waters
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in Chapter 5, addressing objectives (3) and (4). We find a strong negative correlation between

the magnitudes of seasonal dense water pulses and previous-season sea-ice concentration over a

large area including Powell Basin in the Weddell Sea. While initially surprising, these time-lags

are consistent with (1) Meijers et al. (2016) hypothesis that wind stress curl over the Weddell

gyre intensifies boundary currents and allows waters to cross the SSR through topography

and (2) tidally-induced flows along isobaths connecting the BPR on the slope at Elephant

Island and Powell Basin. The latter is consistent with the topographically steered EM-APEX

float observations as well as drifter pathways (Thompson et al. , 2009). We therefore suggest

that seasonal dense-water pulses are remotely produced and exported across the SSR from the

Weddell Sea via a considerably shorter route than previously proposed, allowing more coherent

dense water properties to come into contact with warmer CDW which can then transform to

replenish and ventilate AABW. This process is critical to CO2 drawdown as well as overturning

strength in the Southern Ocean. While Meredith et al. (2003) previously hypothesised that

seasonal dense-water pulses are due to downslope convection feeding AABW as locally-produced

DSW spreads and descends the steep slope (Meredith et al. , 2003), both Meijers et al. (2016)

and our hypotheses invoke topographically-steered exports on similar timescales; however, the

precise origins, driving mechanisms and supply pathways of observed dense-water pulses on the

slope at Elephant Island remain elusive, and our dataset cannot explore these ideas further.

Our inferences suggest that the isobaths connecting the BPR and Powell Basin are favourable

sites for further studies aiming to capture Weddell Sea exports and monitor their variability.

Mapping dense water export pathways and understanding their drivers is critical step towards

monitoring AABW variability, especially given the recently observed freshening and warming

of Weddell Sea watermasses, their exports and AABW itself. The contribution of the tidally-

induced flow along this pathways and potentially others, deserves further investigation and is

especially important given that general circulation models do not currently resolve - or often

parameterise - these flows (Polton, 2015).

An emergent theme of this research is the contribution of tides to processes that influence the

Southern Ocean MOC. Until recently, their contribution has been largely neglected by research

campaigns in the SSC despite it being known as topographically favourable for the generation of
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internal M2 tides (Padman et al. , 2006). Only very recently have studies pointed towards their

importance, including elucidating the role of the barotropic tide in setting up the ASF in western

Powell Basin (Flexas et al. , 2015a) and mixing induced by interactions between the barotropic

tide and the downwelling Ekman layer at Orkney Passage where WSDW is exported (Polzin

et al. , 2014). The findings of this thesis implicate the tide in forcing mid-water diapycnal mixing

as it interacts with topography and driving overturns as it modifies submesoscale features such

as eddies. These processes, in driving transformation at depth, not only influence upwelling

rates and the Southern Ocean MOC but also facilitate ocean warming at mid-depths where

WAP glacier melt is sensitive to heat content. Additionally, we have proposed a mechanism

whereby eddy-tide interactions could disperse heat over the continental slope and deliver heat

onto the shelf to contribute to basal ice shelf melt along the WAP. This work also demonstrates

that the tidally-induced flow could influence the export pathways of Weddell Sea water. The

importance of tidal processes here, even if temporally intermittent and limited to shelf-breaks

and connecting isobaths, should not be overlooked since it is periodic and predictable, unlike

the wind stress force at these latitudes. This is particularly useful in pinpointing where locally-

concentrated mixing can be observed and sites for monitoring Weddell Sea water exports (i.e

along particular isobaths). However, the main deficiency of the work of Chapters 3 and 4 is

the inability to truly separate the inertial and tidal frequencies that contribute to watermass

transformation due to short time-series. At this latitude, the frequencies of the dominant M2

tide and inertial oscillations are close to semi-diurnal, necessitating longer time-series for reliable

spectral peak separation. While our observations are consistent with tidal forcing, it remains

for future observations to explore this further through longer timeseries that can resolve (and

repeat) intermittent tidal mixing and are of a sufficient resolution to partition inertial and tidal

forcing.

The body of this thesis explored dynamical processes that take place on the scale of centimeters

(i.e diapycnal mixing; heat exchange; tidal flows) which nevertheless, through their spatial

prevalence, define the sensitive regional climate. This is demonstrated here through mid-water

transformations in areas that can effect WAP ice melt and Southern Ocean upwelling rates

as well as the modification of watermasses critical to overturning strength and the Southern
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Ocean CO2 flux. Climatological changes in the Southern Ocean, such as those exemplified near

the tip of the Antarctic Peninsula, may be relatively quickly transmitted to the major ocean

basins to be felt on a global scale. The Antarctic Peninsula and its surrounding waters have

warmed over the past decades and while the timescales of transmission elsewhere and feedbacks

are as yet largely unknown, this is an important region to monitor. Global circulation models

and climate models are at present our most powerful climate forecasting tool; however they

are limited in resolution, and our findings point to a number of processes from the temporally

intermittent elevated tidal mixing to submesoscale heat dispersion and tidally-induced flows

that these models must parameterise. The accuracy of these parameterisations currently limits

the performance of climate models. The work of this thesis has made a small contribution

towards identifying, quantifying and spatially characterising sub-grid processes in the Southern

Ocean, and suggests locations in which these might have a disproportionate influence on the

regional climate.

6.2 Conclusions

This thesis investigates three processes that influence water mass transformations in the South-

ern Ocean. Two mechanisms are proposed based on observations of mid-depth mixing that allow

transformation at depth, impacting the total buoyancy budget of the circulation and so the rate

of upwelling in the Southern Ocean. Upwelling here plays a central role in setting the strength

of the global overturning circulation and, regionally, delivering warm waters into contact with

the base of ice shelves as well as the rate of ventilation of deep, carbon-rich waters and its

uptake from the atmosphere. The production rate and properties of AABW formation can in

its own right also influence Southern Ocean overturning strength and the communication of

sequestered CO2 with the atmosphere. We have demonstrated the likely existence of a new,

shorter pathway for coherent dense Weddell Sea waters to be exported onto the continental

slope where it can mix with CDW to form AABW. The mechanisms for mid-water transforma-

tions, heat dispersion and export routes proposed here are relevant to understanding the causal

pathways and the impact of recent warming and freshening of watermasses that are critical to
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overturning in this region. Additionally, this work demonstrates that tides play a key role in

driving watermass transformations near the tip of the Antarctic Peninsula and that sub-grid

scale processes can, depending on location, have a disproportionate impact on regional climate.

6.3 Future Work

There is a vast body of work currently underway trying to improve the performance of climate

models through better Southern Ocean parameterisations. This thesis hypothesises a number

of mechanisms that are driven by sub-grid scale processes to explain observed transformations

that, because of their locations, might have a disproportionate impact on the regional climate.

Similar preconditions to these mechanisms extend to the wider region along the continental

slope, so that their total effect could be significant. It is suggested then, that future studies

should concentrate on regions in which sub-grid scale processes could have large effects due to

scale or simple feedbacks, e.g eddy-tide interactions along the WAP and glacier melt; locally-

generated internal tidal waves breaking along the Antarctic shelf-break; teleconnections between

basins that might plausibly be linked through bathymetry; tidally-induced currents through

topographical barriers. This could be achieved with observational campaigns along the WAP

targeting areas where UCDW-core eddies are active e.g using gliders and moorings to capture

heat exchange at the base of eddies, ensuring long enough timeseries for peak separation between

semi-diurnal tides and inertial forcing. Ocean models such as Nucleus for European Modelling

of the Ocean (NEMO) could be used to explore the evolution of UCDW lenses and regions

favourable for the breaking of locally-generated internal tidal waves over the continental slope.

The latter, complemented by observations (e.g from ARGO floats), could be used to compute

the potential contribution of shelf-break mixing processes to coastal upwelling over the Antarctic

shelf-break. Models such as NEMO and MITgcm could be used to explore export pathways

from e.g the Weddell Sea by particle-tracking along isobaths that connect basins to complement

carefully placed moorings along connecting isobaths.

Since the sub-grid processes outlined here are likely tidally-forced and the tide is predictable, it
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may be possible to improve parameterisations under certain conditions (e.g eddy-tide interac-

tion at specific locations). These could be explored through coupled ice-ocean, tide and general

circulation models as well as observations: a number of locations have been identified in this

thesis where future observations could test the hypotheses set out here.
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