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Abstract

In this thesis, I describe large-scale and small-scale features of the Antarctic Circumpolar Current (ACC) by merging conductivity-temperature-depth (CTD) data
obtained by novel animal-borne sensors with data obtained by more conventional
means. Twenty-one CTD-Satellite Relay Data Loggers (CTD-SRDLs) were attached
to Southern elephant seals (Mirounga leonina) on South Georgia in 2004 and 2005.
This was part of a larger international study (Southern Elephant Seals as Oceanographic Samplers; SEaOS), in which I played a major role in developing the oceanographic approach used to integrate physical data from a range of sources, and the
means to link biological findings to oceanographic parameters.
The development of animal-borne oceanographic sensors and their potential place
within an ocean observing system is reviewed initially. Then I describe the Series
9000 CTD-SRDL in detail, discussing its performance in the lab and during two field
experiences with Southern elephant seals and Weddell seals (Leptonychotes weddellii ).
Following this, a detailed study of the ACC frontal system in the South Atlantic is
presented that uses merged Argo float data and CTD-SRDL data. The structure of
the frontal field revealed by this unique dataset is examined, and unprecedented insight into its variability is obtained. Amongst the important findings is that, contrary
to most climate models, our in situ data suggest a northward shift of the ACC east

1

of 40◦ W in 2004 and 2005 compared to previous work. Next, two CTD-SRDL sections are presented to identify the locations of the ACC fronts across Drake Passage,
and an empirical relationship between upper ocean temperature and baroclinic mass
transport is used to determine the transport through Drake Passage at the times of
the sections. This technique is a powerful complement to more conventional means
of data collection in this region, especially given the ability of the seals to conduct
”sections” at times when ship-based fieldwork is logistically most challenging, i.e. in
the winter time.
The CTD-SRDLs do not only record hydrographic data, but simultaneously record
seal movements and diving behavior. This enables insight to be obtained on the behavioral and physiological responses of Southern elephant seals to spatial environmental
variability throughout their circumpolar range. The resulting energetic consequences
of these variations could help explain recently observed spatially varying population trends. With a stable population at South Georgia and declining populations at
Kerguelen and Macquarie Island. This study also highlights the benefits to the sensorcarrying animals themselves by showing the usefulness of this approach in examining
the sensitivity of top predators to global and regional-scale climate variability. More
importantly, I conclude that, by implementing animal-borne sensors into ocean observing strategies, we not only gain information about global ocean circulation and
enhance our understanding of climate and the corresponding heat and salt transports,
but at the same time we increase our knowledge about ocean’s top predators, their
life history and their sensitivity to climate change.
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1 General Introduction

1.1 The Antarctic Circumpolar Current
Nowadays it is well known that the atmosphere and ocean are one coupled physicochemical system, that through its interior circulation the ocean plays a major role
in the distribution of the planet’s heat content as well as of some gases like CO2 ,
and that this coupling has a fundamental influence in climate. Formation of water
masses, fluxes of salt, heat and moisture between atmosphere and ocean, and the
unique buffering role that the ocean plays for the atmosphere, are factors that influence the climate on Earth over a wide spectrum of time scales. Therefore, if we
want to understand climate and its changes we also have to understand the long-term
processes in the ocean, including the thermohaline circulation and the corresponding
heat and salt transports. The influence that the ocean has on climate has been a popular research topic over the last fifteen years (Broecker, 1991). A lot has been achieved
during this time to understand the different mechanisms in which the ocean influences the climate of our planet but, due to the complexity of the processes involved,
a lot still must be done. Indeed, the slow, long-term worldwide ocean circulation on
centennial time scales and longer is complex and the term ‘thermohaline circulation’
by itself is not enough to describe all the processes involved. Some people prefer instead the term ‘general circulation’. Strictly speaking, the thermohaline circulation
is driven only by differences in temperature and salinity around the world (due to
heterogeneous latitudinal solar radiation). The term ‘general circulation’ also includes
other processes that influence the movement of water in the long-term: mixing and
water mass formation, upwelling and downwelling, residual currents of Kelvin waves
or of Rossby waves (e.g. planetary waves), and effects of the wind at the surface (wind
drag) or in the deep ocean (e.g. Ekman pumping). This long term circulation, when
considered in a global sense, is what the paleo community started to call the ‘Great
Ocean Conveyor Belt’ (Broecker, 1991), an expression that has been widely accepted
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by the researchers trying to connect ocean processes with climate.
Within the global ocean circulation, the seas around Antarctica exhibit some unusual properties. In the mid-latitudes, it is possible to balance all flow geostrophically
(a balance between Coriolis force and horizontal pressure gradient) across the permanent thermocline, thus limiting the strong ocean currents to the surface layer. In
the Southern Ocean, however, temperature differences between the sea surface and
the deep sea are generally less than 5◦ C, and even below 1◦ C in some places close to
the Antarctic continent. This lack of a permanent thermocline results in low density
variations with depth, and as a consequence the pressure gradient force is evenly distributed over the entire water column: thus currents are not restricted to the upper
few hundred metres of the ocean (Pickard and Emery, 1990; Tomczak and Godfrey,
1994). Another aspect that makes the Southern Ocean unique is the unlimited communication with all other oceans (Fig. 1.1). The Southern Ocean links the Atlantic,
Indian and Pacific Oceans, and their hydrography cannot be understood without insight into the dynamics of Southern Ocean. This provides us with another reason why
the Southern Ocean is of global relevance.
The water masses that meet in the Southern Ocean are generally mixed and redistributed by the Antarctic Circumpolar Current (ACC). Deep waters from the North
Atlantic are upwelled at the Antarctic Divergence at the southern boundary of the
ACC following the inclined isopycnals. During this process they mix with Circumpolar Deep Water (CDW) and, on reaching the surface flow, are diverted northward
by Ekman transport (Tomczak and Godfrey, 1994). This newly formed water mass
travels north across the ACC until it reaches the Antarctic Convergence. Here, it
mixes with Subantarctic Water from the north. It is then subducted to mid-depth,
becoming Antarctic Intermediate Water (AAIW), while the ACC carries the water
further eastward (Fig. 1.2). The AAIW is then ejected into the Atlantic, Indian and
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Pacific Oceans. Thus, the ACC is a crucial component of the ‘Great Ocean Conveyor
Belt’.
The ACC is arguably the ‘mightiest current in the oceans’ (Pickard and Emery,
1990), transporting more water than any other current. The ACC extends from the
sea surface to depths of 2000-4000 m and can be in excess of 2000 km wide (Tomczak
and Godfrey, 1994). Although the eastward speed is generally low (around 10 cm/s
in regions between the fronts), the ACC transports more than 100 Sv (1Sv = 1 ×
106 m3 /s) due to its tremendous cross-sectional area (Whitworth, 1983; Whitworth
and Peterson, 1985; Cunningham et al., 2003). Historically, the ACC has been referred
to as the ‘West Wind Drift’, because its flow is driven by strong, nearly zonal (westeast direction), westerly winds.
Observations show that south of the sub-tropics temperature and salinity do not
vary uniformly from north to south; there exists a narrow band (100−200 km) around
Antarctica where average Sea Surface Temperature (SST) changes from about 12◦ C
to 7◦ C and salinity decreases from greater than 34.9 to 34.5 or less (Orsi et al., 1995).
This narrow band is called the Subtropical Front (STF) and is usually found between
35◦ S and 45◦ S (Fig. 1.1). Four fronts lie south of the STF, namely (from north to
south): the Subantarctic Front (SAF), the Polar Front (PF), the Southern ACC Front
(SACCF) and the Southern Boundary (SB) of the ACC (Orsi et al., 1995; Belkin and
Gordon, 1996). These fronts are clearly indicated in synoptic vertical sections by their
large horizontal property gradients and pronounced isopycnal tilt throughout the deep
water column. It has become accepted terminology to call the region between STF and
SAF the Subantarctic Zone (SAZ), the region between SAF and PF the Polar Frontal
Zone (PFZ) and the region between PF and SACCF the Antarctic Zone (Fig. 1.2).
A fourth zone, including the Continental Zone and the westward flowing Antarctic
Coastal (or Polar) Current, are located even further poleward, between the SB and
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the Antarctic continent. This zone is characterized hydrographically by a water mass
of uniform temperature and low salinity in the upper 500 m. SST poleward of 65◦ S
is about −1.0◦ C (Deacon, 1984; Orsi et al., 1995).
Using historical data, Orsi et al. (1995) and Belkin and Gordon (1996) mapped the
circumpolar distribution of these Southern Ocean fronts using a variety of definitions
based on water mass properties (see Orsi et al., 1995; Belkin and Gordon, 1996, for
useful summaries of these definitions). However, the frontal properties are not uniform in all sectors of the Southern Ocean. The variations in frontal structure from
region to region and the multiplicity of definitions used by various authors have led to
some confusion in identifying particular fronts. In addition, many areas have remained
relatively poorly sampled and in only a very few locations have sufficient repeat measurements been made to permit the variability of the fronts to be assessed. Only a
few studies were able to collect in situ data with a sufficient temporal resolution to
investigate the frontal variability using the subsurface expressions (Sokolov and Rintoul, 2002; Thorpe et al., 2002; Sokolov et al., 2006). None of these studies describe
the three major fronts of the ACC (SAF, PF and SACCF) simultaneously with good
spatial and temporal mesoscale coverage, which means spatial scales of 10 − 100 km
and temporla scales of 10 − 100 days. These studies were based on ship-based measurements and benefited from their high accuracy and depth-resolving capability, but
such data are scarce in the Southern Ocean as a whole and are biased on the summer season due to inherent logistic difficulties. The same applies to the estimated
net transports of the ACC. Today it is known that the circumpolar transport of the
ACC varies on time scales from days to years and longer (Hughes et al., 2003; Meredith et al., 2004). Meredith and Hughes (2005) showed that sampling intervals very
much shorter than 10 days are needed to produce un-aliased estimates of the ACC
transport.
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Figure 1.1: Fronts of the Antarctic Circumpolar Current in the Southern Ocean. From
north to south: Subtropical Front (grey), Subantarctic Front (red), the Polar Front (blue),
the Southern ACC Front (cyan) and the Southern Boundary of the ACC (green). The
Subtropical Front is extracted from 50 km SST NOAA-16 global analysis data from 21-25
May 2005, whilst the other fronts are from Orsi et al. (1995).

1.2 Animal-Borne Sensors
The importance of monitoring these ocean processes (e.g. transport) for climate forecasting is increasingly being recognized (Gould et al., 2004; Guinehut et al., 2004)
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Figure 1.2: Block diagram of the
circulation, temperature distribution and fronts of the Southern
Ocean from Tomczak and Godfrey
(1994). STF: Subtropical Front,
SAF: Subantarctic Front, PF: Polar Front.

and innovative remote samplers such as moorings, buoys, floats and gliders are being developed, each of which can return data in near real-time. Ultimately, programs
such as the Global Ocean Observation System (GOOS) will enable the assimilation
of such data into ocean circulation models, with the intention of accurately representing and predicting climate variability on seasonal and longer timescales (Bell et al.,
2005; MERSEA, 2004). Although these techniques have an enormous potential for
broad-scale ocean observations of the order of several hundreds of kilometers, they
do not provide a complete observational strategy. Even today, profound investigations of the polar oceans and their dynamics continue to be hampered by lack of
in situ observations. Satellite remote sensing can only observe the uppermost few
millimetres of the oceans and is hampered by sea ice; the ocean beneath remains
almost entirely unobserved. The coverage of profiling floats in the Southern Ocean is
more sparse than elsewhere, and sea ice prohibits the surfacing of floats to transmit
their data, although ice-capable autonomous floats are being developed (Klatt et al.,
2007). Existing observations are still heavily biased towards summer and to open water. Marine mammals, however, can help to overcome these limitations and provide
a complementary high resolution data source.
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The idea of tagging marine mammals to find out about their lives is not a new
one. Until recently, however, no one had developed the technology to allow concurrent collection of high quality CTD information. In 1940 Per Scholander, inspired
by a description written by Lord Kelvin in the 19th Century, developed a mechanical depth gauge to record the diving depths of whales. But these early devices were
bulky and had to be recovered in order to retrieve the measurements. Such recovery was not always possible and, even when it was, data were only available some
time after measurements were made. An alternative, which is possible today, is to
add transmitters to these measuring devices. This enables results to be received, almost in real-time, even if a device is ultimately lost. Nowadays, the technological
developments, miniaturization and reductions in power requirements, combined with
increases in computing power, have made it possible to broaden the spectrum of measurements and to program complex measurement and sampling operations into very
small packages.
The development and deployment of logging and telemetry equipment on marine
animals to describe their behaviour has provided a wealth of data. Scientists can now
monitor the migration patterns and diving depths of many species. But understanding
the context and implications of their behaviour requires a general description of the
physical environment that animals encounter. However, data on the oceanographic
conditions in areas through which the animals move is often incomplete or lacking.
These areas are either poorly covered by more traditional means, or information on
a finer spatial or temporal scale is needed than conventional sampling strategies or
even oceanographic models can provide.
This gap between what we would like to know and the limited information available, both about the ocean and the animals that depend on it, motivated the Sea
Mammal Research Unit Instrumentation Group of the University of St Andrews to
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Figure 1.3: Southern elephant
seal tagged with miniature SRDLCTD.

supply more environmental data by including oceanographic sensors on the generally
available behavioural tags. This idea of using marine animals as sampling platforms
has matured among both biologists and oceanographers alike over the past few years
and its implementation has grown out of its infancy (Fig. 1.3).
Enlisting marine animals as oceanographic sampling platforms is not a new idea.
The earliest published reference to this approach is from 1970 (Evans, 1970). But until
recently no one had ever developed the technology to allow collection of high quality
CTD information. Nowadays these instruments have the potential to collect information about the oceans that is not only relevant to the study of physical structure of
the oceans but also for studying the ecology of animals carrying the instruments (Lydersen et al., 2002; Hooker and Boyd, 2003; Lydersen et al., 2004; Charrassin et al.,
2004; Sokolov et al., 2006). These animal-born sensors demonstrated convincingly
that they can record hydrographic data at high frequency and in near real-time from
remote, relatively inaccessible parts of the ocean (Lydersen et al., 2002, 2004).
However, animal-borne sensors do not sample randomly; nor do they deliver the preset transect coverage that can be accomplished with ships, gliders or AUVs. Thus,
the exact locations of data collection cannot be pre-determined. However, today we
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have enough information on many species to predict where they will go within reasonable limits on a regional scale (±500 km). Appropriate choice of study species can
therefore enable us to pre-define the timing and spatial extent of sampling, including
depths, and we can predict the likely number of hydrogaphic profiles that will be
gathered. Unlike profiling Argo floats, animals often move relatively rapidly in a directed fashion and can deliver transects of nearly contemporaneous data (Chapter 4).
Their tracks often cut across frontal regions as they travel between breeding, foraging
and resting locations. They can direct sampling effort to particularly interesting and
productive regions as they adaptively sample their environment based on previous
experience. This also has the added benefit that individuals are likely to retrace previous tracks, and can therefore provide repeat sections. Some species penetrate deep
into polar regions in ice-covered areas where cloud cover can limit the applicability of
remote sensing, and where most profiling floats and ships cannot operate. Despite the
necessary limitations imposed by small size, power restrictions and limited Satellite
bandwidth, the specific characteristics mentioned above make animal-borne sensors
advantageous in many instances, especially when used in a complementary way with
other approaches. In addition, the ‘adaptive’ nature of the way animals sample their
environment makes it necessary to incorporate data from them into broader, more
general and systematic coverages provided by remote sensing, ship-borne data collection and models. The animal approach will always be most valuable when used
in conjunction with these more conventional approaches, just as data from drifting
buoys, ships of opportunity etc. are best in a systematic context.

19

1 General Introduction

1.3 The SEaOS Project
One approach developed to fill the present data gap in the Southern Ocean was the international SEaOS program (Southern Elephant seals as Oceanographic Samplers1 ).
This interdisciplinary program was aimed at increasing our understanding of how
Southern elephant seals interact with their physical environment and also at demonstrating and implementing this cost-effective means of gathering routine observations
of hydrographic data from remote environments. CTD-Satellite Relay Data Loggers
(CTD-SRDLs), custom-built by the Sea Mammal Research Unit, St Andrews, UK
and Valeport Ltd., Devon, UK, were fixed harmlessly to seals’ fur after the elephant
seals completed their annual moult in January and February and were finally lost
when the animals moulted again the following season (Fig. 1.3). During the animals’
migration, the CTD-SRDLs report vertical profiles of salinity, temperature, and pressure to a depth of up to 2000 m. During 2004 to 2006, about 85 CTD-SRDLs were
deployed on Southern elephant seals in late summer at key breeding and moulting
sites around the Southern Ocean: South Georgia, Kerguelen, Macquarie Island and
the South Shetland Islands. Seal migrations covered all longitudinal sectors of the
Southern Ocean as well as its entire latitudinal range, from the Subtropical Front in
the north via the ACC to polar continental waters along the Antarctic coast. Many
seals spent substantial amounts of time within the winter pack ice in areas difficult
or impossible to sample using other means.
SEaOS has provided over 22,000 CTD profiles at a rate of about 2 profiles/day
and an average depth of about 560 m, representing a combination of transect-type
sections with a spatial resolution of less than 34 km along the migratory routes of the
seals, and detailed longitudinal mooring-like data from focussed feeding areas (Fig.
1.4). This dataset has greatly increased the coverage in regions even where historical
1

http://biology.st-andrews.ac.uk/seaos/index.html
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Figure 1.4: All temperature sections along seals’ migration obtained during the SEaOS
project.

hydrographic data are available and where Argo floats have been sampling intensively
over the past years.
But the greatest contribution of these new sampling platforms is the substantial
increase in the number of CTD profiles from areas that have previously been virtually
un-sampled, especially during the winter months. This contribution is clearly seen
below 60◦ S (Fig. 1.5), where during its three years of operation SEaOS provided
more than three times the total number historical profiles previously available from
these latitudes.
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Figure 1.5: Accumulated number
of CTD profiles per degree latitude
in the Southern Ocean (Southern Ocean Database in green with
10513 profiles, 547 Argo floats in
blue with 19463 profiles and 64
SEaOS animal tags in red with
22230 profiles) and positions of
SEaOS operations (little insert at
top right).

1.4 PhD objectives
The overall thrust of this PhD is to describe large-scale and small-scale features of the
Antarctic Circumpolar Current (ACC) by merging conductivity-temperature-depth
data obtained by novel animal-borne sensors with data obtained by more conventional
means. As described above, the Southern Ocean is a highly variable environment,
but lack of in situ data has prohibited investigations of the dynamic fields on high
temporal and spatial scales. This work represents the largest effort to date to study
the ACC with unprecedented temporal and spatial resolution using mainly in situ
data. It gives not only new insights into the Southern Ocean but, at the same time,
shows the extremely valuable complement to other approaches.
Analyses in chapters 3 and 4 are based on a subset of th dataset collected during the
SEaOS project between 2004 and 2006 obtained from twenty-one CTD-Satellite Relay
Data Loggers (CTD-SRDLs) attached to Southern elephant seals on South Georgia in
2004 and 2005. This dataset is obviously the fruit of extensive collaborative work, but I
personally participated in the fieldwork in 2005 just after being in charge of validating
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Figure 1.6: 8 hydrographic sections recorded simultaneously by Southern elephant seals
in 2004.

the CTD-SRDLs against ship-based measurements on board the RRS James Clark
Ross in December 2004 and January 2005 in the Scotia Sea.
The following topics were considered to have a high priority for this PhD thesis:
• Develop the data processing techniques to ensure high data quality from SRDLs.
• Investigate the large-scale pattern of the major ACC fronts in the Southern
Ocean around South Georgia.
• Investigate the shorter term variability of the ACC fronts.
• Investigate the three main fronts of the ACC and their hydrographic properties.
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• Develop the oceanographic approach used to integrate physical data from a
range of sources, and the means to link biological findings to oceanographic
parameters.
Most of the following chapters have been submitted for publication. I therefore
present the chapters in that format.
In chapter 2, I describe the Series 9000 CTD-Satellite Relay Data Logger (CTDSRDL) in detail, discussing their performance in the lab and during two field experiences on Southern elephant seals and Weddell seals. I also show the data processing
techniques used to ensure high data quality.
In chapter 3, I present a detailed study of the ACC frontal system in the South
Atlantic conducted by merging Argo float data and data obtained by CTD-SRDLs.
The structure and variability of the frontal field revealed by this unique dataset is
greater than had previously been appreciated. I discuss this elevated variability. In
addition, contrary to most climate models, the in situ data suggest a northward shift
of the ACC east of 40◦ W in 2004 and 2005 compared to previous work.
In chapter 4, two CTD-SRDL sections across Drake Passage in June 2004 and April
2005 are presented to identify the locations of the ACC fronts. Empirical relationships between upper ocean temperature and baroclinic mass transport are used to
determine the transport through Drake Passage at the times of the sections. These
transports are compared with estimates derived by other techniques, and the usefulness of seal-derived sections when added to other means of monitoring Drake Passage
is highlighted.
The CTD-SRDLs do not only record hydrographic data but simultaneously record
seal movements and diving behaviour. Chapter 5 reports the joint effort to analyse
the behavioural and physiological responses of Southern elephant seals to spatial environmental variability throughout their circumpolar range. This work involved other
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scientists, particularly on the biological side, but I gave the primary physical input,
as explained in the preface to that chapter. The results are quite astonishing, showing
that the resulting energetic consequences of physical variations in the environment
could help explain recently observed population trends. This study also highlights
the potential benefits to the sensor-carrying animals themselves by showing the usefulness of this approach in examining the sensitivity of top predators to global and
regional-scale climate variability.
Finally, I conclude in the discussion that, by implementing animal-borne sensors
into ocean observing strategies, we not only gain information about the global ocean
circulation and enhance our understanding of climate and the corresponding heat
and salt transports, but at the same time we increase our knowledge about ocean top
predators, their life history and their sensitivity to climate change.
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2.1 Abstract
The increasing need for continuous monitoring of the world oceans has stimulated
the development of a range of autonomous sampling platforms. One novel addition
to these approaches is a small, relatively inexpensive data-relaying device that can
be deployed on marine mammals to provide vertical oceanographic profiles throughout the upper 2000 m. When an animal dives, the CTD-Satellite Relay Data Logger
(CTD-SRDL) records temperature, salinity and pressure and, once the animal returns to the surface, these data are relayed in compressed form via the Argos satellite
system. Here I present two studies highlighting how CTD-SRDLs can provide both
broad-scale sections covering entire ocean basins, and smaller scale, high-resolution
datasets. In 2004 and 2005, CTD-SRDLs were deployed on 21 Southern elephant seals
(Mirounga leonina) at South Georgia, providing 1-2 profiles per day (∼ every 34 km)
during their winter migrations. These migrations covered the entire South Atlantic,
from the Subtropical Front to the Antarctic coastline. In February 2007, instruments
were deployed on four Weddell seals (Leptonychotes weddellii ) just south of the shelf
break in the southeastern Weddell Sea. The instruments are delivering 4-5 CTD profiles per day from beneath the pack ice, mainly over the continental shelf, and have
yielded a view of the hydrography of this important, yet difficult-to-access region,
unprecedented in both temporal and spatial resolution. The two case studies show
that with careful selection of species, gender and age of the animals, as well as the
geographic location and time of tagging, it is possible to undertake focused, highly
cost-effective oceanographic studies in regions that might be difficult, and therefore
expensive, if not impossible to access in any other way.
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2.2 Introduction
One of the greatest impediments to our understanding of ocean processes is a lack
of data from remote regions. The result is that we cannot detect all of the changes
in the oceanic environment that may have an influence on climate change. Furthermore we are not even able to validate comprehensive models of global climate change.
Understanding ocean’s role in the climate system, and the impacts of human activities on the oceans, requires a regularly recorded global dataset of the time-varying
storage of heat and freshwater, as well as their lateral fluxes and air-sea exchanges.
While the heat budget reveals how the ocean absorbs heat, the freshwater budget
shows variability in precipitation and evaporation through salinity anomalies. This
and their lateral transport must be measured by an comprehensive observing system
(Roemmich et al., 2004) in order for detecting changes in the ocean.
The Global Ocean Observing System (GOOS) is designed to fulfill these needs
and required the creation of special profiling floats to observe the temperature and
salinity of the world’s oceans down to 2000 m depth. The broad-scale global array
of profiling floats, known as Argo, has already grown to be a major component of
GOOS. Deployments began in 2000 and, by the second half of 2007, 3000 floats were
distributed over the global oceans at an average 3-degree spacing. This array will
provide 100,000 hydrographic profiles and velocity measurements per year (Gould
et al., 2004).
The Argo array is designed for broad-scale ocean sampling at spatial intervals of
hundreds of kilometers, greater than the size of eddies and boundary currents (Roemmich et al., 2004). Although the profiling float has enormous potential for these broadscale ocean observations, it does not provide a complete observational strategy. It is
essential that parallel advances are made in the measurement of air-sea exchanges
and small-scale sampling for estimation of lateral fluxes. It is necessary to sample
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at higher spatial resolution in a line-sampling mode, resolving eddies and boundary
currents for flux calculations, and to sample from ocean boundary to ocean boundary
for flux integration. Research vessels lend themselves to the line-sampling mode, as
per the ocean heat transport estimates from the World Ocean Circulation Experiment
(e.g. Ganachaud and Wunsch, 2000).
In this chapter I present a complement to the existing observing systems. Autonomous CTD-Satellite Relay Data Loggers (CTD-SRDLs) can be attached to marine animals and report vertical profiles of salinity, temperature and pressure to depth
of 2000 m and will help to populate remote and previously data-sparse regions e.g. of
the southern hemisphere. These instruments have the potential to collect information
about the oceans that is not only relevant to the study of physical structure of the
oceans (Lydersen et al., 2002, Ch. 4) but which is useful for studying the ecology of
the carrying animals (Lydersen et al., 2002; Hooker and Boyd, 2003; Lydersen et al.,
2004; Charrassin et al., 2004, Ch. 5).
While these measurements are not regular in terms of spatial and temporal coverage
(compared, for example, to satellite measurements of oceanographic fields), these
studies provide valuable in situ information about the subsurface structure of the
ocean. The use of oceanic predators for remote data collection, although suffering
from the inability to predetermine the locations of sample collection, is likely to
benefit from the ability of such predators to select foraging areas. Sampling will not
be uniform, but in many cases, predators are ’adaptive samplers’, targeting foraging
areas which are likely to coincide with the regions of most interest to biological and
physiccal oceanographers (Guinet et al., 2001, Ch. 4). With careful selection of species,
gender and age of the animals, as well as the geographic location and time of tagging,
it is even possible to undertake focused, highly cost-effective oceanographic studies
in regions that might be difficult, and therefore expensive to access in any other way.
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Accurate satellite positioning of diving marine animals, relatively high-accuracy sensors, and the potential to collect large numbers of profiles cost-effectively make these
studies particularly important in regions where traditional oceanographic measurements are scarce (Ch. 5). Depending on the CTD-SRDL configuration, it is possible
to sample and transmit hydrographic profiles on a daily basis. The CTD-SRDL is
therefore intrinsically an eddy-resolving linemode device, rather than a broad-scale
one. The natural niche for CTD-SRDLs in the observing system is in complementary
measurements of boundary currents and fronts and of property fluxes across lines, as
well as coverage of undersampled ocean basins. They are thus likely to be a powerful
complement to profiling floats, rather than a replacement for them.
This chapter describes the design of the CTD-SRDL and its performance characteristics. I explain the calibration and data accuracy, which is followed by two case
studies that show the effect of choosing a particular species depending on the focus
of oceanograpic study. Finally, I summarise the results and discuss them further.

2.3 Series 9000 CTD-Satellite Relay Data Loggers
The series 9000 CTD-SRDL (Fig.2.1) is designed and built at the NERC Sea Mammal Research Unit (SMRU), St Andrews, UK and the CTD sensor head is built and
calibrated at Valeport Ltd, Devon, UK. Data from various sensors are collected when
user-specified conditions of time and depth are met. Sampling algorithms onboard
the tag detect the deepest point of a dive, and then begin rapidly sampling temperature, conductivity and depth until the surface is reached. From these detailed,
high resolution data, a sub-set of depth points with corresponding temperatures and
conductivities are selected for transmission. Detailed data from wet/dry and pressure
sensors (Fig. 2.1) are collected and used to form detailed invididual dive and haulout
records along with synoptic summary records of animal behaviour. Data are then
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stored in an internal memory and transmitted at the surface via the Argos satellite
system. The limited Argos data channel does not allow all records to be transmitted.
Therefore a pseudo-random method to schedule the transmission of an unbiased sample of stored records is used. If by chance the CTD-SRDLs are recovered at a later
stage, all data collected for transmission, whether or not it was successfully relayed,
can be downloaded. Within this chapter, I focus on the design of the CTD-SRDL and
its oceanographic sensors.

2.3.1 Design
Potential effects on an animal’s normal behavior must be considered whenever an animal is instrumented. While the ‘rule of thumb’ for complete instruments dictates that
they weigh no more than 3-5% of the animal’s total body weight (Cochran, 1980), subsequent studies have shown the importance of species-specific considerations (Aldrige
and Brigham, 1988). Aldrige and Brigham (1988) showed that adverse impacts from
the weight of instruments should be examined not only for each species but also for
size variations within each species if no such data from closely related species exist. The CTD-SRDL is designed to minimize any effects on an animal, i.e. shaped
to minimize the drag. The outside dimensions are 11.0 cm length, 7.2 cm width and
5.4 cm height (Fig.2.1). The antenna length is 17 cm. The volume is about 254 cm3
with a mass of 545 ± 5 g in air and 255 ± 5 g in sea water. The cross-sectional area is
about 34 cm2 . Reffering to the ‘rule of thumb’ for the animal’s total body weight, an
instrumented animal should have at least a mass of 16 − 18 kg.
CTD-SRDLs were deployed on harbour seals, grey seals, hooded seals, harp seals,
ringed seals, bearded seals, Northern elephant seals, California sea lions, Southern
elephant seals, Weddell seals, crabeater seals and leatherback turtles. Due to animal
behaviour, CTD-SRDLs needs sometimes to be attached to the head of an animal
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Figure 2.1: Picture of a CTD-Satellite Relay Data Logger (CTD-SRDL).

to increase the surface time or even make a transmission possible. In this case, the
weight of the CTD-SRDL is of greater importance, because the head needs to be
accelerated in order to catch prey. The practical experience with CTD-SRDLs and
data loggers with similar size and weight showed no harm on various animals. Analyses
on adult female southern elephant seals (250 − 800 kg) on Macquarie Island showed
no measurable effect. Females carrying tags put on just as much weight over winter
(and summer) as those not carrying tags (Hindell, pers. comm.). Another example is
the male Southern elephant seal Rudolph, who was tagged in 2004 and 2005 on South
Georgia gaining 147 kg in weight during the first year while carrying a CTD-SRDL.

2.3.2 Sensors
The design requirement to the CTD sensor head is to use almost no power, be virtually indestructible, and yet be minimised in size and weitgh. This requires small,
non-pumped sensors that are less accurate when compared to larger pumped CTD
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systems. The question was to determine the necessary accuracy of the oceanographic
sensors to be useful for oceanography. Recent studies show that mid-depth Southern Ocean temperatures have warmed by as much as 0.17 ◦C since the 1950’s (Gille,
2002), but long-term changes in the ocean temperature are usually of the order of
0.01 ◦C per decade (Fukasawa et al., 2004; Zenk et al., 2003). To detect such changes,
high accuracy measurements are necessary. Less accurate data can be found in remote
sensing. The sea surface temperature (SST) is covered by remote sensing satellites
with a standard deviation of 0.1 ◦C to 0.5 ◦ C and a spatial resolution between 50 km
and 1 km (McClain et al., 1985; Reynolds et al., 2005). However, CTD-SRDLs deliver
vertical profiles similar to expendable bathythermographs (XBTs), which are traditonally used to provide an ocean temperature versus depth profile with an accuracy
of ±0.02 ◦ C to ±0.1 ◦ C (Lockheed Martin Sippican, Inc., 2005; Boyd and Linzell,
1993). So, in order for any SRDL data to be of particular use to the oceanographic
community for long-term change purposes, proven accuracies of ±0.02 for salinity and
±0.02 ◦ C for temperature are necessary. While these sensor accuracies in themselves
are quite easily achievable, they are substantially harder to attain in combination
with the other requirements.
The pressure sensor is incorporated in the CTD head of the CTD-SRDL (Fig.2.1).
This sensor consists of a Keller series 7 piezoresistive pressure transducer (Keller AG,
CH) with a diameter of 15 mm. A high-sensitivity piezoresistive silicon chip is used
for pressure sensing. The chip is protected from ambient influences by a stainless
steel housing sealed with a concentrically corrugated diaphragm. The housing is filled
with silicone oil for the transfer of the pressure from the diaphragm to the sensing
component. All metal parts in contact with the pressure media are made of stainless
steel (316L). The fully welded housing is vacuum-tight. The pressure range given
by the manufacturer is up to 2000 dbar with an accuracy of about 1% of the full
scale reading. However, comparisons with a SeaBird Electronics (SBE) 911plus CTD
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SRDL ID

Maximum Error in

Maximum Error in

Maximum Error in

Temperature [mK]

Conductivity [10−3 mS/cm]

Pressure[dbar]

10857

0

4

0.214

10859

2

1

0.180

10851

3

6

0.616

10854

2

3

0.861

10849

1

9

0.415

10847

2

2

0.491

10853

1

8

0.071

10850

2

9

0.575

10861

3

5

0.405

10848

2

2

0.612

Mean

1.800

4.900

0.444

Std

0.919

2.998

0.239

Max

3.000

9.000

0.861

Table 2.1: Summary of calibration checks done at Valeport Ltd, Devon, UK. 10 CTDSRDLs were calibrated and then re-tested against one known temperature and salinity and
against a range of pressure from 0 dbar to 2000 dbar in December 2007.

showed an accuracy of better than 1% of the actual reading, i.e. better than 5 dbar
at the full scale reading, while checks in the calibration lab at Valeport Ltd showed
errors in the pressure reading of less than 1 dbar over the full range (Tab. 2.1).
The CTD head of the CTD-SRDL is equipped with a Platinum Resistance Temperature Detector (PRT). The PRT works on the principle of resistance through a
fine platinum wire as a function of temperature. The most common type (PT100) has
a resistance of 100 ohms at 0◦ C and 138.4 ohms at 100◦ C. The probe is housed in
a metal tube in front of the conductivity sensor (Fig.2.1). The PRT is calibrated by
Valeport Ltd. to an accuracy better than ±0.005 ◦ C, however post-calibration checks
done by Valeport Ltd. (Tab. 2.1) and recalibrations at the calibration lab at the Naval
Postgraduate School in Monterey, CA, USA (Fig.2.2) made by me showed that the
temperature readings are in general better than ±0.002 ◦C (Fig.2.3).
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Figure 2.2: Calibration of SRDLs in the calibration lab at the Naval Postgraduate School
in Monterey

An inductive method was selected over an electrode cell to measure the conductivity of the sea water. This and the titanium and ceramic construction give improved
durability. Valeport Ltd. also developed a new digital measurement technique for the
inductive sensor, resulting in a highly accurate sensor with much lower power consumption than traditional methods, and with much shorter sampling duration. One
known feature of some inductive cells is that they compress minutely under pressure.
This could result in a significant effect on the necessary small bore of inductive cell on
the CTD-SRDL. An inaccuracy of about 1µ m in the bore would throw the sensor out
of specification. Again, use of high strength ceramics in the construction mean that
even at 2000 dbar pressure, the conductivity cell retains its shape. The conductivity
sensor is calibrated by Valeport Ltd. to an accuracy better than ±0.01 mS/cm. Postcalibration checks at Valeport Ltd. showed accuracies of about ±0.005 mS/cm (Tab.
2.1) and recalibrations performed by me at the calibration lab at the Naval Postgraduate School in Monterey showed that the conductivity readings are in general better
than ±0.003 mS/cm (Fig.2.3).
One disadvantage of a single bore inductive cell is the increased risk of interference
of the external field of the sensor. I tested the CTD-SRDLs in different configurations
to estimate the possible effects on the salinity measurements (Fig.2.4). During the first
test I moved the CTD-SRDL towards the calibration tank wall (non-conductive). The
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Figure 2.3: Comparison between the controlled temperature and conductivity baths and
the CTD-SRDL measurements.
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bottom of the CTD-SRDL was facing the wall. As I reduced the distance between
the tank wall and the bottom of the CTD-SRDL an effect on the salinity readings
is obvious at a distance below 10 cm (Fig.2.4). When the bottom of the CTD-SRDL
was in contact with the tank wall the salinity readings were up to 0.075 too low. I
also turned the CTD-SRDL in the tank, e.g that the side of it was in contact with
the wall. The effect on the salinity measurements is greatest, when the inductive
cell is in direct contact with the interference and the errors can be as big as 0.5
(Fig.2.4). Interesting is the fact that in on a second test the effect on salinity, when
the bottom of the CTD-SRDL was touching the tank wall was around 0.01, much
less than in the first test (Fig.2.4). Sometimes SDRLs are attached to a plate, which
is already attached to the animal’s fur, with cable ties. These configurations were
also tested in the bath. I didn’t use the plate, but put cable ties around the CTDSRDL in front and behind the conductive cell. These cable ties have an effect on the
conductivity reading and should be avoided in the future to minimise any possible
offset in conductivity (Fig.2.4). Nevertheless, these tests suggest that the animal’s
head will have an effect on the conductivity measurements during a deployment and
the data need to be corrected accordingly. The calibrations and checks by Valeport
Ltd. and the recalibrations done by me show that the accuracies of the temperature
and the derived salinity before deployment are better than the set requirements.
Some CTD-SRDLs were also checked against ship-based CTDs. Figure 2.5 shows
differences between a ship-based CTD (SBE 911) and a CTD-SRDL, which was attached to the frame of the ship-based instrument. Only data measured in a homogeneous layer were used to compare both instruments. The differences in temperature
are less than 5 mK and the resolution of the temperature data is obvious. The salinity data recorded by the CTD-SRDL is also within 0.005 of the measurements taken
by the SBE 911 (Fig. 2.5). Such direct comparisons between ship-based CTDs and
CTD-SRDLs were performed for some of the CTD-SRDLs before deployment.
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Figure 2.4: External field effect on salinity measurements. Left: Difference between the
CTD-SRDL measurement and the bath salinity. An SRDL was moved towards a wall of the
calibration tank. The bottom of the SRDL was facing the wall. Right: The effect on salinity
and the error using different configurations: bottom at wall(1), side at wall (2), conductivity
cell at wall (3), random movement (4), different cable tie configurations (5&6), nothing (7).
360

360

370

370

380

380

390

390

400

400

410

410

420

420

430
−0.01

−0.005
T

srdl

0
−T

CTD

0.005
[° C]

0.01

−0.01

−0.005
S

srdl

0
−S

0.005

430
0.01

CTD

Figure 2.5: Differences in temperature (left) and salinity (right) of a CTD-SDRL and a
ship-based CTD. The CTD-SRDL was attached to the frame of the ship-based instrument.
Only measurements taken in a homogeneous water mass are used.

2.3.3 Data compression and transmission
Many marine mammals travel on a global scale, thus tracking of the animal with
ships or aircraft is often not practicable. One better option is to relay the information
using the Argos satellite system (Argos, 1996), which has been used successfully for
sending data from oceanographic and weather buoys. Animal telemetry is providing a
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rapidly increasing fraction of Argos bandwidth. The system has some drawbacks for
telemetry from marine mammals. Transmitters that are certified to communicate with
Argos must conform to very strict frequency tolerances. Individual messages (termed
”uplinks”) may be up to 960 msec in duration and it takes 2 or more complete uplinks
for the system to compute a location. The accuracy of these locations depends on the
number of uplinks received, the temporal pattern of these receptions and the position
of the satellite relative to the transmitter. Uplinks may contain a maximum of 256 bits
(32 bytes) per message in a rigid format and Argos sets a minimum interval of 40 sec
between transmissions (Argos, 1989). However, Argos limits the usable number of bits
to 228, because 28 bits are now used for the PTT (Platform Transmitter Terminal)
number.
These restrictions, combined with the fact that animals are only briefly and infrequently at the surface (for example, 10% of the time in two minute segments for
elephant seals), places unusually tight limits on bandwidth. These and those limitations caused by energy constraints both demand complex data collection software
and extreme data compression, which in turn demand a sophisticated data collection
platform. This bandwidth restriction is compounded by the fact that satellites are
not always visible. However, the data transmission restrictions resulting from energy
constraints and Argos restrictions do not interact in an additive way and steps taken
to get around Argos limitations also serve to help avoid energy constraints. Detailed
describtion of the collection and compression of behavioral data is given in Fedak
et al. (2002); here, I concentrate on the hydrographic data compression. The setup
of the compression method of the CTD data is determined by the user and can be
changed at any time before the deployment. Here, however, I describe the standard
program, which is used in most cases and is the default setup.
The tags begin sampling at the deepest point of a dive, detected by analysing
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the trend provided by the pressure sensor every 4 seconds. If this depth exceeds
a pre-set value in a 6 hour period, the tag switches to ‘sampling-mode’. On the
ascent, the tag then begins sampling temperature (T), conductivity (C) and pressure
(P) every second until the surface is reached. From these detailed, high-resolution
data, salinity (S) is calculated. Finally, a set of four 256 bits Argos messages are
produced. One message contains a detailed dive summary. Another message comprises
of information about the cruise/haul-out pattern in the 6-hour period, while the CTD
data is compressed into two other messages. Only 15 representative depth points with
corresponding temperature and salinity values are selected for transmission using a
combination of 8 predefined depths and 7 ‘inflection points’, which are chosen via
a ‘broken stick’ point selection algorithm (Fedak et al., 2002). The first message
contains 7 fixed depth T/S pairs. The second message contains 7 broken-stick and 1
fixed depth T/S pairs.
The fixed depth points are chosen, depending on the deepest point of the dive. One
broken-stick point will be the one closest to the surface and one will be at the deepest
point of the dive. Then the fixed depths points are chosen based on table 2.2. The
remaining five points will be selected between the fixed depth points based on the
broken stick method.
The standard software has a temperature range from −2◦ C to 30◦ C with a resolution of 0.10% of the temperature range of the specific profile, i.e. if the maximum
and minimum temperatures within one profile are less than 10.24◦ C apart, then the
resolution will be better than 0.01◦ C. Only the minimum and maximum temperatures are transmitted as full values while all intermediate values are assiciated to one
of 10 bits, hence the rsolution depends on the temperature range. This means, this
temperature setup will be better than the required accuracy in most of the high latitude oceans. The salinity range is 8.19, typically between 29 and 37 to be applicable
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Pressure

Fixed depths used

10 dbar

X

X

X

X

X

X

X

X

14 dbar

X

20 dbar

X

X

X

X

X

X

X

(X)

(X)

26 dbar

X

30 dbar

X

X

X

X

(X)

36 dbar

(X)

40 dbar

X

X

X

50 dbar

X

X

X

X

X

X

X

X

X

X

60 dbar

X

(X)

80 dbar

(X)

100 dbar

X

X

X

X

X

150 dbar
200 dbar

(X)
X

X

X

X

X

X

X

(X)

X

X

X

X

X

X

X

X

X

X

X

X

(X)

X

(X)
X

X

X

X

X

X

X

X

300 dbar
400 dbar
500 dbar

X

750 dbar
1000 dbar
1500 dbar

X

Table 2.2: Fixed depth points transmitted depending on dive depth. All points are transmitted within one Argos message, except the one in brackets, which will be send together
with the broken-stick depths.

in most of the world oceans. The resolution of the transmitted data points is about
0.39% of the salinity range of that specific profile, i.e. if the salinity range within the
profile is less than 2.56, a resolution of better than 0.01 is achieved (8 bit resolution).
As mentioned above, one day is divided into four 6 hours periods in which one full
CTD profile is recorded. This setting is chosen to ensure that the batteries last long
enough to perform 4 CTD profiles a day assuming 12 months deployment with an
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average diving depth of 1000 m.
The compressed hydrographic and behavioural data is then transmitted during each
surfacing of the seal. Data of more than 115000 messages of 69 tags deployed during
2004 and 2005 were analysed (Fig. 2.6). The CTD-SRDL antenna is oriented so as to
be out of the water when the seal is at the surface. The minimum interval between
two successive messages is 40 sec. However, sometimes the CTD-SRDL is underwater,
because of waves or the animal’s movements, so that the next transmission can be
delayed. The average surfacing time of an elephant seal is about 130 sec, which would
allow the CTD-SRDL to send 3 messages. Unfortunately, Argos satellites are not always available and the low power of the transmitter together with the small antenna
result in messages not received by the Argos satellite system. Nevertheless, for more
than 75% of all surfacings 2-3 messages are received (Fig. 2.6) and 2 CTD profiles are
decoded per day. A third of this data might have only the seven points of the first
message. The limited surface time also reduces the possibilities of a position fix by the
Argos system. To calculate a position fix the Argos system needs at least 4 received
messages (Argos, 1996). Only for less than 25% of all surfacings are four or more
messages transmitted and a position obtained (Fig. 2.6). Consequently, positions for
some profiles are determined using delayed-mode auxiliary location processing, typically by removing locations requiring unrealitic swimming speed for a given species.
Further information on post-processing such data is given in e.g. Mcconnell et al.
(1992). In general, the accuracy of the position for each CTD-SRDL profile is of the
order of 2 km. Research ships can hold their position whitin a couple of metres due
to their dynamic positioning system, but ship-based CTDs can be captured by ocean
currents and drift hundreds of meters away from the ship position, when lowered to
great depths. Therefore, the position of a CTD-SRDL profile is not considerably less
accurated than a ship-based CTD.
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Figure 2.6: Percentage of numbers of Argos messages received for each surfacing (left)
and the Argos location class for each calculated position (right). The position accuracy is:
3 (< 250m), 2 (< 500m), 1 (< 1500m), 0 (> 1500m), A (three messages received), B (two
messages received), Z (no position fix). Data are from 69 CTD-SRDLs south of 40◦ S

2.3.4 Remote data quality control
In order to properly quantify possible sensor drifts with high accuracy, recovery of
the CTD-SRDL and recalibration of its sensors would be necessary. However, this is
not only too expensive on a routine basis, it also is often impossible (i.e. if a seal
dies). So, usually only pre-deployment calibrations are available. Nevertheless, some
investigators have recovered SRDLs and recalibrated them. But since a recalibration is
generally not possible, CTD-SRDL data have to be checked in an indirect way, such as
comparisions with climatology or shipboard high-resolution CTDs. Every water mass
has its typical range of temperatures and salinities, which is a measure of its natural
variability. To compare the relationships of potential temperature (Θ) and salinity
measured by a CTD-SRDLs to that of calibrated measurements, a small temperature
range will result in small uncertainties of a possible offset. But the variability of the
surface water properties is often much too high to use for any kind of data quality
check. Below the surface layer this natural variability will decrease by one order of
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magnitude making comparisons more plausible. These comparisons are usually made
on deep isotherms assuming that temperature and salinity on such isotherms are
steady and uniform (Bacon et al., 2001).
Between 1st and 2nd of October 2004 the southern elephant seal Rudolph performed
8 dives close to 52◦ S and 53.5◦ W to depths up to 1000 dbar (Fig. 2.7). Within a 80 km
by 60 km box around these profiles, Argo floats (3800084 and 380085) performed five
full depth CTD profiles until the end of June 2005 (Fig.2.7). The Argo profiles are
between 22 and 262 days apart. In layers above 600 dbar the variability is too high for
any comparisions, but below this the variability drops to a more satisfactory value
(Fig.2.7). All five Argo profiles were used to calculate the mean temperatures and
the corresponding standard deviations below 500 dbar in 50 dbar intervals down to
1000 dbar. The differences between the mean temperatures and the CTD-SRDL measurements are shown in figure 2.7. Except one outlier, all CTD-SRDL measurements
lie within variability measured by the Argo floats and most of them within ±0.1 ◦ C to
the mean temperature. This shows that these CTD-SRDL temperature profiles (8 out
of 1934) are of an accuracy of about ±0.1 ◦ C. Although I know that the temperature
sensor should be much better, with this data for reference and its distibution in time
and space, a more definite answer is not possible. This shows the limitation of remote
data quality control, when only limited data for cross-comparisons are available.
When many reference measurements are available, a statistical approach might be
possible, but great care must be taken in minimizing deviations due to temporal
and spatial seperation. Objectively mapping a set of reference data to the CTDSRDL/animal position thus producing comparison temperature on isobars and salinities on surfaces of constant Θ allows checking of CTD-SRDL measurements where
there is no calibrated data in the vicinity of the profile. Similar methods are presently
used by the Argo community (Wong et al., 2003; Boehme and Send, 2005). The main
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Figure 2.7: Positions (top) and
temperature profiles (middle) of a
CTD-SRDL (Rudolph) and Argo
floats. CTD-SRDL profiles between 1 and 2 October 2004
(black), Argo float 3900084 profile at 24 October 2004 (red) and
Argo profiles of float 3800085 from
22 May to 21 June 2005 (blue).
Standard deviation of temperature
on different depth levels as derived from these five Argo temperature profiles in red (bottom).
Differences between the calculated
mean temperatures and the CTDSRDL measurements in black.

advantages are the global coverage of the hydrographic database, its automated system and the provision of confidence intervals, which makes this method suitable to
handle the increasing set of CTD-SRDL data. I adapted the algorithm of Boehme and
Send (2005) to check the salinity of one CTD-SRDL, which recorded data between
February and November 2005 to the northwest of South Georgia (Fig. 2.8). The scale
parameters used for this objective mapping are calculated from the correlation func-
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Figure 2.8: Positions (top) and estimated correction of the recorded salinity (bottom) of a
CTD-SRDL (28494 ) between February and November 2005.

tion of in-situ measurements. Please refer to chapter 3 for more information. This
animal visited a feeding site to the north of the Falkland Plateau between moulting
and breeding. Four trips between South Georgia and the feeding site were recorded
(Fig. 2.8). Argo float data and ship-based measurements were used to calculate a
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reference salinity for each CTD-SRDL recording. The differences of the the actual
measurements and the references provide a time series of corrections to the measurements including errors (Boehme and Send, 2005). The calculated corrections for
this CTD-SRDL suggest a drift of the sensor in the first four months towards higher
values, stabilizing afterwards with a constant offset of −0.34 ± 0.05 (Fig. 2.8). However, the region covered by the data is one of big changes in the hydrography, not
only in longitudinal range but also on a seasonal or even monthly basis (Meredith
and Hughes, 2005, Ch. 3). This results in a higher error of the correction factor and
complicate the interpretation of the estimated correction. As usually only data from
previous years are available as reference profiles, the drift in salinity observed by the
CTD-SRDL compared to these historical profiles can also be partially attributed to
a change in water mass properties within the Antarctic Circumpolar Current at that
particular time. Again, this shows the limits of a delayed-mode quality control technique and the only way to improve the technique is to get as many accompanying
reference CTD profiles as close by in time and space as possible. Another way to
improve the quality of this technique is to use data of the CTD-SRDLs themselves,
when enough different CTD-SRDLs are operating in the same area, as described in
Boehme (2004).
So far, I checked more than 40 CTD-SRDLs deployed in 2004, 2005 and 2008 for
offsets and drifts using both methods mentioned above. All CTD-SRDLs showed an
offset in salinity, which is due to the effect of the seals’ head on the external inductive
field as mentioned above. The measured salinity was on average 0.22 ± 0.14 too high.
One example is shown in figure 2.9. A CTD-SRDL was deployed on a female Southern
elephant seal on South Georgia in February 2008. The seal travelled south into the
Weddell Sea and turned east. The salinity data collected during this migration were
0.1406 too high in salinity when compared to Argo float data, which was collected
at the same time in the wider area. This shows that the real-time data should be
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Figure 2.9: Temperature vs. salinity diagram. Data collected by Argo floats in black and
data from a CTD-SRDL in red. Uncorrected CTD-SRDL data are shown in the left panel,
while CTD-SRDL data in the right panel are corrected by an constant offset of −0.1406 in
salinity.

handled with care as with data from all oceanographic instruments. However, such
offsets are easily detectable by direct comparision of real-time CTD-SRDL data with
e.g. Argo float data and a real-time correction can be employed to enhance this realtime data. By using delayed-mode quality methods an accuracy of better than 0.02
in temperature and salinity for a dataset can be achieved.

2.3.5 Costs (as-of 1 June 2008)
The cost of one CTD-SRDL is £3950 (1 June 2008). However, you have to add the
costs for relaying data using the Argos satellite system. To use the Argos system you
have to pay €15 for each month data are received from one CTD-SRDL. Every day
is divided in to four 6-hour periods and for each period in which data are received
and additional €0.75 charge is added. In general, a CTD-SRDL transmits several
messages within each 6-hour period, so that this charge can be simplified to a €3
charge per day. Assuming a deployment over 8 months (240 days), the total costs are
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then £4609.47 ($ 9139.61) (see table 2.3).
The expectation is to receive between 2 and 3 full CTD profiles a day, resulting
in 600 CTD profiles per CTD-SRDL per 240 days deployment. Each CTD profile
would then cost £7.68 and each C-T-P triplet £0.51. So, how does this compare to
ship-based measurements? The daily costs of research vessels vary hugely from small
ocean going vessels at £12500 (e.g Celtic Voyager) to icebreakers at £45000 (e.g.
Polarstern). Assuming that a 2000 m ship-based CTD cast takes about 90 minutes
and a station spacing of about 30 miles, which would take about 3 hours to cover,
would result in 5 CTD profiles a day from a research vessel. To get ship-based data
similar to the animal-borne measurements, a ice capable ship is needed. Assuming
daily costs of £30000, each CTD cast would cost £6000. Assuming that the final
CTD profile is binned into 1 dbar intervalls, each C-T-P triplet would cost £3. An
Argo float costs about £15000 delivering about 125 CTD-profiles within its lifetime.
Therefore, each Argo float CTD-profiles costs £120 with 82 depth levels resulting in
£1.46 per C-T-P triplet. However, these calculations are just academic as all methods
don’t compete but rather complement each other. Each of these methods to gather
ocean data has its strength and weaknesses and these calculations are only shown for
the sake of completeness.
Item

Number

Single Price

Total Price Total in £
£3950.00

CTD-SRDL

1x

£3950

Monthly Argos charges

8x

€15

€120

£94.21

240x

€3

€720

£565.26

Daily Argos charges

£4609.47

Total Costs

Table 2.3: Costs of one CTD-SRDL and its data transmission for a typical 8 months
deployment.

50

2 CTD-SRDLs for Real-Time Oceanographic Data

2.4 Field Experiences
The CTD-SRDLs were deployed on a number of marine mammals from hooded seals
in the Arctic to Weddell seals in Antarctica. Here I will show, how different species
can be utilised to gather data on different scales.
The main oceanographic aim of the Southern Elephant Seals as Oceanographic
Samplers (SEaOS1 ) project was to cover the vast area of the Southern Ocean and
demonstrate and implement this cost-effective means of gathering routine observations of hydrographic data from such remote environments. We deployed 21 CTDSRDLs on South Georgia gathering more than 8200 hydrographic profiles to depths
up to 2000 dbar from the Drake Passage to east of the Mid-Atlanic Ridge (Fig. 2.10).
The CTD-SRDLs were deployed after the elephant seals moult their skin in January/February.
The seals were immobilized with a teletamine/zolazepam mixture administered
either intramuscularly (1.0 mg/kg) using a dart and blowpipe or intravenously
(0.5 mg/kg), when the seal is constrained in a headbag. Subsequent intravenous injections were administered when necessary to maintain immobilization. Standard length
and axillary girth were measure with a flexable tape before the CTD-SRDL was attached to the head with epoxy (Araldite, AW2102, Intertronics, Oxfordshire, UK)
(Fig. 2.11). For more details on the attachment technique see Fedak et al. (1983).
The CTD-SRDLs remain attached for periods of several months and are lost when
the animals moult again.
Some of the animals travelled several thousands of kilometers away from South
Georgia during their migrations. During these migrations about 90% of two successive
CTD-profiles were seperated by less than 34 km and the instruments delivered about
2 profiles a day, providing a station spacing similar to ship-based transects. Marine
1

http://biology.st-andrews.ac.uk/seaos/index.html
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Figure 2.10: Spatial coverage of the two studies discussed in the text. The large map shows
the locations of CTD profiles gathered during the SEaOS project (red) and the Weddell
Sea project (blue). The inset is a magnification of this particular study area.

Figure 2.11: Picture of a CTD-Satellite Relay Data Logger (CTD-SRDL).

mammals are ‘adaptive’ samplers generating a higher number of profiles in regions
with higher oceanographic gradients (Ch. 4). Such data is therefore particularly useful
to investigate the general oceanography in this area (Ch. 3).
To study small scale oceanographic feature another setup is needed. This can be
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either achieved by choosing a different software for the CTD-SRDL or by choosing
another species. In February 2007, 4 CTD-SRDLs were deployed on Weddell seals
(Leptonychotes weddellii ) just south of the shelf break in the southeastern Weddell
Sea (Fig. 2.10). The CTD-SRDLs were deployed in a similar way as on Southern
elephant seals (Fig. 2.13). However, the configuration of the instruments was slightly
different and not based on 6-hours periods, so the these instruments delivered 4-5
CTD profiles per day from beneath the pack ice, complete from the surface to the sea
floor over the continental shelf. For more than 90% of the data, the station spacing
was less than 6 km (Fig. 2.12) delivering a spatially focused a view of the cross-shelf
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Figure 2.13: CTD-SRDL attached to the fur of a Weddell Seal after their moult (January/February) in 2007. Photo by
R. Stevens.

processes north of the Filchner Ice Shelf. When compared to sea ice cover obtained
by remote sensing, these seals were shown to deliver data from below 95% pack ice
coverage. This near-real time data is thus virtually unobtainable by other means.

2.5 Summary and Conclusions
The uniqueness of the series 9000 CTD-SRDL (Fig.2.1) lies in its data collection,
processing and transmissions strategies and this study clearly demonstrates that
animal-borne sensors have the potential to provide high quality oceanographic measurements in near real-time. Vertical profiles of temperature and salinity to depths
of up to 2000 m were recorded with a sufficient accuracy to be useful for operational
oceanography. The CTD-SRDLs record temperature with an accuracy of better than
0.01◦ C. But due to the limited availability of reference data for post-processing, data
are often associated with an error of 0.02◦ C as a more definite answer is not possible. Salinity measurements are in general very good, but afflicted with an offset of
the order of 0.2 during the deployment due to the effect of the seal’s body onto the
inductive field. The salility data therefore need post-processing, which can be a realtime correction to enhance the real-time data, and must comprise of a delayed-mode

54

2 CTD-SRDLs for Real-Time Oceanographic Data
quality control. Nevertheless, such sensors are a powerful complement to existing hydrographic sampling methods and data quality will improve further in the future.
Other enhancements include different parameters that can be measured, and at the
moment a fluorometer is developed to be incorporated in to the existing CTD-SRDL
to enhance the sensor suit.
The international SEaOS project collected more than 22000 profiles (Ch. 1) over
3 years in the Southern Ocean and were added to the World Ocean Database. However, data are collected in near real-time and a system is now in place to forward
the data to the Global Telecommunication System (GTS). As defined by the World
Meteorological Organization (WMO) the GTS is the co-ordinated global system of
telecommunication facilities and arrangements for the rapid collection, exchange and
distribution of observations and processed information within the framework of the
World Weather Watch, i.e. providing data for numerical weather prediction centers.
CTD-SRDL data of ongoing projects are therefore converted into an appropriate format and will be loaded to the GTS on a daily basis. This system started in July 2008.
Thus, CTD-SRDL data will be freely available and will advance the output of model
and assimilation systems producing forecasts of temperature, salinity and currents of
the oceans, e.g. the Forecasting Ocean Assimilation Model2 (FOAM).
Here I showed just two examples of species covering the Southern Ocean (Fig. 2.10)).
Nevertheless, research projects using CTD-SRDLs exist on a variety of species, including white whales (Lydersen et al., 2002), ringed seals (Lydersen et al., 2004), hooded
seals (Fisheries and Oceans, Canada), grey seals (Fisheries and Oceans, Canada), sea
lions, Weddell seals (British Antarctic Survey, UK), northern elephant seals (Tagging of Pacific Pelagics), crabeater seals (University of California, Santa Cruz, USA)
and southern elephant seals (UK, USA, France, Australia, Brazil, South Africa, Germany).With the current knowledge of animal behaviour the data collection is pre2

http://www.metoffice.gov.uk/research/ncof/foam/index.html
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dictable by choosing the right species.
The CTD-SRDL described in this study shows an innovative approach in collecting
oceanographic data from remote, previously inaccessible parts of the oceans and meets
the goals of the Global Ocean Observing System of improving ocean data availability
in delayed and real-time modes.
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3.1 Abstract
I described large-scale features of the Antarctic Circumpolar Current (ACC) by merging Argo data and data obtained by novel animal-borne CTD sensors. Twenty one
CTD-Satellite Relay Data Loggers (CTD-SRDLs) each recording conductivity, temperature and pressure were attached to Southern elephant seals (Mirounga leonina)
on South Georgia. I merged the data from the CTD-SRDLs with concurrent data
from Argo floats in the South Atlantic Ocean to yield a unified dataset of gridded
fields of hydrographic data with high temporal and spatial resolution, enabling determination of features absent in each of the datasets separately. The structure and
variability of the frontal field revealed by this dataset was compared with those in
daily quarter-degree, optimally interpolated sea surface temperature fields and fields
of weekly gridded sea level anomaly. In general, the frontal positions derived using
my dataset are in agreement with previous work, especially where the pathways are
constrained by topography, e.g at the North Scotia Ridge, South Scotia Ridge and
the Mid-Atlantic Ridge. However, with the improved temporal and spacial resolution
provided by the CTD-SRDLs, I were able to observe some novel features. All frontal
positions are more variable than previously indicated across the Scotia Sea and west
of the Mid-Atlantic Ridge on seasonal timescales. The merged dataset shows the temporal variability of the Southern ACC Front (SACCF) retroflection north of South
Georgia and in its position east of the island, where the SACCF lies further north
than has been suggested in previous work. In addition, the Subantarctic Front crosses
the Mid-Atlantic Ridge also further north indicating a northward shift of the ACC
frontal system east of 40◦ W.
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3.2 Introduction
The most pronounced feature of the Southern Ocean circulation is the eastward flow
of the Antarctic Circumpolar Current (ACC) (Fig. 3.1), which plays a crucial role in
the global climate system by connecting the major oceans and redistributing oceanic
properties, such as heat, salt and nutrients. This flow is also associated with a steep
rise of isopycnals toward the south through the entire water column. This poleward
rise of isotherms and isohalines is not uniform, but occurs in a series of clear step-like
patterns. Between zones of relatively uniform water mass properties lie bands of large
horizontal density gradients characterising the ACC fronts, which are associated with
relatively narrow, deep-reaching current cores and large surface velocities in the order
of 20 − 30 cm/s (Nowlin et al., 1977; Nowlin and Clifford, 1982; Nowlin and Klinck,
1986). Understanding the structure and location of the major fronts of the Southern
Ocean is of considerable importance due to their influence on climate and ecosystem
processes.
Using historical data, Orsi et al. (1995) and Belkin and Gordon (1996) were the
first to map the circumpolar distribution of the Southern Ocean fronts. From north to
south, the fronts and zones of the Southern Ocean are: the Subtropical Front (STF),
Subantarctic Zone (SAZ), Subantarctic Front (SAF), Polar Frontal Zone (PFZ), Polar
Front (PF), Antarctic Zone (AAZ), Southern ACC Front (SACCF), Southern Zone
and the southern boundary of the ACC (SB) (Whitworth, 1980; Orsi et al., 1995).
A variety of definitions based on water mass properties have been used to identify
these fronts. (see Orsi et al., 1995; Belkin and Gordon, 1996, for useful summaries
of these definitions). However, the frontal properties are not uniform in all sectors
of the Southern Ocean. The variations in frontal structure from region to region and
the multiplicity of definitions used by various authors have led to some confusion in
identifying particular fronts. In addition, many areas have remained relatively poorly
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sampled and in very few locations have sufficient repeat measurements been made to
permit the variability of the fronts to be assessed. These earlier studies were based
on ship-based measurements with their high accuracy and depth-resolving capability,
but this data are scarce in the Southern Ocean and are focused on the summer season
due to inherent logistic difficulties.
Others studies (e.g. Gille, 1994; Moore et al., 1999; Kostianoy et al., 2003) have
examined the time-varying frontal locations on a circumpolar scale using satellite
measurements. Indeed, the spatial and temporal resolution of the altimetric sea surface height (SSH) measurements used by e.g. Gille (1994) were comparatively coarse,
i.e. larger than mesoscale (> 100 km and > 100 days). Moore et al. (1999) determined the surface PF location from weekly composites of the daily images of sea
surface temperature (SST) measured from satellite-borne infrared sensors hampered
by cloud cover. Dong et al. (2006) use the recently launched Advanced Microwave
Scanning Radiometer for the Earth Observing System (AMSR-E), which provides
global all-weather SST measurements, though with lower spatial resolution than more
traditional infrared SST.
The studies based on remote sensing were limited to analyses of fronts with a
surface expression in SST and only a few studies were able to collect in situ data
with a sufficient temporal resolution to investigate the frontal variability using the
subsurface expressions (Sokolov and Rintoul, 2002; Thorpe et al., 2002; Meredith
et al., 2003b; Sokolov et al., 2006). None of these studies describe the three major
fronts of the ACC (SAF, PF and SACCF) simultaneously with at least mesoscale
coverage. Here I use a comprehensive in situ dataset collected during 2004 and 2005
to determine the location, structure and variability of the three major fronts in the
South Atlantic sector of the Southern Ocean (Fig. 3.1). I focus on data obtained
by free-drifting profiling floats seeded by the Argo project (Gould et al., 2004) and
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complement this data with hydrographic profiles recorded by animal-borne sensors.
Argo is a global array of autonomous profiling floats that provides vertical profiles
of salinity and temperature of the upper 2000 m of the open ocean at 10-day intervals.
This array samples the seasons evenly, so the measurements are not biased toward
the summer period favorable for ship-based work (Gould et al., 2004). Although the
profiling float has enormous potential for broad-scale ocean observations, it does not
provide a complete observational strategy. The coverage of floats in the Southern
Ocean is more sparse than elsewhere, especially in seasonally ice-covered regions.
Marine mammals, however, can help to overcome these limitations and provide a
complimentary high resolution data source. They can operate deep in ice-covered
regions (Lydersen et al., 2004) and animal-borne sensors can accurately record hydrographic data at high frequency and in near real-time from remote, relatively inaccessible parts of the ocean (Lydersen et al., 2004; Charrassin et al., 2004; Bailleul
et al., 2007). Autonomous CTD-Satellite Relay Data Loggers (CTD-SRDLs) can be
attached to marine animals and report vertical profiles of salinity, temperature and
pressure to a depth of up to 2000 m. Enlisting marine animals as sampling platforms
is not a new idea. The earliest published reference to this approach is from 1970
(Evans, 1970). Nowadays these instruments have the potential to collect information
about the oceans that is not only relevant to the study of physical structure of the
oceans but also for studying the ecology of animals carrying the instruments (Lydersen et al., 2002; Hooker and Boyd, 2003; Lydersen et al., 2004; Charrassin et al., 2004,
Ch. 5). While CTD-SRDL measurements are neither regular in terms of spatial and
temporal coverage (compared, for example, with satellite measurements of oceanographic fields) nor completely random (such as those from drifting buoys), these studies provide valuable in situ information about the subsurface structure of the ocean.
Accurate satellite positioning of diving marine animals, high-accuracy sensors, and
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the potential to collect large numbers of profiles cost-effectively make these studies
particularly important in regions where traditional oceanographic measurements are
scarce. CTD-SRDLs can be programed to sample and transmit hydrographic profiles
on a daily basis and is therefore intrinsically an eddy-resolving device, rather than
a broad-scale one. The natural niche for CTD-SRDLs in the observing system is in
providing complementary measurements of boundary currents and fronts, as well as
coverage of undersampled ocean basins (Chs. 1, 2 and 4). They thus provide a powerful complement to floats rather than a replacement for them. Only by combining
these two datasets, I am able to investigate the variability of the frontal system from
Drake Passage to the Mid-Atlantic Ridge on short temporal scales (< 100 days).
In this chapter, I describe the characteristics of the dataset and methods I used to
identify the SAF, PF and SACCF, including the optimal interpolation method used
to calculate gridded fields of temperature on selected depth levels. Then I present the
data as gridded horizontal fields to determine the mean position and variability of
the fronts. Finally, I discuss the findings in the broader Southern Ocean context.

3.3 Data and Methods
3.3.1 Hydrographic in situ Data
Between 2004 and 2005, more than 120 profiling floats populated the southern South
Atlantic Ocean as part of the Argo project. One disadvantage of sampling by autonomous floats is that most of the measurements are without accompanying shipboard data for absolute calibration. This deficiency is especially problematic for salinity, as conductivity cells are prone to changes that can cause sensor drifts in float
salinity measurements. Several methods of calibration are available to adjust sensor
drift by comparison with ship-board CTD data or statistical estimates of background
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Figure 3.1: Schematic of the southern South Atlantic (top) and the Scotia Sea (b). Some
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temperature and salinity relations (Wong et al., 2003; Boehme and Send, 2005). For
this work, I only used profiles that passed the Argo real-time quality control, containing information on their position, date, temperature (T ) and salinity (S ) profiles,
with their first measurement point shallower than 20 m (Fig. 3.2). I used either the
delayed-mode data or, if not available, I used the method of Boehme and Send (2005)
to check the float salinity for any drift.

The CTD-SRDL data come from the SEaOS project1 (Southern Elephant Seals
as Oceanographic Samplers), an international interdisciplinary program aimed at increasing our understanding of how Southern elephant seals interact with their physical
environment and also at demonstrating and implementing this cost-effective means
of gathering routine observations of hydrographic data from remote environments.
All CTD-SRDLs were checked in a calibration facility before deployment and these
comparisons yield errors of less than 5 mK in temperature and less than 0.007 mS/cm
in conductivity leading to salinity values with an error up to about 0.010 in the worst
case scenario. Again a method similar to Boehme and Send (2005) has been created
and implemented to compare the CTD-SRDL measurements with historical CTD
data and calibrated Argo float data to correct any sensor drift in temperature and
salinity (Ch. 2). This lack of absolute post-deployment calibration adds an uncertainty to the dataset. Nevertheless, I expect the CTD-SRDL data to be better than
0.02 in temperature and salinity (Ch. 2).
During the SEaOS program we used CTD-SRDLs, custom-built by the Sea Mammal Research Unit, St Andrews, UK and Valeport Ltd., Devon, UK. We deployed 8
CTD-SRDLs in 2004 and 13 instruments in 2005 at Husvik, South Georgia (54◦ 11′ S,
36◦ 42.5′ W). The CTD-SRDLs were fixed harmlessly to seals’ fur after the elephant
1

http://biology.st-andrews.ac.uk/seaos/index.html
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Figure 3.2: Spatial distribution of Argo float data (top) and CTD-SRDL data (bottom)
in the years 2004 (red) and 2005 (blue).

seals completed their annual moult in January/February. A CTD-SRDL configuration was chosen to ensure batteries last throughout as much of the winter migration
as possible, ideally until seals return to breed in September. During the animals’ migration the CTD-SRDLs recorded and transmitted hydrographic profiles at a rate
of approximately 2 profiles/day to an average depth of about 560 m, representing
a combination of transect-type sections with a spatial resolution of 25-50 km along
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Figure 3.3: Monthly number of hydrographic profiles (bars) and mean distance to the
neighbouring profile (line) from the combined Argo/SRDL dataset.

the migratory routes and mooring like data in the foraging areas of the seals. The
CTD-SRDLs were finally lost when the animals moulted again. In 2004 and 2005,
we obtained more than 8200 hydrographic profiles to depths up to 2000 m, from the
Drake Passage to east of the Mid-Atlanic Ridge (Fig. 3.2).
Figure 3.2 shows the complementarity of the two datasets (Argo and CTD-SRDLs),
especially in the area between South Georgia and the Mid-Atlanic Ridge. These two
data sources produce a dataset with a temporal and spacial resolution, which were
previously unavailable. This dataset includes up to 1000 hydrographic profiles per
month (Fig. 3.3), of which CTD-SRDLs contribute up to 90%. Figure 3.3 shows a
reduction when the CTD-SRDLs stopped working between September and December
each year. The spatial resolution of each subset also changed from less than 20 km to
more than 60 km when less profiles where present. With reference to Fig. 3.3, it can
be seen that the Argo float data provide the background field, and the CTD-SRDL
data are used to increase the temporal and spatial resolution of the dataset yet the
only source of data between the South Sandwich Islands and the Mid-Atlantic Ridge
(Fig. 3.1).
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Optimal Interpolation of Gridded Fields
This combined dataset was used to generate gridded horizontal potential temperature
(Θ) fields. To calculate the best estimate of temperature at each grid point, an optimal
interpolation scheme similar to the one introduced by Boehme and Send (2005) is
used. At each grid point the objective estimate of temperature T obj is then given by:

T obj =< d > +ω · (d− < d >),

(3.1)

where d = [d1 , ..., dn ] denotes the set of temperature values, < d > denotes the
mean value of the set of d and ω is the weighting matrix. I assume the covariance of
the data d to be exponential. However, the flow of the ACC follows the topography
and a Gaussian function is not satisfactory. To take the complex topography into
account each in situ profile is weighted by three distances: the spatial distance D, the
fractional distance in potential planetary vorticity F and the temporal distance ∆t
to the grid point(Davis, 1998);

D = |0 − I|
|P V (0) − P V (I)|
F = p
P V 2 (0) + P V 2 (I)
∆t = |t0 − tI |.

(3.2)

In eq. 3.2 the position (xi ,yi ) of the in situ data point is given in I and the date in tI ,
while the grid point position is 0 and the date t0 . D is the spatial distance between
the two points. F takes account of the differences in barotropic potential vorticity
PV:

PV =

f
,
H

(3.3)
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with the planetary vorticity f and the water depth H (taken from the 5-minute
gridded global relief data TerrainBase2 ). The PV criterion might be misleading in
some cases, as two points with similar potential vorticity but lying in different basins
separated by a ridge could have very different properties. This problem also exists
when using a simple Gaussian mapping scheme. The modification by introducing
the potential planetary vorticity into the mapping scheme gives superior results as
outlined in Boehme and Send (2005).
The covariance is a function of the temporal and spatial separation, and the exponential decay scale is determined by the spatial scale λ [km], the cross-isobathic scale
Φ [dimensionless], as well as the temporal scale τ [days] (Wong et al., 2003; Boehme
and Send, 2005). The covariance matrix for the temperature–grid data (Cdg) and the
temperature–temperature covariance matrix (Cdd) then take the form:

io
n h
Fij
Dij
∆t2
,
Cddij (x, y, t) = hs i · exp − λ + Φ + τ 2
io
n h
2
.
Cdgi (x, y, t) = hs2 i · exp − Dλi0 + FΦio + ∆t
τ2
2

(3.4)

hs2 i is the signal variance of the temperature data. The inverse solution then is (McIntosh, 1990)

−1
ω = Cdg · Cdd + I · η 2
,

(3.5)

where I denotes the identity matrix.
The scale parameters used for objective mapping are as important as the method
itself, as they will represent the hydrographic structure of the ocean, hence it is
necessary to calculate these scale parameters from the correlation function of in situ
measurements.
2

http://www.ngdc.noaa.gov
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According to the objective mapping method used a time-independent spatial scale,
a cross-isobath scale and a temporal scale are required. Following Boehme and Send
(2005), the normalized autocorrelation function R(D, F ) is calculated and then fitted
by an exponential distribution, which yields the scaling parameters λ and Φ. All
available hydrographic data were used to calculate these scales on a gridded horizontal
field (Fig. 3.4. The longest spatial scales are found close to the shelf together with
the smallest cross-isobath scales, indicating a flow along the isobaths. Away from
the shelf in the Scotia Sea the spatial scales are much smaller (< 150 km) and the
cross-isobath scales bigger than 0.5. These small spatial scales are the result of the big
horizontal gradients by the ACC fronts, which cannot be resolved by a cross-isobath
scale. Instead of using a seperate scale for each grid point based on figure 3.4, I used
one spatial and one cross-isobath scale for the whole domain in the South Atlantic.
I was limited by the horizontal resolution of the hydrographic data and needed to
resolve the flow along the shelf, so that I set the scales to λ=200 km and Φ=0.3.
Due to a lack of reliable in situ information with which to calculate the temporal
scale, I instead used daily SST data. Using these data, processes with time scales from
one day to two years are resolved. At each location the square difference ǫ2i (SST ) =
(SST0 − SSTi )2 between two temperature measurements (at the locations 0 and i)
and the corresponding time difference Ti = |t0 − ti | are calculated (Boehme and Send,
2005). For each time difference a lot of temperature differences are observed and a
mean is taken to compute the normalized autocorrelation function R(T) of the mean
square difference ǫ2 (T ):

R(T ) =

1 X

nǫ2

2

ǫ2 (t)ǫ2 (t − T ).

R(T) seems to follow a Gaussian distribution (Fig. 3.5). However, there is an increased correlation around 180 days, which is due to the similar temperatures around
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spring and autumn about 180 days apart. Nevertheless, I assume a Gaussian distribution with
T2

W (T ) = e− τ 2

(3.6)

The unknown coefficient τ can be computed by doing a least squares fit, which minimizes the sum of the squares of the deviations of the data R from the model W. This
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Figure 3.5: Time scale of the Southern Ocean in the South Atlantic. The difference of
two SST measurements for different times but at the same location were used to compute
the normalized autocorrelation function R(T) (grey). A least squares fit is used to get a
Gaussian function (black) with a resulting time scale of τ = 112 days.

problem can be set up in a linear system:

G = Xm

with G = [log(R1 ), ..., log(Rn )], X = [T12 , ..., Tn2 ] and m = − τ12 . If no offset is allowed,
the solution of m = X−1 G is τ = 112 days (Boehme and Send, 2005).
This interpolation scheme and the calculated scales are used to calculate the potential temperature field on different depth levels. All these calculations are done on
a 0.4◦ × 0.25◦ grid (∼ 25 km) from 80◦ W to 15◦ E and 63◦ S to 40◦ S. The first run
used all available Argo and CTD-SRDL data from 2004 and 2005 with no time scale
to calculate the average temperature field of this time period. I mapped temperature
fields at 200, 300 and 500 dbar and the temperature of the temperature minimum
layer. To avoid eddy-like features I only used the most unbroken isotherms from west
to east.
To resolve the high temporal variability of the fronts, I used the same scheme to
calculate the frontal positions on a monthly basis. Using the detected temporal scale
τ , I mapped the temperature fields to the middle of each month in 2004 and 2005
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and extracted the dedicated isotherms. This gives us 24 monthly positions for each
front from January 2004 to December 2005.

3.3.2 Sea surface temperature
I also used an optimally interpolated daily, quarter degree (±25km) SST product
(available at http://www.ssmi.com). This product is computed by a combination of
two satellites, the TRMM Microwave Imager (TMI) and NASDA’s (National Space
Development Agency of Japan) Advanced Microwave Scanning Radiometer for EOS
(AMSR-E)3 . TMI and AMSR-E observations are used to retrieve SST and this combination provides nearly complete global coverage each day. Two years (January 2004
to December 2005) of daily SST observations are used in this study. Following Moore
et al. (1999) and Dong et al. (2006), I calculated the standard deviation of SST
p
and derived the mean SST gradient δSST = (δT /δx)2 + (δT /δy)2 at the frontal
positions from the daily SST data, including its standard deviation.

3.3.3 Sea level anomaly
Sea level anomaly is the difference between the total sea level and the average sea
level. Anomalies are used because the total level made by the Satellite based altimeter
varies from ±100 metres. Although most of this is constant and is due to the Earth’s
gravity and the ocean circulation, sea level variations caused by e.g. El Nino account
for only 1% of the signals and if the constant part were not removed, the signals
would not be observable.
Satellite altimeter sea level anomaly (SLA) data used in this chapter were obtained
from AVISO on a 1/3◦ Mercator grid at 7 day intervals (Ducet et al., 2000). These
are multimission gridded sea surface heights computed with respect to a seven-year
3

http://aqua.nasa.gov/about/instrument amsr.php
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mean and consist of processed data from different altimeter missions (Jason-1, T/P,
ENVISAT, GFO, ERS1/2 and GEOSAT). Combining data from different missions
significantly improves the estimation of mesoscale signals (Le Traon and Dibarboure,
1999; Le Traon et al., 2001). I used data from August 2001 to June 2006 in this study
to calculate the SLA variance.

3.4 Results
3.4.1 Definition and Determination of Fronts
Fronts are identified by apparent horizontal gradients at various depth levels. However, the particular frontal properties can change both in time and space due to
air-sea interaction and cross-frontal mixing (Belkin and Gordon, 1996). To minimise
these effects, one needs a database of sufficient spatial resolution. Belkin and Gordon
(1996) suggest that a distance of less then 200 km between measurements should be
used, which I easily achieve with my combined dataset (Fig. 3.3). In the present paper, I used the dataset of temperature and salinity profiles provided by CTD-SRDLs
combined with the Argo data to describe the properties and positions of three major
fronts of the ACC. Here, I show CTD-SRDL data to determine the frontal properties.
Figure 3.6 presents a section across the Drake Passage measured between 7 June
2004 and 24 June 2004 by a CTD-SRDL that recorded only temperature and pressure. This is the location most routinely sampled by ships in the Southern Ocean, and
hence the one at which the frontal structures are best known. Note, however, that
most historical sections have been performed during the months of the austral summer, when ship-based operations are easiest. As typically seen in meridional sections
across the ACC, the temperature decreases to the south in a series of steps or fronts,
separated by zones of weaker meridional gradient. Although this winter section shows
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Figure 3.6: a) Station locations from a CTD-SRDL between 7 June 2004 and 24 June
2004. 2000 m and 3000 m isobaths are plotted and land is shaded. b) High resolution satellite
SST interpolated onto profile location and time. c) In situ temperature along the animal’s
migration. Contour intervals are every 0.5◦ C and areas below 1.8◦ C and above 4◦ C are
shaded. Front locations are marked on the upper axis. SACCF: Southern ACC Front; PF:
Polar Front and SAF: Subantarctic Front.

clear vertical temperature gradients, which are associated with the SAF at about
55◦ S very close to the Burdwood Bank, the PF at about 58◦ S and the SACCF close
to the continental shelf at about 63.6◦ S, it also reveals some differences to previous
work. In figure 3.6, the SAF is associated with the vertical 4◦ C isotherm, while the PF
is associated with the vertical 2◦ C isotherm above 200 dbar. The mixed layer south
of the PF does not show any evidence of the SACCF, while below the thermocline
the SACCF is shown by the vertical 1.8◦ C isotherm below 200 dbar (Fig. 3.6c). The
satellite SST data in Fig. 3.6b also show no evidence of the SACCF, while the other
two fronts are clearly seen in the meridional temperature gradients from 0◦ C to 4◦ C
(PF) and 4◦ C to 6◦ C (SAF).
Between 14 January 2005 and 26 February 2005 a CTD-SRDL recorded a hydrographic section further to the east and north from South Georgia (54◦ S, 36◦ W) to
the Mid-Atlantic Ridge at 43◦ S, 17◦ W (Fig. 3.7a). This section did not cross the
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ACC perpendicularly, but Fig. 3.7e shows the strong horizontal density gradients associated with the SAF and PF at 47◦ S and 49.5◦ S respectively. There was also an
eddy just north of the PF and a loop of the SACCF at the southern end of the section
(Fig. 3.7). The tongue of the SACCF is marked by Θ minimum at around 150 m and
the doming of the isopycnals between 54◦ S and 52◦ S in Fig. 3.7e. The PF is again
associated with the vertical 2◦ C isotherm in the Θmin layer (Fig. 3.7c). The surface
expression of the PF is very weak with only a slight satellite SST gradient of about
1◦ C (Fig. 3.7b). The SAF however has a clear increase of satellite SST from 7◦ C to
10◦ C. In Fig. 3.7c, the subsurface expression of the SAF correlates with the descent
of the 4◦ C isotherm from 100 dbar to 350 dbar to the north.
At the beginning of winter 2004, a CTD-SRDL sampled a meridional section northeast of Bouvetøya from 54◦ S, 9◦ E to 45◦ S, 5◦ E (Fig. 3.8a). While there was no
obvious satellite SST gradient marking the frontal positions (Fig. 3.8b), the subsurface hydrography in Fig. 3.8 reveals two of the three major ACC fronts. In this figure,
the SACCF is marked by vertical 1.6◦ C to 2◦ C isotherms from the surface to below
600 dbar. The PF coincides with the northward limit of the 2◦ C isotherm in the Θmin
layer (Fig. 3.8c). Both fronts show also a large horizontal density gradient (Fig. 3.8e).

The Θ-S properties within fronts can change alongstream. This can be seen in the
different salinities between the section from South Georgia to the Mid-Atlantic Ridge
(Fig. 3.7d) and the section further to the east (Fig. 3.8d) with its higher salinity.
However, the temperature ranges belonging to certain fronts were very stable in my
area of interest, so I choose to define the frontal positions based on temperature
criteria at given depth levels (Tab. 3.1). I found the SAF’s axial indices to be very
stable in my area of interest with a vertical 4◦ C isotherm from 150 m to 350 m. This
is slightly different from previous work (Peterson and Whitworth III, 1989; Orsi et al.,
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1993, 1995), but proved to be the best indicator in my area and time period. The
criterion for identification of the PF is similar to that used in previous work (Botnikov,
1963; Belkin and Gordon, 1996). The vertical 2◦ C isotherm in the Θmin layer is an
indicator of the PF almost everywhere in the Southern Ocean and is in agreement
with the definition of the PF as the location of rapid descent of the Θmin by Gordon
(1971). Detailed descriptions of the hydrographic sub-surface properties are scarcer
for the SACCF than for the SAF or PF. The SACCF, as with the other ACC fronts,
is identified by large horizontal density gradients through the water column (Fig.
3.8e). The northern limit of the front can be identified from horizontal changes in the
properties of Upper Circumpolar Deep Water (UCDW), a type of the Circumpolar
Deep Water that occupies most of the deep layers of the ACC. From analysis of
historical hydrographic sections, Orsi et al. (1995) locate stations north of the SACCF
by a potential temperature greater than 1.8◦ C along the temperature maximum of
the UCDW at depths greater than 500 m. It is apparent that this large-scale criterion
presented does not provide a reliable indicator for the position of the SACCF in local
areas (as shown previously by Thorpe et al. (2002) and Meredith et al. (2003b)) and
it has been shown at other locations that the fronts change along-stream as they split
and merge and are subject to seasonal cycles in heat and freshwater flux (e.g. Belkin
and Gordon, 1996). Notwithstanding this, the Θ = 1.8◦ C isotherm at 500 m depth
proved to be the best one to track the SACCF in my area of interest and time period.
To map the frontal positions, I used the gridded potential temperature fields and
extracted the dedicated isotherm for each front as described above. For the position
of the SAF I used the position of the Θ = 4.0◦ C isotherm at a pressure (p) of
300 dbar. For the PF I extracted the Θ = 2.0◦ C isotherm in the Θmin layer and,
if not present, the Θ = 2.0◦ C isotherm at p = 200 dbar pressure. The SACCF was
located by selecting the Θ = 1.8◦ C isotherm at p = 500 dbar pressure (Tab. 3.1).
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3.4.2 Frontal positions
Subantarctic Front
The mean position of the SAF derived from my merged dataset corresponds very
well with the position of Orsi et al. (1995) in the western part of the study region,
while the position in the eastern part lies further north than in previous work. The
path of the SAF is constrained by the bathymetry (Fig. 3.9). In this figure, the SAF
flows close to the shelf slope in the western part of Drake Passage until it reaches
60◦ W. Here, south of Burdwood Bank, the SAF moves away from the shelf slope
before turning northward. The SAF crosses the North Scotia Ridge and the Falkland
Trough before the SAF follows the 1500 m depth contour on the west side of the
Argentine Abyssal Plain as the Malvinas Current. At 40◦ S the SAF retroflects upon
encountering the Brazil Current. The SAF then flows southward at about 55◦ W until
it is shifted eastward and flows north of the Falkland Plateau and the Falkland Ridge
along 48◦ S. During this southward movement the SAF starts to meander. Further
to the east the mean SAF position of Orsi et al. (1995) shows two big loops to the
south and north, which are not represented by my mean position of the SAF. The
SAF crosses the Mid-Atlantic Ridge at 45◦ S, 15◦ W.
The monthly SAF positions (Fig. 3.9b and c) reveal areas with high variability and
Front
SAF
PF

Sub-surface criteria

satellite SST criteria

Θ = 4.0 C at p = 300 dbar

SST gradient

Θ = 2.0◦ C in Θmin layer (100-300 m)

SST gradient can be weak

◦

or Θ = 2.0 C at p = 200 dbar
◦

SACCF

Θ = 1.8◦ C at p = 500 dbar

most times no SST gradient

Table 3.1: Summary of front indicators of the ACC in the South Atlantic used in this
chapter. The last column indicates whether a SST gradient can be utilised to locate a front.
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Figure 3.9: Position of the Subantarctic Front during 2004 and 2005. Isobaths are 1000 m,
2000 m, 3000 m and land is shaded black. a) Mean Position of the Subantarctic Front (blue)
and mapping error (grey) of the interpolation scheme. Position of the front by Orsi et al.
(1995) in red. b) Monthly position of the Subantarctic Front in 2004 (yellow to black). c)
Monthly position of the Subantarctic Front in 2005 (yellow to black).
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their differences between 2004 and 2005. The path from south of the Burdwood Bank
crossing the Falkland Plateau and the position along the Brazil/Malvinas Confluence
seems always to be an area of higher variability of the frontal position. The areas of
higher variability between 45◦ W and 15◦ W shifted from the western part in 2004 to
the eastern part in 2005. The path of the SAF across the Mid-Atlantic Ridge seems
to be strongly constrained by the underlying topography as indicated by a very small
variability in the frontal positions (Fig. 3.9b and c).

Polar Front
The derived position of the PF lies north of the position of the PF of Moore et al.
(1999) and corresponds well with the PF of Orsi et al. (1995) (Fig. 3.10a). As with
the SAF, the path of the PF is also controlled by the topography. In Figure 3.10a the
mean path of the PF starts west of Drake Passage south of 60◦ S, but north of the
Hero Fracture Zone at 66◦ W. It then continues to the northeast until it reaches the
North Scotia Ridge. Here it seems to be pushed eastward into a meander on the east
end of the ridge until it finds a way through the Shag Rocks Passage to the north
towards the Maurice Ewing Bank. Here, the position of the PF lies further to the
east than indicated in Orsi et al. (1995). The PF then flows around the northwest
side of the bank looping to the east and following the 50◦ S parallel. At 50◦ S, 10◦ W
the PF is shifted to the north crossing the Mid-Atlantic Ridge. It then loops back to
the southeast and follows again the 50◦ S parallel (Fig. 3.10a).
All the monthly positions of the PF follow this mean path (Fig. 3.10b and c), but
show a much greater variability than the monthly SAF positions (Fig. 3.9b and c). In
2004, the PF showed a big northward loop at 65◦ W before continuing to the northeast
with less variability. During 2004 the PF increased the loop to the southeastern end
of the North Scotia Ridge before crossing the North Scotia Ridge through the Shag
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Figure 3.10: Position of the Polar Front during 2004 and 2005. Isobaths are 1000 m, 2000 m,
3000 m and land is shaded black. a) Mean Position of the Polar Front (blue) and mapping
error (grey) of the interpolation scheme. Position of the front by Orsi et al. (1995) in red
and Moore et al. (1999) in black. b) Monthly position of the Polar Front in 2004 (yellow to
black). c) Monthly position of the Polar Front in 2005 (yellow to black).
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Rocks Passage (Fig. 3.10b). After looping cyclonically around the Maurice Ewing
Bank it then meandered to the east with strong variability of up to 3◦ in latitude
between 35◦ W and 18◦ W. Constrained by the topography, it crossed the Mid-Atlantic
Ridge at 50◦ S, 10◦ W before looping northward above the Mid-Atlantic Ridge.
In 2005, the PF did not show the northward movement at 65◦ W but stronger
variability within Drake Passage (Fig. 3.10c). The loop to the west before crossing
the North Scotia Ridge diminished in 2005. On its way north to the western side of
the Maurice Ewing Bank the PF showed strong variability in 2005. It then turned
east following the topography. Immediately east of the Maurice Ewing Bank the PF
started to meander up to 3◦ in latitude between 42◦ W and 30◦ W. This was further
to the west than in 2004 (Fig. 3.10b and c). It then crossed 50◦ S, 10◦ W with strong
variability on the east side of the Mid-Atlantic Ridge before following the bathymetry
to the southeast (Fig. 3.10c).

Southern ACC Front
The average position of the SACCF is shown in Fig. 3.11a. It is in good agreement
with the frontal position of Orsi et al. (1995) modified by Thorpe et al. (2002). The
SACCF lies close to the shelf break of the Antarctic Peninsula (Fig. 3.11a). It loops
to the northwest north of Elephant Island, very similar to the positions of Orsi et al.
(1995). The SACCF then meanders to the northeast to the southwestern side of South
Georgia. It wraps anticyclonically around South Georgia from the south and then
retroflects north of the island across the Northeast Georgia Rise looping cyclonically
to the southeast. At about 57◦ S, 15◦ W it lies further north than in previous work
(Orsi et al., 1995). The crossing of the Mid-Atlantic Ridge is not resolved due to a
lack of data (Fig. 3.11a).
The monthly positions reveal the high variability of the SACCF (Fig. 3.11b and
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Figure 3.11: Position of the Southern ACC Front during 2004 and 2005. Isobaths are
1000 m, 2000 m, 3000 m and land is shaded black. a) Mean Position of the SACCF (blue)
and mapping error (grey) of the interpolation scheme. Position of the front by Orsi et al.
(1995) modified by Thorpe et al. (2002) in red. b) Monthly position of the SACCF in 2004
(yellow to black). c) Monthly position of the SACCF in 2005 (yellow to black).
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c). At the beginning of 2004 the SACCF showed a big cyclonic loop just east of
the Shackleton Fracture Zone, which disappeared during 2004 (Fig. 3.11b). It then
meandered in a 1◦ wide band to the northeast. The area on the southwest side of
South Georgia showed high variability in the frontal position, with a cyclonic loop
building up and disappearing again during 2004. The front followed the continental
shelf of South Georgia until the approximate region of the Northwest Georgia Rise, as
per Meredith et al. (2003a). Although an area of high variability, the SACCF seemed
to be constrained by the Northeast Georgia Rise until it reaches its northernmost
point at 31◦ W. It then turned southeastward until it reached 54◦ S, 20◦ W where it
turned sharply southward (Fig. 3.11b). At 58◦ S it turned eastward again, but the
lack of data in 2004 hampered resolution of the frontal position properly in this area.
I was able to map the SACCF again from 52◦ S, 5◦ W from where it followed the north
side of the SW Indian Ridge (Fig. 3.11b).
In 2005 the SACCF showed even more monthly variability than in the previous
year, with movements covering a range of 3◦ in latitude in the Scotia Sea (Fig. 3.11c).
Especially south of South Georgia the SACCF meandered and looped over a great
range until it followed the shelf break on the east side of South Georgia. It then
extended its position to the north of the island across the Northwest Georgia Rise
during 2005 (Fig. 3.11c). (This tongue was already seen in Fig. 3.7.) Again constrained
by the Northeast Georgia Rise the SACCF reached the northernmost point further to
the west than in the previous year at about 34◦ W. It then turned southeastward but
lay further north than in 2004. Again at 54◦ S, 20◦ W it turned sharply southward
showing high variability in crossing the ocean basin between the South Sandwich
Islands and the Mid-Atlantic Ridge. The crossing of the Mid-Atlantic Ridge is not
resolved in Fig. 3.11c due to a lack of data. In the figure the SACCF reappears again
at 52◦ S, 5◦ W, possibly suggesting that the crossing is constrained by the bathymetry
and follows the front of Orsi et al. (1995). North of Bouvetøya the SACCF lay on the
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north side of the South West Indian Ridge (Fig. 3.11c).

3.4.3 SST and SLA
The satellite SST at the frontal positions is closly related to their meridional positions
(Fig. 3.12). The southernmost position of the SAF is in Drake Passage, where the
SST is at its minimum of about 5◦ C. The same is true for the PF with a SST of below
2◦ C at the western edge of Drake Passage (Fig. 3.12). Both fronts turn then sharply
northward; this is reflected in the increasing SST. The standard deviation of the SST
increases due to the more meridional orientation of the front. During the northward
loop of the SAF the SST expression rises from 6◦ C to 9◦ C between 60◦ − 50◦ W. The
SST of the PF increases between 50◦ −40◦ W from about 4◦ C to 6◦ C. The SSTs of the
SAF and PF decrease by about 2◦ C to the east, although the fronts stay at the same
latitude (PF) or even lie further north (SAF). The same is true for the SACCF but
less pronounced and the SACCF lies further south in the east. The maximum SST
of the SACCF is 2.5◦ C at 30◦ W with a drop to 0.5◦ C at 10◦ W (Fig. 3.12). Figure
3.12 also shows the longitudinal distribution of the SST gradient. The SST gradient
at the SACCF is around 1◦ C per 100 km, which is close to the ’normal’ meridional
increase in SST to the north. Over short time periods and small areas this gradient
can be above this background noise, suggesting that the SACCF could occasionally be
detected using remotely-sensed SST information as shown by Meredith et al. (2003b).

When comparing the average frontal positions to the standard deviation of daily
SST data for the period 2004 - 2005, it is obvious that the SAF and PF are in general
associated with bands of high variability of SST (Fig. 3.13). Although the seasonal
cycle is included here, areas of high variability ( 1.5◦ C) are related to meandering of
the fronts and eddy activity. On the contrary, areas with low standard deviation of
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Figure 3.12: SST (top) and SST gradient (bottom) at frontal positions with mean as solid
line and standard deviation as patch from monthly data for the period 2004 - 2005, inclusive.
The SAF is in red, the PF in blue and the SACCF in black. The horizontal dotted black
line in the bottom panel shows the mean meridional increase in SST to the north.

SST indicate low variability of the frontal position and less eddy activity. The area
southwest of Burdwood Bank along the continental shelf shows low variability in SST
and coincides with low variability in the position of the SAF (Fig. 3.9). This feature
continues further north, where the SAF is again constrained by bathymetry along
the shelf north of the Falklands (Fig. 3.13). When the SAF turns southward, it is
associated with stronger variability in SST indicating higher variability of the frontal
position, which I also found in the monthly positions (Fig. 3.9). The band of high
SST variability along the PF confirms the variability of the PF position from Drake
Passage to the Mid-Atlantic Ridge (Fig. 3.10). From Drake Passage to south of South
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Figure 3.13: Standard deviation of daily SST data for the period 2004 - 2005, inclusive
and the mean frontal positions of SAF, PF and SACCF as derived by this study (solid black
lines). Isobaths are 1000 m, 2000 m and 3000 m and land is shaded black.

Georgia the standard deviation of SST of 1.3◦ C coincides with the southernmost
extent of the SACCF (Fig. 3.11). On the eastern side of the island a patch of low
SST variability indicates that the SACCF is constrained close to the shelf slope on
this side of the island (Fig. 3.13). However, north of the island the SST deviation
increases related to a higher variability of the frontal position (Fig. 3.11).
The variance of sea level has been used for many years to identify regions of intense
mesoscale variability (Kostianoy et al., 2003). Figure 3.14 shows the SLA variance
calculated from weekly gridded altimeter data. In my area of interest are two regions
of high SLA variance. The first one lies within the ACC in the Drake Passage south
of the SAF and along the PF. This intense mesoscale variability shows that the PF in
the Drake Passage is generally dominated by current meanders and mesoscale eddies.
Following the path of the PF two branches of higher SLA variance can be seen close
to the west and south flanks of the Maurice Ewing Bank, while the mean PF path
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Figure 3.14: Variance of sea level anomaly based on weekly gridded altimeter data for
the period 08/2001-06/2006, inclusive. Mean frontal positions of SAF, PF and SACCF as
derived by this study. Isobaths are 1000 m, 2000 m and 3000 m and land is shaded black.

is across this topographic feature. The other area of high SLA variance lies north of
the mean SAF in the Brazil/Malvinas Confluence. This confluence of currents creates
mesoscale meanders and eddies with energy levels ranked at the top of the world’s
oceans (Fu et al., 2001; Goni and Wainer, 2001; Vivier et al., 2001). The mean SAF
path is nestling to the west and south side of this area, indicating that all variability
takes place north of the front. At around 40◦ W a transition zone starts where this
energy is shifted from the north side of the SAF to the south, in particular in the
vicinity of the SACCF at about 30 − 25◦ W.
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3.5 Discussion
In general, the average frontal positions derived from my dataset are in agreement
with previous work (Orsi et al., 1995; Thorpe et al., 2002), especially where the
pathways are constrained by topography, e.g at the North Scotia Ridge, South Scotia
Ridge and the Mid-Atlantic Ridge. However, some novel features are observed, which
I outline here. First, I discuss the derived positions of the frontal system in comparison
to previous work. Then, I examine the possible causes for the observed zonal shift
of the ACC. Finally, I discuss the relationship between the surface and sub-surface
expressions of the three major fronts.

3.5.1 The frontal positions
The mean position of the SAF in 2004 to 2005 correlates well with data from previous
work (Orsi et al., 1995) on the western side of the study region, i.e. west of South
Georgia. East of the island the SAF lay further north. I compared the position with
the 4◦ C isotherm at 200 dbar, which is used for identification of the SAF in previous
work (Peterson and Whitworth III, 1989; Orsi et al., 1993) to conclude that both
criteria give very similar results. Also the SST gradient shows a value above noise
levels (Fig. 3.12) indicating that the position of the SAF is at least very close to
the surface expression of the front (Fig. 3.12). The mean SAF position also lacks the
southward loop between the Maurice Ewing Bank and the Falkland Ridge seen in the
mean position by Orsi et al. (1995). Arhan et al. (2002) state that this area at 37◦ W
is a key injection site of North Atlantic Deep Water into the ACC. However, the
location of the SAF used in this study is based on the 300 dbar temperature field and
a penetration of northern water into the SAF occurs at much greater depth (Arhan
et al., 2002). An effect on the SAF as determined in this study by injected northern
water is therefore unlikely. Nevertheless, I see strong meandering of the monthly SAF
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positions north of the Maurice Ewing Bank and the Falkland Ridge along 48◦ S(Fig
3.9). Arhan et al. (2002) also describe an anticyclonic flow over the Falkland Plateau
and such a flow could have been the cause for this meandering. An interesting feature
is that the monthly SAF positions east of the Maurice Ewing Bank are on average
north of the mean position by Orsi et al. (1995), suggesting a northward shift of the
northern boundary of the ACC in 2004 and 2005 (Fig. 3.9).
Despite the differences in defining the PF, the mean PF path from previous studies
agrees well with my observations, particularly in the vicinity of strong topographic
features, such as the Drake Passage and the Mid-Atlantic Ridge. However, a relatively
large difference is seen in the north Scotia Sea before the PF crosses the North Scotia
Ridge. In 2004 and 2005 the PF extended far more to the east than in previous work
and showed high spatial variability. A longer time series is needed to verify if this is
particular to the studied time period or is a regular occurrence. The mean PF path
is across the Maurice Ewing Bank, while two branches of higher SLA variance can
be seen close to the west and south flanks of the Maurice Ewing Bank. This may
result from a topographically-induced lateral splitting of the PF south of the bank
as suggested by Naveira Garabato et al. (2002). However, the monthly PF positions
show that the PF loops cyclonically around the bank with a recirculation on the
eastern side. If this discrepancy is due to a lack of representativeness of the data
used in Naveira Garabato et al. (2002) or in my dataset needs further investigations
on a smaller temporal and spatial scale. The monthly positions show also strong
variability of the front due to meandering and meridional movements. Dong et al.
(2006) suggested a correspondence between the tendency of the PF location and the
meridional shift of the wind field resulting in a move equatorward during winter, but
my findings do not support this. This might be due to the fact that the short temporal
variability is larger compared with the seasonal variability and that a seasonal signal
is much smaller in the sub-surface expression than at the surface. The PF positions
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show a large short term variability due to meandering and eddy activity. These eddies
seem to be much more important for the frontal position than the wind field.
The SACCF shows great variability north of Elephant Island. Data from the WOCE
section SR1b between 1993 and 2000 show that there are very often small, verticallycoherent eddies to the southern end of this section just north of Elephant Island
(Cunningham et al., 2003). These eddies have the characteristics of water from south
of the SB, but can be found almost as far north as the PF. This rich eddy field with
associated low temperatures could be a factor in the high variability of the SACCF
to the northwest of Elephant Island.
Another interesting feature is the strong variability of the SACCF in the vicinity
of South Georgia. The SACCF looped to the north before wrapping anticyclonically
around South Georgia in early 2004. Meredith et al. (2005) used six years (1996 2001) of high-resolution hydrographic data collected during the austral summer to
show the interannual variability of the water mass properties around South Georgia
and concluded that significant variability occurs at sub-annual timescales. Indeed, the
monthly SACCF positions show the large sub-annual variability (Fig. 3.11). During
summer 2004/2005 the path of the SACCF moved further south, while the PF extended a loop along the North Scotia Ridge to the east before turning back to the
west and crossing the North Scotia Ridge. At the end of 2005 the PF again lay further
west, while the SACCF again looped northward before wrapping around South Georgia. This interplay and the strong variability north of the island as shown in Figures
3.10 and 3.11 must have implications on the South Georgia ecosystem.

3.5.2 A shift of the ACC
Interestingly, the mean SAF, as positioned by my dataset, crossed the Mid-Atlantic
Ridge about 400 km further north than the SAF of Orsi et al. (1995). The mean
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SACCF path follows the path by Orsi et al. (1995) and Thorpe et al. (2002) very
closely, but at 15◦ W the SACCF lies further north. When the spatial resolution of
the dataset is best in this area (at the end of 2005), the SACCF was situated up to
150 km further north when compared to the location of Orsi et al. (1995). The SAF
and SACCF are deep reaching fronts and are constrained by the bathymetry in many
places. This change from one constrained passing place to another one further north
suggests a major shift in the location of the ACC between Orsi et al. (1995) and my
findings.
It has been argued that such shifts can happen in response to changes in wind
stress. Such changes have been happening in recent decades. For example, Thompson
and Solomon (2002) show an increased strength of the zonal winds over the Southern
Ocean in the past three decades. A recent study argued that this will be followed by a
significant increase in transport and a poleward change in position of the ACC (Fyfe
and Saenko, 2006). Contrary to these expectations, I see a northward shift of the ACC
in 2004 and 2005 compared to previous work. However, Meredith and Hogg (2006)
cast doubt on whether this process described by Fyfe and Saenko (2006) is real or
an artefect of coarse-resolution climate models. Dong et al. (2006) suggest that there
is observational evidence for this process. A northward shift of the maximum zonal
wind stress may also force the PF to move to the north as suggested by Dong et al.
(2006), with variations in the wind field leading variations in the PF path. However,
my findings suggest that eddies are much more important and the observed shift
in the ACC position does not lend weight to the argument that the ACC location
depends on zonal wind stress.
According to Meredith and Hogg (2006), eddies act to constrain changes in ACC
transport that occur when changes in wind forcing occur. These eddies will also tend
to constrain any changes in the position of fronts. In 2004, the SAF shows strong
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meandering and eddy activity west of 30◦ W, while the PF shows the same further
downstream east of 30◦ W. This transition takes place, where the two fronts are in
close proximity, suggesting a transfer of eddies from the SAF to the PF. This is
confirmed by the large variance in SLA in this region to as far south as the SACCF
(Fig. 3.14). Strong meandering and eddy activities are associated with the SAF from
45◦ − 40◦ W, with the PF from 40◦ − 30◦ W and with the SACCF around 30◦ − 25◦ W.
This indicates that the fronts are not really individual discrete features that are
circumpolarly continuous, but rather split and merge and re-split (Pollard et al.,
2002). Using only satellite SST data, frontal loops across the same longitude more
than once cannot be resolved and will lack these features (e.g. Dong et al., 2006).
This demonstrates the advantage of being able to track such movements of ACC
fronts even more clearly using in situ data.
This transition zone from 45◦ W to 25◦ W also supports the argument of Sun and
Watts (2002), who suggested that the mean flow of the ACC transports heat from
warm subtropical regions to cold subpolar regions. Sun and Watts (2002) also showed
that the ACC warms in the western South Atlantic, cools until south of Africa, gaining
heat again in the Indian Ocean and cools in the South Pacific. This heat loss is shown
in Fig. 3.12 by a decrease of SST of about 2◦ C to the east, although the fronts stay
at the same latitude (PF) or even lie further north (SAF).

3.5.3 Correlations between the surface and sub-surface
expressions
Previous studies used satellite SST to define the positions of the ACC fronts. While
this can be appropriate for the PF, and to a lesser extent the SAF, it could be quite
difficult for determing the SACCF position (Fig. 3.12). Nevertheless, Meredith et al.
(2003b) showed a SST signal that was associated with the SACCF close to South
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Georgia, indicating the potential of SST for remote detection of this front for certain
times and places.
Consistent with previous studies, Dong et al. (2006) and others suggested that
the surface PF location tends to be south of the subsurface PF location. Fig. 3.10a
supports this argument, showing my derived locations of the PF generally north of
the PF locations of Moore et al. (1999). Admittedly, the topography seems to play
an important role. My comparisons between the PF positions and satellite SST data
showed that when the PF path is constrained by topography, the SST gradient is
high, suggesting a concurrence of surface and subsurface locations. However, over deep
ocean basin regions with weak topographic variations, the PF meanders substantially,
and the SST gradient is weak (Moore et al., 1999; Dong et al., 2006).
The SST gradient at the PF in Fig. 3.12 varies between 1◦ C and 3.5◦ C with a peak
of more than 5◦ C, which is similar to Dong et al. (2006). Interestingly Moore et al.
(1999) show a peak in the SST gradient for the PF from the Drake Passage to 20◦ W,
while I found two peaks, one at 60◦ W and another one at 40◦ W. The minimum is
in between where the PF crosses the North Scotia Ridge. Either the SST gradient is
very small or the surface and sub-surface expression of the PF are different here. I
suggest the latter, because this is also the place with the biggest differences between
the mean path and the path based on the surface expression by Moore et al. (1999)
(Fig. 3.10a). Also to the east of 30◦ W the SST gradient of the PF is very weak,
suggesting a higher separation between the surface and sub-surface expression. Here
the small SST gradient of the SAF suggests a separation between the surface and
sub-surface expression too. The SST gradient of the SAF is relativly weak except at
two locations, where the SAF is constrained by the topography at 50 −40◦ W north of
the Falkland Plateau and at 10◦ W after crossing the Mid-Atlantic Ridge. This feature
is also present in the PF and SACCF east of the Mid-Atlantic Ridge. However, all
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fronts show high SST gradients when they reach their northermost point (Fig. 3.12).

3.6 Summary and Conclusions
Analysis of in situ hydrographic data of the years 2004 and 2005 in the southwest
Atlantic sector of the Southern Ocean has produced maps of the SAF, PF and SACCF
within the ACC at high spatial and temporal resolution. The availability of Argo float
data and the complementary CTD-SRDL data has allowed us to examine the fronts
simultaneously in much more detail than previously possible. In defining the fronts,
I have placed most weight on the distribution of horizontal temperature gradients.
Defining the fronts in this way corresponds to various scalar criteria used by earlier
investigators. The data collected by animal-borne CTD-SRDLs proved to be very
useful in obtaining several cross-sections of the ACC at different locations and seasons.
The existence of suitable proxies expressed in terms of subsurface temperature or
satellite SST has allowed us to examine the spatial and temporal variability of the
front locations. The results can be summarised as follows:
• New technology has enabled production of an in situ dataset with high temporal
and spatial resolution in the Southern Ocean. The Global Ocean Observing
System required the establishment of Argo, which is designed for broad-scale
ocean sampling. Smaller scale eddy-resolving sampling is complementary to the
broad-scale mode and can be achieved using autonomous CTD-Satellite Relay
Data Loggers attached to marine animals. These high-accuracy sensors proved
to have the ability to collect large numbers of profiles cost-effectively particularly
in regions where traditional oceanographic measurements are scarce. They are
a powerful complement to the array of Argo floats. Both technologies send data
via satellites and have a great potential for observing the ocean in real-time,
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when used in tandem.
• The comprehensive dataset enabled me to map the monthly positions of the
SAF, PF and SACCF in 2004 and 2005. This time series indicates areas of
high variability in these frontal locations. The SAF is constrained by the South
American continental shelf, but shows high variability west of the Burdwood
Bank and when crossing the ocean basin between South America and the MidAtlantic Ridge. The PF is the most active front with meandering along its entire
path through the study region. It is constrained by the North Scotia Ridge and
the Mid-Atlanic Ridge. Its pathway around/across the Maurice Ewing Bank is
not sufficiently resolved in this study. The SACCF shows high variability in the
Scotia Sea and to the northeast of South Georgia, but it is also constrained by
specific topographic features, e.g. the South Georgia shelf, Northeast Georgia
Rise and the Mid-Atlantic Ridge. All frontal variability seems to be much more
influenced by meandering and eddies than possible seasonality in the wind field.
The spatial pattern of higher variability changes between the two years.
• The position of the PF is highly variable south of the North Scotia Ridge. The
front also extends much further to the east before crossing the North Scotia
Ridge than in previous work. The extension of this eastward loop varies over
time with the greatest extent in summer 2004/2005. The SACCF shows a northward loop on the west side of South Georgia before wrapping around the island.
Again the size of this loop is highly variable with its peaks in winter 2004 and
at the end of 2005. Whether these two frontal feature are coupled needs further
investigations.
• After looping anticyclonically around South Georgia, the SACCF shows a strong
variability in the position of its retroflection north of the island. This tongue
of the SACCF has its greatest extent to the west during winter. In 2004 this
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feature is less pronounced than in 2005, where it reached the Northwest Georgia
Rise. Despite the meandering, the SACCF is constrained by the South Georgia
shelf, the Northeast Gorgia Rise and the Mid-Atlantic Ridge.
• Previous studies were limited by the sparse hydrographic data in the Southern
Ocean or were constrained by the continuity of the SST at the fronts when using
satellite SST maps. The frontal positions based on the sub-surface expressions
within this study are compared to satellite SST. The SST gradient is in general
the highest when the fronts are constrained by the bathymetry, induced by the
concurrence of the surface and sub-surface expression.
• SST and SLA variance support the argument that there is a transition zone
starting around 40◦ W where eddy energy is shifted from the north side of
the SAF to the south, in particular in the vicinity of the SACCF at about
30◦ − 25◦ W.
• East of 40◦ W all three fronts were shifted further to the north than historical
positions suggested, varying between 400 km for the SAF and 150 km for the
SACCF.
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4.1 Abstract
CTD-Satellite Relay Data Loggers (CTD-SRDLs), each recording conductivity,
temperature and pressure, were attached to Southern elephant seals (Mirounga leonina) on the island of South Georgia. During the animals’ migration the CTD-SRDLs
recorded and transmitted hydrographic profiles at a rate of approximately 2 profiles
day−1 to an average depth of about 547 m, representing transect-type sections with a
spatial resolution of 16-47 km along the migratory routes of the seals. These sections
can be used to clearly identify the locations of the Antarctic Circumpolar Current
fronts across Drake Passage, providing in situ data complementary to satellite and
other techniques. An empirical relationship between upper ocean temperature and
baroclinic mass transport is used to determine the transport through Drake Passage
at the times of the sections, and these transports are compared with estimates derived
by other techniques. An absolute geostrophic velocity section across Drake Passage is
calculated using CTD-SRDL data and data of absolute geostrophic surface velocities
from altimetry. The mean total baroclinic transports in June 2004 and April 2005 are
estimated to be 124×106 ±14 ×106 m3 s−1 and 112×106 ±14 ×106 m3 s−1 respectively.
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4.2 Introduction
The Antarctic Circumpolar Current (ACC) dominates the horizontal circulation of
the circumpolar Southern Ocean, and is a key component of the global ocean overturning circulation (Rintoul et al., 2001). The clockwise circulation around the Antarctic
continent provides a vital link for transporting heat and freshwater between the Atlantic, Indian, and Pacific Oceans. The transport of the ACC and its variability are
therefore of considerable importance, due to their influence on climate and ecosystem processes over large areas. With increasing expectations for weather and ocean
predictions at increasingly fine resolutions, models must become more sophisticated,
and the need for detailed in-situ observations has never been more acute and is accelerating. Data are needed from regions and seasons where traditional hydrographic
data (e.g. ship-based measurements, Argo floats etc.) are scarce and/or difficult and
expensive to implement. New approaches are being developed to fill this gap.
The flow of the ACC is not spatially uniform, with zones of relatively uniform water
mass properties separated by narrow, deep-reaching current cores associated with the
ACC fronts (Nowlin et al., 1977; Nowlin and Clifford, 1982; Nowlin and Klinck, 1986).
Before these narrow fronts were fully resolved, estimated net transports of the ACC in
Drake Passage ranged unrealistically widely, from 236 ×106 m3 s−1 to −15 ×106 m3 s−1 ,
due to coarse spatial and temporal sampling and inappropriate assumptions in transport calculations (Reid and Nowlin, 1971; Foster, 1972). Subsequently, repeat hydrographic measurements were made as early as the mid 1970s as part of the International
Southern Ocean Studies (ISOS) experiment. ISOS fully revealed the banded structure
of the ACC, and derived a mean transport of 134 × 106 ± 13 ×106 m3 s−1 using the
repeat hydrography and moorings data (Whitworth, 1983; Whitworth and Peterson,
1985).
Whitworth and Peterson (1985) suggested that the ACC is in geostrophic bal-
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ance and concluded that although about three-quarters of the net transport is in the
baroclinic component, transport variability is mainly barotropic on timescales up to
around annual. Reanalysis of the ISOS moorings data led Cunningham et al. (2003)
to argue that the barotropic and baroclinic variability in Drake Passage transport
are comparable even on subseasonal timescales. More recent analyses have demonstrated that barotropic variability dominates the transport through Drake Passage
on timescales up to around seasonal, with baroclinic variability becoming important
at annual and interannual timescales (Hughes et al., 2003; Meredith et al., 2004).
Annual occupations of a repeat hydrographic section (WOCE SR1) began in 1993
during the World Ocean Circulation Experiment (WOCE). Cunningham et al. (2003)
estimated the baroclinic transport to be 136.7 × 106 ± 7.8 ×106 m3 s−1 from six SR1
hydrographic sections and reanalysed the ISOS data and found the uncertainty of the
mean net transport to be around 35 × 106 m3 s−1 , significantly larger than suggested
by Whitworth and Peterson (1985). Cunningham et al. (2003) and Sprintall (2003)
observed the two northernmost fronts of the ACC to be highly variable, meandering on
interannual timescales. This interannual frontal variability was confirmed in chapter
3, showing the high variability of the Polar Front (PF) in Drake Passage on subannual
timescales.
Today it is known that the circumpolar transport variability of the ACC on time
scales from days to years is forced by fluctuations in the Southern Annual Mode
(SAM), the dominant extra-tropical mode of climate variability in the Southern Hemisphere (Thompson and Wallace, 2000). Despite a trend toward a higher-index state in
recent decades, the SAM is strongly modulated by season (Thompson and Solomon,
2002). The range in transports shown by the ACC on interannual timescales is seen
to be rather small, however, and this is believed to be due to energy being cascaded to
smaller (mesoscale) length scales via baroclinic instability (Meredith and Hogg, 2006).
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Equally importantly, Meredith et al. (2004) showed that the interannual changes in
the seasonal signal in the SAM are reflected in changes in the seasonal signal in the
ACC transport.
Repeat hydrographic and XBT sections are continuing (e.g., Sprintall, 2003; Sokolov
et al., 2004), but these measurements alone are not adequate for monitoring the
interannual variability in the ACC transport, or changes to the seasonal signal in ACC
transport due to changes in the SAM (Meredith and Hughes, 2005). Such estimates are
hugely aliased by short-term variability, e.g., eddies and higher-frequency transport
changes. High frequency variability in Drake Passage can produce aliased signals even
with a 10-day altimeter sampling (Gille and Hughes, 2001). Meredith and Hughes
(2005) showed that sampling intervals very much shorter than 10 days are needed.
Whilst estimates of ACC transport variability on interannual timescales that derive from ship-based repeat hydrographic and XBT sections data are badly aliassed
(Meredith and Hughes, 2005), it remains open to question whether such data are
capable on longer timescales (decadal) of monitoring changes in transport. The key
would be to have a sufficient number of occupations so that the estimated mean for a
given period would be a robust indicator of the actual mean, against the background
of inherent variability at higher frequencies. If this approach were to work, it is likely
that a very large number of sections across Drake Passage would be needed, i.e., more
than are currently obtainable with research ships. Another problem is the seasonal
variability in the ACC transport (Meredith et al., 2004). Conductivity-TemperatureDepth (CTD) and XBT sections are conducted almost entirely in the austral summer,
thus any estimates of mean transport based on these sections will be potentially biassed.
Alternative approaches are proxy techniques based on less expensive measurements
which can be obtained more frequently, also from the austral winter, and do not
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require research vessels (Lydersen et al., 2002). Here I present a new set of underway observations from Drake Passage, and show their usefulness in identifying and
pinpointing ACC frontal features. Although not pre-planned, I show that the new
technique of ‘adaptive-sampling’ results in higher resolution at the ACC fronts. I
demonstrate further that these measurements have comparable utility to XBT and
expendable conductivity-temperature-depth (XCTD) sections for studies seeking to
monitor ACC transport variability. By including wintertime data into such efforts,
we will help alleviate some of the problems with aliassing at interannual periods.
At longer periods these new data may help define more robust transport means, if
sustained over several decades.

4.3 Data
4.3.1 Hydrographic data
Within the framework of the international SEaOS project (Southern Elephant Seals
as Oceanographic Samplers), 21 Southern elephant seals (Mirounga leonina) on South
Georgia were equipped with CTD-Satellite Relay Data Loggers (CTD-SRDLs). This
interdisciplinary program is aimed at increasing our understanding of how Southern
elephant seals interact with their physical environment (Ch. 5) and also at demonstrating and implementing this cost-effective means of gathering routine observations
of hydrographic data from remote environments (Chs. refGI and 3). CTD-SRDLs,
custom-built by the Sea Mammal Research Unit, St Andrews, UK and Valeport Ltd.,
Devon, UK, were fixed harmlessly to seals’ fur after the elephant seals completed their
annual moult in January and February and were finally lost when the animals moulted
again the following season. During the animals’ migration, the CTD-SRDLs report
vertical profiles of salinity, temperature, and pressure to a depth of up to 2000 m with
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an accuracy of better than 0.02 in temperature and salinity (Ch. 2); hence of at least
same quality as XBT data (Boyd and Linzell, 1993).
Several animals traveled west from South Georgia towards the Antarctic Peninsula
and two crossed Drake Passage nearly perpendicular to the flow (Fig. 4.1). Here I
show two hydrographic sections obtained by the Southern elephant seals Rudolph
and Jason in 2004 and 2005 (Fig. 4.1). Rudolph crossed the western Drake Passage
between 07 June 2004 and 20 June 2004 from the Antarctic Peninsula towards the
western side of Burdwood Bank. He sampled 96 temperature profiles with an average
station spacing of 16 km, an average profile depth of 469 m and a range of profile
depths between 118 m and 1000 m (Fig. 4.2). Between 01 April 2005 and 15 April
2005, Jason travelled from Elephant Island to the southeastern side of Burdwood
Bank very close to the WOCE repeat section SR1b. Eighteen CTD profiles were
recorded with an average station spacing of 47 km and profile depth of 624 m with a
profile depth range from 260 m to 1074 m (Fig. 4.3). The CTD-SRDL configuration
was set to ensure batteries lasted until seals return to breed in September and only
one CTD profile was sampled every six hours. However, the horizontal spacing of
consecutive dives deeper than 200 m is less than 6 km on average for both animals.
Hence, the configuration could be optimised in the future to increase the spatial and
temporal resolution of such hydrographic sections made by Southern elephant seals.

4.3.2 Absolute dynamic topography
To calculate the absolute velocity from the hydrographic data, I use the Maps of Absolute Dynamic Topography product (MADT) of the Data Unification and Altimeter
Combination System (DUACS), which is part of the multi-mission ground segment of
the Centre National d’Études spatiales. This system processes Jason-1, Envisat, GFO,
ERS-1, ERS-2, and Topex-Poseidon altimeter data and synchronises it with auxiliary
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Figure 4.1: The positions of the
CTD-SRDL hydrographic profiles
from Rudolph (triangles) and Jason (circles) sampled between 7-20
June 2004 and 1-15 April 2005 respectively. The mean position for
2004 and 2005 of the Subantarctic
Front, Polar Front and Southern
ACC Front (from north to south)
from chapter 3 are shown as solid
lines. Burdwood Bank (BB) and
Elephant Island (E) are marked.
Isobaths are 1000 m, 2000 m and
3000 m and land is shaded black.

data. Each mission is homogenised using the same models and corrections. A multimission cross-calibration process removes any residual orbit error, or long wavelength
error, as well as large scale biases and discrepancies between various data flows (CLS,
2007). All altimeter fields are interpolated at crossover locations and dates. After
a repeat-track analysis, a mean profile is subtracted to compute sea level anomaly.
Data are then cross validated, filtered from residual noise and small scale signals,
and finally sub-sampled to give the Sea Level Anomaly product (SLA). Absolute Dynamic Topography (ADT) products are obtained by computing ADT = SLA + MDT,
where MDT is a global Mean Dynamic Topography (Rio and Hernandez, 2004). The
final mapping procedure generates a combined map merging measurements from all
available altimeter missions (MADT). Geostrophic velocity maps are computed us-
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Figure 4.2: In situ temperature section sampled by Rudolph. The positions of the profiles
are given on the top axis to show the horizontal resolution of the temperature data. This
figure is adapted from chapter 3. Front locations are marked on the upper axis. SACCF:
Southern ACC Front, PF: Polar Front and SAF: Subantarctic Front.
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the temperature data. Front locations are marked on the upper axis. SACCF: Southern
ACC Front, PF: Polar Front and SAF: Subantarctic Front.
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ing finite differences. The MADT have global coverage and include absolute dynamic
topography and the corresponding geostrophic velocities on a third degree Mercator
grid (CLS, 2007).

4.4 Results
4.4.1 Frontal structures in Drake Passage
Rudolph was equipped with a temperature-only SRDL and the data are shown in
Fig. 4.2. There is no clear near-surface temperature minimum layer visible, indicating
winter conditions along the entire section. As typically seen in meridional sections
across the ACC, the temperature decreases to the south in a series of steps or fronts,
separated by zones of weaker meridional gradients. Although this winter section shows
clear horizontal temperature gradients, which are associated with the Subantarctic
Front (SAF) at about 55◦ S very close to the Burdwood Bank and the PF at about
58◦ S, the Southern ACC Front (SACCF) close to the continental shelf at about 63◦ S
is less pronounced. Between the PF and the SAF lies a zone of nearly homogeneous
water without a pronounced thermocline. Of great interest, and potentially great
usefulness, is the fact that Rudolph spent more time close to the fronts, which can be
seen in the closer station spacing (Fig. 4.2).
About a year later, Jason recorded a full CTD transect across the Drake Passage
further to the east at the end of the austral summer (Fig. 4.3). The temperature
minimum layer between 100 m and 200 m depth is still visible. The first profile of
the section at 61◦ S is on the Antarctic shelf to the southwest of Elephant Island.
These shelf waters are indicated by a warmer surface layer of more than 2◦ C south
of 60◦ S. Further north the higher salinities of the Circumpolar Deep Water (CDW)
become apparent below 300 m depth, while further north still the relatively horizontal
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isotherms and isohalines get distorted by the strong current cores and eddies within
the ACC (Fig. 4.3). Orsi et al. (1995) defined the SACCF as the southern-most
eastward core of the ACC that carries waters with circumpolar characteristics, which
is distinct from the Antarctic regime farther south. Using this definition and the
vertical isotherms locates the SACCF at about 59◦ S. The surface expression of the
PF is by contrast marked clearly by the increase of the sea surface temperature from
2.5◦ C to 5◦ C at about 57◦ S.
Between 57◦ S and 56◦ S there is a cold extension of water descending from south
to north (Fig. 4.3). Figure 4.4 shows the potential temperature versus salinity relationships for this section by Jason. The low temperature and salinity immediately
identifies it as being derived from the temperature minimum layer, i.e., winter water,
with a potential density of σΘ = 27.3 kg m−3 . It is of Antarctic origin with a depth of
about 150 m south of the PF, and subducts to the north of the PF to intermediate
depths of more than 500 m (Fig. 4.3). The SAF has again no strong surface expression,
but is indicated by the vertical isotherms at 55◦ S close to Burdwood Bank.

4.4.2 Estimating transports from in situ temperature
Monitoring ocean transports requires measurements of the density field as well as
changes in the pressure field associated with the barotropic flow. To calculate the
geostrophic transport from only temperature sections it is necessary to first obtain a relationship between the steric height, relative to a specified reference level,
and temperature (Sprintall, 2003). In regions characterized by a single well-defined
temperature-salinity (T-S ) relationship, a mean T-S curve can be formulated using
historical salinity data to identify the salinity corresponding to each temperature
observation. Steric height is then estimated from this salinity and the temperature
observation relative to their deepest common depth (e.g., McCarthy et al., 2000).
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However, this is complicated in the Southern Ocean. Inversions and frontal variability
mean that at some locations the T-S relationship is not unique; hence one temperature can correspond to several salinity values. Nevertheless, the envelope of the T-S
relations does not change much with time and each streamline can be associated with
a particular T-S curve. This relationship between upper ocean temperatures to some
known (determined) structure function of steric height, potential energy anomaly or
transport stream function has been used extensively in regions where there are only
limited numbers of deep hydrographic stations but a copious quantity of temperature
data (Rintoul et al., 1997; Sprintall, 2003; Sokolov et al., 2004).
Most studies applying this technique to estimate the transport in Drake Passage
use a reference level of 2500 m, because it is the deepest depth that lies above the
height of the mid passage topography and also appears to be an appropriate reference
depth as determined by the historical analysis of baroclinic transport in Drake Passage (Whitworth and Peterson, 1985; Rintoul et al., 2002). Some studies used a simple
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relationship between the mass transport function and a single temperature variable.
This could be the mass transport function regressed against a single temperature
measurement (Ridgway and Godfrey, 1994), dynamic height against the average temperature from the surface to 600 m (Rintoul et al., 1997) or the baroclinic transport
stream function, χ2500 , against the averaged temperature (Th ) between 600 m and
700 m depth (Sokolov et al., 2004):

7

6

χ2500 = (2.1024Th − 26.815Th + 138.81Th
4

3

− 385.31Th + 641.27Th − 643.39Th

5

(4.1)

2

+ 360.61Th + 1.4552) · 105

The zonal transport per unit width, Uχ , is then (Sokolov et al., 2004):

Uχ = −

∂
χ2500
ρ2500 f ∂y
1

(4.2)

where ρ2500 is the reference density and f is the Coriolis parameter. Sprintall (2003)
finds a relationship between the mass transport function, Q2500 , and the temperatures
at 100 m (T100 ), 400 m (T400 ) and 700 m (T700 ):

Q2500 = 47.25 + 4.76T100 − 2.54T400 + 28.47T700

(4.3)

The transport per unit width, UQ , is then estimated from the gradient of the mass
transport function Q2500 multiplied by g/f, where g is the acceleration due to gravity
(Sprintall, 2003).
Both relationships are used here to calculate the transport from each temperature
section shown in Figs. 4.2 and 4.3. The transports derived from the transect of Rudolph
are shown in Fig. 4.5a. The transports derived from Q2500 include much more detail
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and suggest that small current cores and branches only affect the upper layer above
600 m depth. These are then only resolved by the method based on Sprintall (2003)
including temperatures at shallower depths, T100 in particular. Hence, the transports
based on χ2500 lack these details and deliver unrealistic high values close to the shelf
at 54◦ S. However, both methods show similar results, by placing the current core of
the SAF at 55◦ S. The main PF current core lies at 58.1◦S. The PF seems to have
several shallow cores to the south with transports up to 10 × 106 m3 s−1 based on
Q2500 , while the transport based on χ2500 shows only one main core of more than
10 × 106 m3 s−1 . The SACCF shows again many current branches between 64◦ S and
62◦ S when derived from Q2500 . The transports based on χ2500 show only a small core
at 63.5◦ S. This richness in detail close to the fronts in both derived transports is only
realistically feasible by using ‘adaptive samplers’. Figure 4.2 shows the decreased
station spacing close to the fronts, increasing the detail of the three ACC fronts in
this transect.
Figure 4.5b shows the transports derived from the transect of Jason. Both methods
show similar results, but lack the detail of Fig. 4.5a (this transect consists of only
15 deep profiles compared to 81 in Fig. 4.5a). Again, transports derived from Q2500
include much more detail and show two current cores of the PF, the northern one
less pronounced in the transports derived from χ2500 . The SAF lies very close to
the continental shelf (Fig. 4.3), and the calculated transports should be treated with
caution in areas with less than 2500 m water depth. However, both methods seem to
resolve the SAF at the northern end of the transect. The PF is associated with a
stronger current than the SAF in contrast to Fig. 4.5a.
The cumulative transports integrated from Fig. 4.5 are shown in Fig. 4.6. Including different depths to represent different water masses and a shallow depth T100 to
capture the seasonal changes in Q2500 seems to deliver much more detail than the
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Figure 4.5: The transport per unit width (106 m3 s−1 ) above 2500 m depth derived from
mass transport function Q2500 , UQ (solid line) and the baroclinic transport stream function
χ2500 , Uχ (dotted line) for the Drake Passage transects of (a) Rudolph in June 2004, and
(b) Jason in April 2005. Front locations are marked on the upper axis. SACCF: Southern
ACC Front, PF: Polar Front, and SAF: Subantarctic Front.

transport derived from χ2500 . The cumulative transports of both methods derived
from Rudolph’s dataset correlate very well. Here, the method based on Q2500 captures
the SACCF including a counter-current just north of the SACCF (Fig. 4.5), while
the method based on χ2500 lacks this transport. South of 60◦ S, the temperature corresponds to several salinity values and χ2500 fails to resolve the different relationships
between temperature and the stream function. However, Q2500 shows more detail in
this region and seems to resolve the streamlines even close to the shelf at 64◦S. The
strongest current cores correlate well with the positions of the PF and SAF derived
above (Fig. 4.2). Interestingly, both relationships show a decrease in transport between 57.5◦ S and 55.5◦ S between the two fronts and is due to the colder water below
200 m. Here, the two methods show a decline of about 20 × 106 m3 s−1 (Fig. 4.6a) and
a counter-current just south of the SAF. Both relationships deliver estimates for the
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Figure 4.6: Cumulative transport (106 m3 s−1 ) above 2500 m depth derived from mass
transport function Q2500 , UQ (solid line) and the baroclinic transport stream function χ2500 ,
Uχ (dotted line) for the Drake Passage transects of (a) Rudolph in June 2004, and (b) Jason
in April 2005. The data are integrated from south to north, starting at the first profile with
a water depth of more than 2500 m. Data from positions with water depths of more than
2500 m are lines, while others are marked with a circle and square. Front locations are
marked on the upper axis. SACCF: Southern ACC Front, PF: Polar Front, and SAF:
Subantarctic Front.

cumulative transports of 80 ×106 m3 s−1 (Q2500 ) and 90 ×106 m3 s−1 (χ2500 ) above and
relative to 2500 m depth, with errors of ±11 × 106 m3 s−1 (Q2500 ) and ±13 × 106 m3 s−1
(χ2500 ) respectively. These errors are due to the temperature accuracy and to the
uncertainties in the empirical relationships Q2500 and χ2500 (Sprintall, 2003; Sokolov
et al., 2004). Sokolov et al. (2004) showed that the transport of the upper 2500 m accounts for about 67.6 ± 1.3 % of the total baroclinic transport. Utilising this number
yields a total baroclinic transport of 118×106 m3 s−1 ±19 ×106 m3 s−1 for the method
based on Q2500 and 133 × 106 m3 s−1 ± 22 × 106 m3 s−1 for the method based on χ2500
respectively. I then calculate the average of both estimates weighted by their variance,
yielding a total baroclinic transport in June 2004 of 124×106 m3 s−1 ±14 ×106 m3 s−1 .
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The cumulative transports derived from the temperature transect of Jason are
shown in Fig. 4.6b. This transport function further to the east in Drake Passage
seems to lack small scale features. Unfortunately, I have no deep stations between
59◦ S and the Antarctic continental shelf and therefore might underestimate the transport through Drake Passage by lacking the SACCF transport. The main current is
associated with the PF (Fig. 4.5b), hence the biggest increase of the cumulative
transport is around 57◦ S. The method based on Q2500 shows a weak counter-current
just south of the PF. As the SAF lies close to the continental shelf, the integrated
data should be treated with care. The transports above and relative to 2500 m are
70 × 106 m3 s−1 ± 11 ×106 m3 s−1 (Q2500 ) and 80 × 106 m3 s−1 ± 13 ×106 m3 s−1 (χ2500 ).
Again, utilising the relationship between the transport in the upper 2500 m and the
total baroclinic transport of Sokolov et al. (2004) yields a total baroclinic transport of
104 × 106 m3 s−1 ± 18 × 106 m3 s−1 and 118 × 106 m3 s−1 ± 22 × 106 m3 s−1 respectively
for the transect of Jason. The weighted average of both transports in April 2005 is
110 × 106 m3 s−1 ± 14 × 106 m3 s−1 .

4.4.3 Estimating transports from density
Although relatively inexpensive, CTD-SRDLs deliver not only temperature data, but
also provide conductivity measurements to calculate salinity (Fig. 4.3). Hence, I can
calculate density and the internal pressure field, from which the relative geostrophic
currents relative to the surface are calculated. I took the corresponding surface
geostrophic velocities closest in space and time from the MADT dataset to derive
a section of absolute geostrophic currents of the upper 1000 m of Drake Passage (Fig.
4.7). The standard deviation of this velocity field is expected to be less than 0.1 m s−1
(Rio and Hernandez, 2004). Using the upper ocean temperature relationships limits
the dataset to profiles that are at least 700 m deep. Here I am not limited to these
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Figure 4.7: (a) Cumulative transport (106 m3 s−1 ) (top) above 250 m depth (dotted line)
derived from (b) absolute geostrophic velocities across the Drake Passage (m s−1 ) at the
beginning of April 2005. Hydrographic data of Jason are used to derive relative geostrophic
velocities and then corrected by corresponding surface geostrophic velocities obtained from
Maps of Absolute Dynamic Topography. Positive velocities are to the east. Front locations
are marked on the upper axis. SACCF: Southern ACC Front, PF: Polar Front, and SAF:
Subantarctic Front.

deep profiles and can include shallower hydrographic profiles to extend the section
further to the south and north, although I exclude profiles taken on the continental
shelf. The flow can be seen to be ordered in vertically coherent, strong down-passage
currents separated by much weaker mean currents. All three fronts are correlated
with such strong current cores (Fig. 4.7). The SAF has a maximum velocity of more
than 0.4 m s−1 just south of the position of the hydrographic front at 55◦ S. There is
an indication of a stronger current core of more than 0.8 m s−1 below 400 m depth.
Between the SAF and the PF lies a zone of eastward flow between 0.4 m s−1 and
0.6 m s−1 . The PF has two current cores at depth. The stronger one extends close to
the surface north of the hydrographic-based position at 57◦ S with velocities higher
than 0.6 m s−1 . Just south of the PF is a current core below 700 m depth with a
maximum velocity of just over 0.3 m s−1 . Around 58.4◦ S lies a region with no flow to
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the east and a slowly westward-flowing current core below 100 m depth. At 59◦ S the
SACCF is visible with an eastward current of up to 0.2 m s−1 , although due to the
lack of deep profiles further south, I miss the maximum current core. Nevertheless,
this frontal jet supports the position of the SACCF based on the hydrographic data
in Fig. 4.3. South of 59.5◦ S a westward flowing current marks the southern limit of
the ACC and the position of the Antarctic Slope Front. In calculating the cumulative transport (Fig. 4.6b), the southern limit to the section means that the transport
of the SACCF is not taken into account (Fig. 4.7). This is evidence that I underestimate the total transport across Drake Passage derived from the mass transport
function Q2500 and the baroclinic transport stream function χ2500 . The cumulative
transport above 250 m depth is derived from the absolute geostrophic velocity section and shown in Fig. 4.7. The surface layer down to 250 m depth transports about
38 × 106 m3 s−1 ± 15 ×106 m3 s−1 to the east.

4.5 Discussion and Summary
4.5.1 Frontal structures
Various definitions exist for defining the positions of the ACC fronts (Orsi et al., 1995;
Belkin and Gordon, 1996). Orsi et al. (1995) and Sprintall (2003) locate the SAF at
the maximum subsurface temperature gradient between the 4◦ C and 5◦ C isotherms
at 400 m depth, while I position the SAF at the 4◦ C isotherm at 300 m depth (Ch.
3). Both definitions give very close results when applied to the transect of Jason
(Fig. 4.3). Very interesting is the wintertime occupation of Drake Passage by Rudolph
(Fig. 4.2). Here, the definition of Orsi et al. (1995) would place the SAF incorrectly,
while the definition in chapter 3 is still valid. This discrepancy is due to the fact that
wintertime data of Drake Passage, which contributed to the definition of the criterion
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in chapter 3, are rare and therefore not well-represented in the study of Orsi et al.
(1995). The position of the SAF correlates closely with the mean frontal positions of
chapter 3.
The PF is defined by the northernmost extent of the 2◦ C isotherm at 200 m depth
(Orsi et al., 1995). This definition is also valid for the wintertime data in Fig. 4.2.
The zone of nearly homogeneous water between the PF and the SAF can however
blur this position. The position of the PF lies further north than the mean frontal
position of chapter 3. However, I show that the position of the PF in Drake Passage
is accompanied by a strong variability.
The subducting winter water in Fig. 4.3 can also distort the position of the PF when
using this simple criterion. Orsi et al. (1995) constrain their definition by including the
crossing of the temperature minimum layer from above to below 200 m depth, which
would position the PF at the correct place. Nevertheless, this crossing of Antarctic
waters across the PF and its influence on intermediate waters north of the SAF
supports the arguments of freshening of intermediate waters in the Subantarctic Zone
by Antarctic waters (see Meredith et al., 1999, and references therein). This modified
water will ultimately contribute to the fresh Antarctic Intermediate Water (AAIW)
layer north of the ACC and imprint characteristics of Antarctic origin on those derived
by deep convection north of the SAF (Piola and Gordon, 1989; Talley, 1996).
Orsi et al. (1995) place the SACCF at the location where the temperature maximum
layer is below 500 m depth and above 1.8◦ C, I apply a simple rule by selecting the
1.8◦ C isotherm at 500 m depth (Ch. 3). Both these definitions give the same results
when applied to the transect of Rudolph (Fig. 4.2). The transect of Jason does not
show such a clear vertical 1.8◦ C isotherm. However, the 1.8◦ C isotherm of the temperature maximum layer crossing the 500 dbar isobar and the current cores of Fig.
4.7 support the position of the SACCF at 59◦ S, which again agrees well with chapter
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3.
Remotely-sensed sea surface temperature (SST) data are often used to determine
the positions of the SAF and PF within the ACC (Moore et al., 1999; Dong et al.,
2006). The meridional maxima of the SST gradient are allocated to the different ACC
fronts. In this context, the very weak surface temperature signal of the SAF in Fig.
4.3 is interesting, supporting the argument of chapter 3 that the SST gradient across
the SAF can be very weak in Drake Passage, and suggesting that remotely-sensed
SST data are not always appropriate for determining the location of the SAF.
Figures 4.5 and 4.6 show that the main transport occurs very close to the three
main ACC fronts. The transports derived from the high spatial resolution transect of
Rudolph show many small current cores, resulting in a much more complex current
system than the traditional conceptual model of the ACC frontal system. The high
detail of the transports based on the method including shallower depths suggests that
these weaker currents only occur in the upper layer. This branching structure of the
ACC flow has also been observed in previous work (Moore et al., 1999; Sokolov and
Rintoul, 2002; Lenn et al., 2007). Previous work using fine-scale sampling techniques
in the upper waters of the Southern Ocean has also highlighted the complex nature of
the ACC fronts. Pollard et al. (1995) used a towed undulator to obtain an upper-ocean
hydrographic transect upstream of Drake Passage, and observed fine scale (5-10 km)
undulations when crossing the ACC fronts here. Meredith et al. (2003b) made similar observations of ‘streakiness’ in the SACCF using 2 km-resolution data close to
South Georgia. This was attributed to differential advection by the ACC fronts, with
the large velocities advecting water mass properties along the axis of the front more
rapidly than on either side, thus sharpening the cross-frontal gradients. I have demonstrated here that in situ fine-scale information on ACC frontal structures is obtainable
with the CTD-tagged animals, and without recourse to cruise-based sampling.
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In general, the fronts are better resolved in the transect of Rudolph (Fig. 4.2) than
in the data of Jason (Fig. 4.3), due to the closer station spacing close to the fronts
of Rudolph. Rudolph sampled 81 vertical hydrographic profiles with higher station
density around the frontal positions. As a result, the horizontal detail of the frontal
structures and the detail in transports across Drake Passage are better than analysis
based on CTD sections (which typically consists of about 30 profiles), and hence
are better able to resolve the fine-scale structures described above. XBT sections
commonly have a greater detail, but lack in general salinity measurements. Typically
these sections are also pre-planned, and so the spatial resolution is the same in the
ACC zones as in the fronts, while seals target the fronts preferentially, which gives
them great utility when wanting high spatial resolution in regions of rapid change
over short distances.
This case shows that Southern elephant seals are ‘adaptive samplers’, directing
sampling effort to particularly interesting and productive regions as they adaptively
sample their environment based on previous experience. These foraging areas are
also likely to coincide with the regions of most interest to oceanographers. This also
has the added benefit that individuals are likely to retrace previous tracks, and can
therefore provide repeat sections. Some seal species penetrate deep into polar regions
where cloud and partial or near-total sea ice coverage can limit the applicability
of oceanographic remote sensing, and where most profiling floats and ships cannot
operate (Ch. 5).

4.5.2 Transports
The maximum transport per unit width above 2500 m at the position of the three
major fronts of the ACC are between 10×106 m3 s−1 and 20×106 m3 s−1 (Fig. 4.5). Between the fronts lie regions of weak flow or counter-currents. The transect of Rudolph
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shows a relatively strong counter-current of up to 10 × 106 m3 s−1 to the west (Fig.
4.5) associated with the homogeneous water between the PF and SAF (Fig. 4.2). The
eastward flows associated with the fronts can be distinct as derived from Rudolph
or merge as the flow of the PF and SACCF do in the transect of Jason. The total transports of the fronts derived from Fig. 4.6 are between 10-20 ×106 m3 s−1 for
the SACCF, 45 ×106 m3 s−1 for the PF and between 10-35 ×106 m3 s−1 for the SAF.
This correlates well with the results of previous work (Orsi et al., 1995; Sokolov and
Rintoul, 2002; Sprintall, 2003).
The absolute geostrophic velocity section across Drake Passage at the beginning
of April 2005 shows three current cores associated with the three fronts (Fig. 4.7).
A low velocity of about 0.2 m s−1 is associated with the SACCF, while the PF and
SAF show velocities of more than 0.6 m s−1 . These surface layer velocities and their
vertically coherent structure correlate well with previous findings (e.g., Lenn et al.,
2007).
I utilised relationships between upper ocean temperatures and stream functions to
determine the cumulative baroclinic transports across Drake Passage based on two
methods (Sprintall (2003) and Sokolov et al. (2004)). In general, transports Q2500
based on Sprintall (2003) are slightly lower than χ2500 based on Sokolov et al. (2004)
and show more detail. Sprintall (2003) showed that most of the mesoscale variability is
only evident in the upper layer above 200 m depth. Q2500 incorporates this variability
by including T100 and, therefore, shows a higher level of detail. I am able to resolve
the high frequency variability in Drake Passage, only by including this upper layer
into the estimates.
For the transect of Rudolph in June 2004, I estimate the total baroclinic transport
to be 124 × 106 m3 s−1 ± 14 × 106 m3 s−1 . This agrees well with summertime estimates
of previous work. I note however, that this is an estimate for the total baroclinic
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wintertime transport through Drake Passage in June 2004 and I lack comparative
data. The transect of Jason in April 2005 yields an estimate of 110 × 106 m3 s−1 ±
14 × 106 m3 s−1 . I assume that this is a low estimate, because of the limited data
around the SACCF.
The total transport across Drake Passage in April 2005 in the upper 250 m is estimated at 38 × 106 m3 s−1 ± 15 × 106 m3 s−1 (Fig. 4.7). This estimate is higher than
the mean transport of 27.8 × 106 m3 s−1 ± 1 × 106 m3 s−1 between September 1999
and December 2004 of Lenn et al. (2007). Lenn et al. (2007) also report that the
upper 250 m account for 20% of the total transport. This yields a very high total
transport of 190 × 106 m3 s−1 ± 75 × 106 m3 s−1 derived from the absolute geostrophic
field, when compared to the total estimate based on the upper ocean temperatures.
However, calculating the mean weighted by the variances based on all three transport
estimates yields 112 × 106 m3 s−1 ± 14 × 106 m3 s−1 for April 2005.
In summary, a unique hydrographic dataset obtained by instruments attached to
two Southern elephant seals reveals the frontal structure of the ACC and is analysed to
estimate the total eastward transport in Drake Passage. New technology has enabled
us to obtain an in situ dataset with high spatial resolution even in the wintertime
across Drake Passage. The majority of the uncertainty is due to the accuracy of the
sensors. New generations of animal-borne sensors have better sensors and higher accuracy. These high-accuracy sensors have the ability to collect large numbers of profiles
cost-effectively, particularly at times where traditional oceanographic measurements
are scarce. Southern elephant seals are ‘adaptive samplers’ with increased spatial
resolution close to hydrographic fronts capable of resolving fine-scale structures in
the frontal features, and are thus a powerful complement to the existing means of
data collection. Future deployments will yield better estimates and provide further
detailed information on the locations of the transport changes. These data will be of
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great benefit in adding to the ship-derived Drake Passage transport estimates, and
will help mitigate the seasonal bias in the in situ sampling of the ACC at this location.
It is thus of great importance that the CTD-SRDL deployments are maintained, and
enhanced in number, into the future.
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5.1 Preface
This chapter presents the results of biological, physical and interdisciplinary work
conducted predominantly by the lead author (Dr. Martin Biuw) and myself. Dr. Biuw
led the ecological and behavioural aspects of the study. The physical oceanography
aspects of the research, and the physical side of the interdisciplinary aspects, were
led by myself.
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5.2 Abstract
Responses by marine top predators to environmental variability have previously been
almost impossible to observe directly. By using animal-mounted instruments simultaneously recording movements, diving behavior, and in situ oceanographic properties,
we studied the behavioral and physiological responses of Southern elephant seals to
spatial environmental variability throughout their circumpolar range. Improved body
condition of seals in the Atlantic sector was associated with Circumpolar Deep Water
upwelling regions within the Antarctic Circumpolar Current, whereas High-Salinity
Shelf Waters or temperature/salinity gradients under winter pack ice were important in the Indian and Pacific sectors. Energetic consequences of these variations
could help explain recently observed population trends, showing the usefulness of this
approach in examining the sensitivity of top predators to global and regional-scale
climate variability.
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5.3 Introduction
The Southern Ocean (SO) is one of the most productive of the world’s oceans, mainly
a result of short, intensive spring phytoplankton blooms (Smetacek and Nicol, 2005).
Because of restrictions on land-ocean-atmosphere interactions by the Antarctic ice
cap, nutrient supply via rivers and dust is generally small or absent. Input of sedimentary nutrients is limited to coastal shelves, whereas pelagic waters over deep
basins can be enriched via nutrient release from melting sea ice (Brierley and Thomas,
2002), advection of nutrientrich water masses from upstream shelf regions (Sullivan
et al., 1993), or upwelling from distant sediment sources (Prezelin et al., 2000). The
spatial and temporal distribution of nutrients is therefore highly influenced by interactions between bottom topography, water mass properties, ocean currents, and
sea-ice dynamics. Significant phytoplankton blooms occur mostly on continental or
island shelves, in the wake of the retreating sea ice or along frontal systems within
the Antarctic Circumpolar Current (ACC) (Moore and Abbott, 2000). Understanding the responses of higher trophic levels to such spatial and temporal variability is
fundamental to the effective management of living resources in the SO, and for predicting how animals may respond to climate change and the consequent changes in
ocean circulation, ice dynamics, and biogeochemistry.
It is often difficult or impossible to observe directly how marine predators interact
with their environment and the prey within it. It is especially challenging to obtain
information on diet and the distribution of potential prey for long-ranging migrating species. Stomach contents and fecal remains are rarely available, and sufficiently
detailed surveys of prey distribution are often lacking. Most studies of foraging ecology of marine predators have instead attempted to correlate habitat use or movement
patterns to environmental characteristics (Mcconnell et al., 1992; Pinaud and Weimerskirch, 2005; Lea and Dubroca, 2003). Such studies do not adequately examine prey
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choice or food web interactions, but can characterize critical habitats for conservation and management purposes. Relating movement and behavioral data from animal
tracking to specific local environmental features is also challenging. For instance, data
on ocean surface properties may not be good indicators of environmental conditions
relevant to deep-diving species, and subsurface data are often not available at relevant
spatial and temporal scales. It is not surprising that some studies have found strong
correlations between behavioral patterns and environmental characteristics (Lea and
Dubroca, 2003; Guinet et al., 2001), whereas other results have been more ambiguous
(Bradshaw et al., 2004).
To understand the effects of environmental variability on foraging success and,
ultimately, reproductive performance requires not only direct measurements of reproductive output coupled with studies of movement patterns while at sea, but also some
method of identifying where and when animals actually improve their body condition.
Appropriate feeding indices are often difficult to obtain, and most studies instead use
proxies such as changes in movement patterns and time spent within discrete areas.
Although these patterns may indicate high search effort, they do not necessarily relate
to foraging success or, even more importantly, changes in animal condition.
Southern elephant seals (Mirounga leonina) represent a unique opportunity for
studying links between environmental variability, individual physiology, behavior, and
population dynamics across a range of scales in space and time. They are long-ranging
(Mcconnell et al., 1992; Hindell et al., 2003) and deep-diving (Hindell et al., 1992)
predators that can potentially access a wide range of geographic and oceanographic
regimes in the SO, from benthic shelf areas to midwater pelagic water masses. They
require ample stored reserves obtained at sea to fuel their reproductive efforts on
land. Declines occurred at key colonies in the Indian and Pacific sectors during the
1950s-1970s (Hindell and Burton, 1987; Guinet et al., 1999; Laws, 1994), whereas
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populations in the Atlantic sector remained stable (McCann, 1985; Laws, 1994; Boyd
et al., 1996). A recent reexamination concluded that changes in the marine environment were the most plausible cause of the observed declines (McMahon et al., 2005).
The diet of elephant seals is not well known. Because of their long migrations,
stomach contents are almost entirely digested by the time seals return to land where
prey remains can be studied. Cephalopods (squid and octopus) probably constitute
their main diet (Clarke and MaxLeod, 1982; Rodhouse et al., 1992; van den Hoff
et al., 2003), but new methods for diet study suggest that fish may, at least seasonally,
make up a significant proportion (Bradshaw et al., 2003). The spatial and vertical
distribution of potential prey species is also poorly understood, especially during the
winter season. It is, nevertheless, critically important to describe seal movements and
habitat use, and to describe the environmental features that characterize their feeding
habitats. Movements, habitat use, and diving behavior have been intensively studied
at some colonies (Mcconnell et al., 1992; Bradshaw et al., 2004; Hindell et al., 2003,
1991,?; Campagna et al., 1999), but there has been no comprehensive description of
these across the entire range of the species. Attempts to physically characterize their
feeding habitats have been limited to remotely sensed surface water properties.
Recent developments in animal-borne sensors and data loggers have resulted in an
oceanographic instrument: the conductivity-temperature-depth satellite relay data
logger (CTD-SRDL) (Lydersen et al., 2002), capable of providing high-accuracy vertical temperature/salinity (T-S) profiles relayed via satellite. See chapters 1 and 2 for
details on instrument specifications, sensor accuracy, data compression, and transmission strategies, etc. When deployed on deep-diving and long-ranging marine vertebrates, these instruments provide extensive spatial coverage and high temporal resolution of key physical oceanographic variables while simultaneously resolving the
spatial and temporal scales of importance to the behavior and physiology of individ-
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uals. Species returning regularly to breathe at the surface (such as seals, whales, and
turtles) allow data to be relayed via satellite in near-real time. This approach complements traditional oceanographic data collection methods, especially in logistically
difficult regions such as the SO. Many seals inhabit seasonally ice-covered seas, and
regularly dive beneath the ice where most ocean-observing techniques cannot operate
effectively. Here, we present results from Southern Elephant Seals as Oceanographic
Samplers (SEaOS), a circumpolar study demonstrating how this unique approach can
be used to study interactions between large marine predators and their environment.

5.4 Results and Discussion
We deployed CTD-SRDLs on 85 Southern elephant seals from key colonies throughout
the SO (Fig. 5.1) in the Austral summers of 2003-2006 at four locations: Macquarie
Island (n=16), Kerguelen Islands (n=29), South Georgia (n=21), and South Shetland
Islands of the Antarctic Peninsula (n=19), representing the main breeding populations around the SO (Fig. 5.1). Instruments were deployed in January and February
at the end of the annual molt, and lasted throughout most of the Antarctic winter season (mean ±1 standard deviation, 160.9±83.3 days). The longest track (326
days) covered the entire winter migration of a South Georgia female (February 14 to
October 9, 2005). The tag remained attached during the 30-day breeding period at
South Georgia, and covered almost the entire subsequent summer trip (November 8
to January 1). Overall, seals delivered 2.3±0.4 complete temperature (T)-S profiles
per day, at an average spacing of 21.3 km (95% less than 62 km apart) (Fig. 5.2).
We assessed spatial and temporal changes in diurnal diving behavior by using
weighted mean daytime and nighttime dive depths. These were calculated by using weights defined by Gaussian density curves centered at local noon and midnight,
respectively, with the 5-95% interval extending to 3 h in either direction. Values
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therefore represent the weighted mean dive depths over 6-h day and night periods.Weestimated changes in body condition of seals from their buoyancy, measured
by the vertical rate of passive descent or ascent during so-called ‘drift dives’. This
method has previously been described by Biuw et al. (2003), and provides a qualitative, indirect measure of changes in relative fat content. Briefly, buoyancy of seals at
depth is almost entirely determined by relative amounts of lipid and lean tissue, and
important feeding habitats can be inferred by mapping the change in relative lipid
content (i.e., buoyancy as measured by drift rate) across the animals’ range. Behavioral and physiological data were linked with the contemporaneous in situ measured
physical properties collected by the seals, allowing us to study their responses to
oceanographic features. See chapter 2 for details of sensor accuracy and compression
algorithm. To define the most important seawater properties encountered by seals,
Gaussian mixture models were fitted to the Θ and S properties measured at the deepest point of each dive, where the entire range of a given property can be described
by a mixture of several normal distributions. The individual mixture components
(clusters) can then be conveniently defined by their means and standard deviations.

5.4.1 Movements and Distribution
The movements of the 85 seals extended the documented range of the species, and
demonstrated the circumpolar coverage of their migrations, from subtropical waters
in the north to continental polar waters in the south (Fig. 5.1). One conspicuous
exception is the apparent avoidance of the Weddell Sea. Seals in the Atlantic sector did
not cross the Weddell/Scotia Confluence into Antarctic waters. Instead, the majority
remained within the ACC, and a few individuals migrated into waters to the north of
the Subantarctic Front (SAF). Similarly, seals tagged at the South Shetland Islands
that migrated east into the Atlantic Sector stayed north of the South Scotia Ridge
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Figure 5.1: Orthographic view of
the SO. (Upper) The four sites
of instrument deployments are indicated by the filled black circles
(SG, South Georgia; KE, Kerguelen Islands; MI, Macquarie Island;
LI, Livingston Island), whereas the
black lines represent mean locations of the major ACC fronts.
From north to south, these include
the Subtropical Front (dotteddashed line) and SAF (dotted line)
taken from Orsi et al. (1995), followed by the PF (solid line) and
SACCF (dashed line), taken from
Moore et al. (1999), the latter
modified in the Scotia Sea region
by data from Argo floats and CTDSRDLs deployed on seals in this
study (Ch. 3). The Weddell Sea
(WS), East Antarctica (EA), Ross
Sea (RS), and Bellingshausen Sea
(BS) are also indicated. (Lower)
The circumpolar movements of 85
Southern elephant seals between
January 2004 and April 2006. Colors represent tracks from South
Georgia (dark blue), Kerguelen
(green), Macquarie (light blue),
and the South Shetlands, Antarctica (red). Note the contrast between seals in the Atlantic sector showing a preference for ACC
waters compared with the rapid
southerly migrations by most Kerguelen and Macquarie seals across
ACC waters toward the continental margin of East Antarctica or
into the Ross Sea.

marking the border between the Scotia and Weddell Seas.
The only South Georgia seals to reach Antarctic waters did so along the shelf and
shelf break west of the Antarctic Peninsula or in the Bellingshausen Sea during late
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Figure 5.2: Histograms of (a) the maximum pressures of all T-S profiles and (b) the
distance between consecutive T-S profiles obtained from the Southern elephant seals during
the Southern Elephant Seals as Oceanographic Samplers (SEaOS) program.

summer before moving north into the ACC as the ice expanded in the autumn (Fig.
5.1). These patterns are consistent with previous studies (Mcconnell et al., 1992)
suggesting limited use of Antarctic waters. Most seals from the South Shetlands remained on or close to the western Antarctic Peninsula shelf. However, some of the
South Shetland seals undertook very long migrations to the west, either along the
Antarctic Polar Front (PF) or the ice edge, overlapping with seals from the Macquarie Island population (Fig. 5.1). Migration patterns of seals from Kerguelen and
Macquarie Island were less variable. Generally, a rapid southerly transit across the
ACC frontal systems into Antarctic waters was followed by meandering movements,
either in relatively confined, seasonally icecovered shelf waters along the East Antarctic coastline, or within the pack ice in the northern part of the Ross Sea (Fig 5.1).
Few seals from Kerguelen and Macquarie remained within the ACC during the entire
tracking period or moved northward into the ACC when the ice expanded in winter.
In contrast to South Georgia, seals from these two populations spent very little time
north of the SAF.
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5.4.2 Diurnal Variations in Diving
Elephant seals from all colonies displayed strong diurnal patterns, presumably reflecting diurnal vertical migrations of prey. But day and night dive depths were not
uniform across the SO. Overall, dives were deeper in the northern parts of the SO
and became shallower toward the south. This was especially evident for nighttime
dives, which were substantially deeper (>500 m) north of the PF than further south
(≈200-400 m; Fig. 5.3). The greatest diurnal differences were found between the SAF
and the Southern ACC Front (SACCF), where seals typically dived to ≈200-300 m
at night and 400-600 m or more during daylight hours. South of the SACCF, diurnal variations gradually diminished, in some regions because of the continental shelf
where seals typically dived to or near the seafloor during both day and night. Interestingly, a similar pattern was observed over deep water in the northern Ross Sea,
where dive depths were relatively consistent between 200 and 400 m, regardless of the
time of day. Small-scale variations in dive depth were observed in some areas, such
as within the main ACC system in the Atlantic sector (Fig. 5.3), possibly indicating
association with high eddy activity and increased vertical mixing processes at these
frontal regions.

5.4.3 Drift Rate and Relative Body Condition
Changes in animal buoyancy (i.e., relative fat content; see Biuw et al. (2003)) varied
substantially across the SO (Fig. 5.4). For most South Georgia seals, the largest positive changes occurred within the ACC, especially between the SAF and the SACCF,
but seals migrating to the west of the Antarctic Peninsula also displayed substantial positive changes while on the shelf break and in the Bellingshausen Sea. Most
seals from Kerguelen and Macquarie showed strong negative changes while migrating across the ACC, especially between the PF and SACCF. In the Indian Ocean
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Figure 5.3: Circumpolar interpolated surface map of weighted
mean nighttime dive depths of
Southern elephant seals.

sector, this zone broadens meridionally around the Kerguelen Plateau (Orsi et al.,
1995), representing a large region of apparently unfavorable foraging conditions. For
these two populations, positive changes in drift rate were observed mainly south of
the SACCF, either along the continental margin and shelf break along East Antarctica or within the marginal ice zone in the Ross Sea. Kerguelen and Macquarie seals
remaining within the ACC showed positive changes mainly associated with the PF.
There were many smaller-scale variations in the change in buoyancy, particularly in
the Atlantic sector. These small-scale variations likely reflect the patchy distribution
of prey resulting from the high eddy activity and small-scale dynamics of these frontal
ACC regions.
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Figure 5.4: Circumpolar map of
physiological changes during winter migrations of elephant seals.
Daily change in drift rate was calculated for 36 individuals during
their winter migrations in 2004
and 2005. Blue shading represents
a decrease in vertical change in
depth during passive drifts, indicating reduced relative lipid content, whereas green-red shading
indicates increased vertical depth
change and increasing relative lipid
content. Interpolated surfaces were
created by using the same mapping as that used for Fig. 5.3. Differences in coverage between here
and Fig. 5.3 are a result of the fact
that drift dives (for which vertical change of depth during passive
drifts can be calculated) represent
only ≈8-10% of all dives. Thus,
this surface is calculated based on
a smaller dataset than those in Fig.
5.3.

5.4.4 Physical Ocean Properties
The following analyses focus on the seawater properties at the deepest point of each
dive (Ch. 2). The South Shetland dataset was excluded from these analyses because
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of the limited number of seals for which the entire set of physical and behavioral
data were available. Seals from South Georgia encountered a wide range of physical
water properties but tended to target waters typical of the ACC. Potential temperatures were relatively uniform at 2.02±0.27◦ C, whereas salinities showed two clusters
at 34.38±0.05 and 34.58±0.09. These values correspond either to Upper Circumpolar Deep Water or, in the case of the lower salinities, the boundary between Upper
Circumpolar Deep Water and Antarctic Intermediate Water (AAIW) (Heywood and
King, 2002). A smaller cluster was also observed at significantly higher temperatures
and lower salinities (5.34±0.12◦ C and 34.16±0.08, respectively). These characteristics were observed mainly from one seal spending ≈2 months in a well defined area at
≈20◦ west of Drake Passage north of the SAF, and are consistent with deep-reaching
highly mixed surface waters in late winter indicative of the formation of Subantarctic
Mode Water and AAIW in this region (Tsuchiya and Talley, 1998).
Physical water properties encountered by Kerguelen and Macquarie seals were strikingly different from those for South Georgia seals, but were consistent with their
geographic distributions. Although some seals remained in ACC waters similar to
those of South Georgia seals [two potential temperature/salinity (Θ-S) clusters at
1.98±0.56◦ C and 34.38±0.13 or 34.60±0.06, indicating waters between the PF and
the SAF], most used colder and/or more saline waters. The main cluster showed
Θ-S characteristics typical of waters of the Antarctic Slope Front and shelf waters,
with temperatures approaching the seawater surface freezing point (-1.70±0.16◦ C)
and salinities ranging from ≈34.0 to 34.6. Some of these profiles measured along the
continental margin of East Antarctica had Θ-S characteristics consistent with HighSalinity Shelf Water, a precursor of Antarctic Bottom Water. These preferences were
even more obvious when Θ-S values corresponding to positive changes in drift rate
were highlighted. Most of the positive changes for Kerguelen seals occurred in these
extremely cold water masses associated with the Antarctic shelf regions (Fig. 5.5),
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although Θ-S characteristics associated with positive changes in drift rate for the
few individuals remaining within the ACC were similar to those of the majority of
the South Georgia seals. Although temperatures close to the freezing point were also
observed in profiles from Macquarie seals over deep water in the Ross Sea pack ice,
seals in this region appeared to favor warmer waters (1.47±0.13◦ C) with salinities of
34.70±0.52. This corresponds to the subsurface Θ and S maxima at depths of ≈200300 m, immediately below the permanent thermocline at the interface between cold
winter surface waters and the Circumpolar Deep Water. This is consistent with the
lack of diurnal pattern in this region and the restricted vertical depth coverage, suggesting that elephant seals feeding within the pack ice over deep basins dive through
the cold surface mixed layer to target sharp discontinuities that may represent important overwintering areas for mesopelagic fauna (Lawson et al., 2003). Most of the
observed positive changes in drift rate for Macquarie seals occurred within these well
defined Θ-S and depth ranges, although some also displayed positive changes in waters
encountered within the ACC with characteristics typical for the SAF (2.52±0.20◦ C
and 34.17±0.13).

5.4.5 Global Snapshot of Elephant Seal Habitats
This study of Southern elephant seal migrations from some key breeding and moulting
sites during their long-ranging winter feeding migrations provides a unique simultaneous circumpolar view of the habitat use of any SO predator. The in situ hydrographic
measurements of water masses across both their horizontal and vertical ranges also
provide a direct description of the detailed environmental conditions experienced by
them. Because our information about the distribution and abundance of potential
prey is sparse at best, this study does not attempt to correlate seal movements, behavior, and changes in condition to prey fields and diet per se. Our approach instead
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Figure 5.5: In situ Θ-S measurements collected by instruments deployed on Southern
elephant seals at three of the main locations (South Georgia, Kerguelen, and Macquarie
Island).The curved dotted lines indicate the water density corresponding to these Θ-S properties. The red surfaces represent kernel densities of Θ-S properties at the bottom of dives.
Initially, two density surfaces were created for each location: one using only those dives
occurring during periods of positive changein drift rate (i.e., periods of increasing relative
lipid content)andthe other based on dives during periods of negative change. The displayed
surfaces represent the positive minus negative density surfaces, and the color intensity therefore highlights areas of predominantly increasing lipid content. Kernel surfaces were created
by using a 50×50 grid over the range of Θ and S, yielding a resolution of 0.056×0.199 for
Θ and S, respectively.

attempts to characterize the foraging habits of elephant seals in terms of the physical
environment processes that influence nutrient availability and biological productivity.
In the highly dynamic three-dimensional marine environment where geography alone
is a poor descriptor, the in situ oceanographic measurements obtained by the approach
presented in this paper provide a detailed description of these physical characteristics
at spatial and temporal scales relevant to the animals.
The most obvious emerging pattern is the substantial basinscale difference in habitat use by seals in the Atlantic sector in contrast with those in the Indian and Pacific
sectors. The ACC frontal systems in the Atlantic are known for their comparatively
high primary productivity (Holm-Hansen et al., 2004), presumably driven by a combination of iron enrichment from nearby shelf areas (Sullivan et al., 1993) and possibly
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upwelling of Circumpolar Deep Water enriched in nutrients from sources in, for example, the North Atlantic. ACC frontal systems in the Atlantic sector may therefore
represent an accessible and predictable resource for South Georgia seals. Although
similar processes of nutrient enrichment have also been described from island shelf
regions in other sectors of the SO, such as around Crozet (Pollard et al., 2002) and
Kerguelen (Bucciarelli et al., 2001), these regions are substantially smaller than those
in the Atlantic sector. The high upwelling and diffusivity rates reported for the Scotia Sea (Naveira Garabato et al., 2004) may also cause higher nutrient enrichment
and hence support higher primary production than in other regions. These differences may explain the high usage of the ACC frontal system by South Georgian
seals, whereas this strategy was much less common among seals from Macquarie and
Kerguelen. During the shorter summer migrations between breeding and molt, seals
from Macquarie and Kerguelen may be restricted to more northern regions closer to
their colonies (Bradshaw et al., 2004), leading to migration patterns more similar to
those from South Georgia. Nevertheless, it seems clear that the South Georgia population operates within different oceanographic regimes from other populations, at
least during the winter migration.
Our findings are summarized schematically in Fig. 5.6, which compares hydrographic properties (Θ-S) measured by seals with historical data along a representative
SO vertical section. It is clear from this figure that areas in which elephant seals show
positive changes in body condition can be characterized by specific hydrographic properties, and that these properties follow the general horizontal and vertical circulation
regimes of the SO. In general, within the ACC, regions of upwelling of nutrient-rich
Circumpolar Deep Water are clearly favored, whereas there is an almost total avoidance of AAIW. South of the ACC, favorable conditions are mainly found beneath
the seasonally mixed layer, in waters that feature temperature and salinity maxima
derived from the Lower Circumpolar Deep Water. In the subpolar gyres, this water is
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Figure 5.6: Generalized section of the SO, highlighting areas where Southern elephant
seals are predicted to change their relative body fat stores. We used typical sections of
temperature and salinity from the Levitus 1◦ dataset (Levitus et al., 1994). The derived
potential density values were matched to those in table 2 in Heywood and King (2002) to
highlight the main water mass boundaries between AAIW, Upper Circumpolar Deep Water
(UCDW), and Lower Circumpolar Deep Water (LCDW). Colored contours represent the
accumulated number of matches between temperature, salinity, and derived density values
obtained from seals, and corresponding values in the schematic hydrographic section. We
used only values at the deepest point of each profile, and only those profiles obtained during
periods of positive change in drift rate. The arrows indicate the main circulation pathways
as summarized by Toggweiler et al. (2006). Note the preference for upwelling regions of
Circumpolar Deep Water and water mass transformation regions adjacent to the Antarctic
continent, and the avoidance of regions of AAIW subduction. The gradual deepening of
predicted regions to the north agrees well with the patterns of daytime and nighttime dive
depths shown in Fig. 5.3.

often termed Warm Deep Water. Another region of positive change in body condition
corresponds to the sinking and spreading of mixed waters to the south of the Antarctic Slope Front. The predicted depth ranges correspond well with those observed and
presented in Fig. 5.5, including the gradual deepening to the north within the ACC.

5.4.6 Ecological Implications
The observed differences in the occurrence of positive changes in drift rate between
populations could have important consequences for the energy budgets of these animals. As an example, our results suggest that seals from Kerguelen and Macquarie
may spend four times longer in transit compared with their South Georgia coun-
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terparts before they show signs of improved body condition. Seals from Kerguelen
and Macquarie may therefore spend as much as one extra month in transit during a
roundtrip winter migration and travel an extra distance of >1,000 km. Using equations of the diving metabolic rate of grey seals (Sparling and Fedak, 2004) scaled up to
the body size of elephant seals, we estimate that this corresponds to the expenditure
of four to five times more energy, which must be recouped by a higher net energy gain
while on the feeding grounds to ensure an unchanged overall net energy balance over
the entire trip. Based on estimates of reproductive expenditure of female elephant
seals (see, e.g., Fedak et al. (1996)), a breeding female at Kerguelen or Macquarie
that is unable to recoup this additional expenditure at sea would have to reduce
her reproductive expenditure on land by ≈10-20% compared with her South Georgia
counterpart, either by reducing the energy and material transferred to her pup or by
somehow reducing her metabolic overheads. This could have a negative effect on the
subsequent survival of their pups, particularly in years of low or uncertain summer
food abundance.
Although these estimates are relatively imprecise and do not take individual variation in energy budgets into account, they nevertheless suggest a simple mechanism
that may contribute to the different population trends observed for these populations
during the 1950s-1970s. There is evidence for a significant decline in Antarctic sea ice
extent through this period along the coast of East Antarctica (Curran et al., 2003),
whereas some other regions (notably the Weddell Sea) remained relatively unchanged
(Murphy et al., 1995). The hydrographic properties we identified as key features of
favorable feeding regions depend partially on sea ice dynamics. It is likely that such
changes in circulation patterns and ice conditions may affect prey abundance and/or
distribution and, ultimately, the net energy gain of seals while at sea. This discussion
suggests possible mechanisms by which environmental variation can affect individual
behavior and ability to obtain sufficient energy stores to allow them to reproduce
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successfully, and exemplifies a promising approach for studying these interactions. As
pointed out in Stevenson and Woods (2006), such detailed individual studies are also
crucial for understanding population changes and how they are affected by environmental variability.
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The year 2007 was an exceptional one. Measurements in the Arctic showed that the
extent of sea ice in August was almost a third below the long-term average, exceeding
all previous records1 . Torrential rain and thunderstorms spread across Asia, killing
hundreds and displacing millions across Bangladesh and North India. Widespread
flooding occurred throughout the United Kingdom killing at least 10 people. Corals
in the Pacific ocean were dying faster than previously thought, having declined by
20%. However, the global temperature for 2007 was the same as that for 2006. All
these events are linked by ocean observations, without which we wouldn’t be able to
predict weather, shrinking sea ice and climate.
The Global Ocean Observing System, which monitors the open ocean, is composed of a network of profiling floats, moorings and repeat hydrographic sections.
The biggest gaps in this network occur in polar regions, close to and underneath the
sea ice. However, observations and model simulations indicate that polar regions are
particularly sensitive to climate change, with the potential for significant feedbacks
involving sea ice, the ocean carbon cycle and global thermohaline circulation. The
lack of observations means that our ability to detect and interpret change is poor,
particularly in the Southern Ocean, where the ocean beneath the sea ice remains
almost entirely unobserved. Understanding the large and small scale processes in the
Southern Ocean and their effects on climate will improve our predictions of climate
1

http://nsidc.org/news/press/2007 seaiceminimum/20071001 pressrelease.html
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change. One hope is that the International Polar Year, which also started in 2007, will
not only provide new circumpolar measurements, but will also provide the basis for
long-term observations in the polar regions as part of the Southern Ocean Observing
System.
The purpose of this thesis has been not only to aid better understanding of the
most prominent feature of the Southern Ocean, the ACC, but also to provide the
basis for animal-borne sensors to be integrated into existing ocean observing systems. Therefore this dual purpose resulted in a very broad-based thesis, ranging from
technical topics regarding sensors, via physical oceanography to relating animal behaviour to their immediate physical environment. On this account, I organised the
general discussion into three main topics. First, I will summarise and discuss the use
of animal-borne sensors in oceanography. Then, I discuss the frontal system of the
ACC in the Atlantic sector and finally, discuss the links between marine animals and
their physical environment.

6.1 Animal-borne sensors in oceanography
I have shown that animal platforms present a complement to the existing observing
systems. CTD-SRDLs were attached to marine animals and reported vertical profiles
of salinity, temperature and pressure to depth of up to 2000 m. This is not a new
idea, but the Sea Mammal Research Unit together with Valeport Ltd. were the leading
forces in developing a CTD sensor, small enough yet accurate enough to be integrated
into existing animal tags (Ch. 2).
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6.1.1 Sensor accuracy
Recent studies show that mid-depth Southern Ocean temperatures have warmed by
as much as 0.17 ◦C since the 1950’s (Gille, 2002), but long-term changes in the ocean
temperature are usually of the order of 0.01 ◦C per decade (Zenk et al., 2003; Fukasawa
et al., 2004). To incorporate ocean temperature and salinity data into oceanographic
datasets the accuracy should be in the order of 0.1 and to play a role in the study of
global climate change the accuracy needs to be better by at least one order (Ch. 2).
The sensor head of CTD-SRDLs is constantly evolving and, at the moment, lab
calibrations of CTD-SRDLs show an accuracy of better than 0.01 in temperature and
salinity (Ch. 2). Thus, the sensors are supposed to be of at least same quality as
XBT data (Boyd and Linzell, 1993) and close to the accuracy demanded by the Argo
project for profiling float accuracy (Wong et al., 2003; Gould et al., 2004; Boehme
and Send, 2005). However, similar to the Argo floats, recalibrations are difficult to
conduct. So, a remote delayed-mode quality control system needs to be set up and
the algorithms used by the Argo community offer the best results (Bacon et al., 2001;
Wong et al., 2003; Boehme and Send, 2005). Unfortunately, the high variability in
the Southern Ocean yield high uncertainties for the estimated corrections (Ch. 2). In
addition, the lack of historical reference data complicates the interpretation of an estimated correction even further. The difference between a CTD-SRDL measurement
and a calculated reference (Wong et al., 2003; Boehme and Send, 2005) can be due to
a sensor drift and/or a change in watermass properties since the historical reference
profiles were made. One way to improve this technique is to get as many accompanying reference CTD profiles as close by in time and space as possible. Another way to
improve the quality of this technique is to use data of the CTD-SRDLs themselves,
when enough different CTD-SRDLs are operating in the same area as described in
Boehme (2004). Other methods can be used in conjunction with these fundamental
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comparisons. One possibility is, for example, to analyze the differences and complementarities between altimeter sea level anomalies based on satellite measurements
and CTD-SRDL data at different time and space scales. Comparisons of CTD-SRDL
derived dynamic height with altimeter sea level anomalies could be particularly instrumental in detecting systematic errors from specific CTD-SRDL sub-sets (Guinehut,
pers. comm.).
Nevertheless, I have shown that the accuracy of CTD-SRDLs is in the order of
other traditional oceanographic measurements techniques and are a very useful tool
for ocean observations.

6.1.2 Spatial and temporal coverage
I have shown that CTDs on animal platforms can deliver data from large scale, ocean
basin wide observations (Ch. 3) to small scale, localized observations (Chs. 1, 2 and
4). Depending on their software configuration, CTD-SRDLs can deliver more than
4 CTD profiles a day for up to several months (Chs. 1 and 2). By getting in situ
measurements on such short temporal scale in the Southern Ocean we might be able
to investigate the short-term variability of the ACC for which sampling intervals very
much shorter than 10 days are needed (Meredith and Hughes, 2005).
When deployed on wide ranging marine animals, CTD-SRDLs deliver also a huge
spatial dataset, e.g. Southern elephant seals travel up to 12000 km during their migration between moulting and breeding (Fig. 6.1). The main advantage in this context
is that they are not bound to ocean currents, but hydrographic sections across main
ocean currents (e.g. ACC) are obtainable on a regular basis (Ch. 4). On the other
hand, by choosing a species linked to a certain habitat (e.g. Weddell seals), data from
a specific location over a long period can be obtained (see Chs. 1 and 2). The spatial
resolution during such deployments can be below 10 km (Chs. 2 and 4). Here, the
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Figure 6.1: Animal tracks from previous studies in the Southern Ocean (on the left)
and in the North Atlantic (on the right). The same coverage will be provided during the
International Polar Year by joint efforts from the UK, France, Norway, Australia, USA,
South Africa, Germany, Brazil and Canada.

information collected by biologist helps to find the right animal for the job. Such a
temporal and spatial coverage is unmatched by any other traditional oceanographic
instrument.
This thesis shows also that certain marine mammal species are ‘adaptive samplers’,
directing sampling effort to particularly interesting and productive regions as they
adaptively sample their environment based on previous experience (Ch. 4). CTDSRDLs on such animals deliver a higher horizontal resolution close to such regions,
e.g. ocean fronts, even when the CTD-SRDL is set up to transmit ‘only’ 2 profiles
a day (Ch. 4). Marine mammals are also likely to retrace previous tracks, and can
therefore provide repeat sections (Fig. 6.2).
During the International Polar Year, animal-borne sensors will be deployed on a
range of species in polar regions to cover the Southern Ocean and the polar part of
the North Atlantic (Fig. 6.1) as part of the MEOP (Marine Mammal Exploration of
the Oceans Pole to Pole) project. MEOP is based on the success of SEaOS and started

151

6 Discussion

Figure 6.2: Migration of the Southern elephant seal Bernt tagged in 2005 (red and figure
6.5) and retagged in February 2008 (yellow).

in July 2007. This project will provide a unique source of fundamental physical and
biological data from both polar oceans.

6.1.3 Ocean Observing System
In chapter 4, I show that the CTD-SRDLs have enabled us to obtain an in situ
dataset with high spatial resolution even in the wintertime across Drake Passage.
Weddell seals provide data from even further south (Ch. 2). By sampling the ocean
during winter, CTD-SRDLs fill a ‘blind spot’ in the sampling coverage of existing
ocean observing systems. Another benefit of animal-borne sensors is that some marine
mammals live beneath the sea ice and can carry sensors to obtain oceanographic data
from such important but undersampled regions (see Chs. 1 and 2).
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Figure 6.3: Number of CTD profiles collected per month during the MEOP project (bars)
and cumulative sum of profiles since July 2007 (solid line).

Not only does the possible spatial and temporal coverage of animal-borne sensors
make them a suitable for integration into the Global Ocean Observing Sytem, but
their real-time data transfer makes them a valuable tool for short term weather and
ocean forecast systems. The data of the SEaOS project will be integrated into a
new version of the World Ocean Database and is already submitted to the British
Oceanographic Data Centre (BODC). Data collected within the MEOP project are
not only archived for post-deployment analysis, but are also freely available in near
real-time. These data are being distributed via the World Meteorological Organization
(WMO) Global Telecommunication System (GTS) to operational forecasting centres
where they can be assimilated into models that are run to provide ocean forecasts
and long-range seasonal and climate predictions. This system started working at the
beginning of July 2008 and is part of the UK project Oceans 2025. More than 33500
CTD profiles were eligible for transmission on the GTS by beginning of July 2008
with more than 150 CTD profiles forwarded per day.
Forwarding the CTD-SRDL data in near real-time onto the GTS is just one step
to make such data freely available and useful for a wider audience. In the future,
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CTD-SRDL data will be forwarded and processed at data centres, e.g. the BODC
and Coriolis, to provide quality controlled data.

6.1.4 The future of animal-borne sensors in oceanography
Animal-borne sensors have many advantages when incorporated into ocean observing
strategies. Two main issues will determine the future of animal-borne sensors during
the next decade. Firstly, we have to improve the efficiency and sensor performance.
The second question is how animal-borne sensors will combine with other autonomous
instrumentation in a comprehensive ocean observing system.
In this thesis, I have discussed the first issue in detail showing both the limitations
and the strengths of animal-borne sensors in measuring ocean data. The main constraints on the design are power consumption and size. The size limits the use of ‘off
the shelf’ sensors to be incorporated into the existing CTD head (Ch. 2). Nevertheless, we are in the process of developing a miniature chlorophyll-a sensor as an add-on
to the existing system, with a feasibility study by French collaborators on Kerguelen, who deployed such a system on Southern elephant seals in February 2008. These
SRDLs deliver CTD and fluorocence data from the shelf region of the antarctic continent. In the future, additional sensors will be either incorporated into the CTD head
or provide complete new sensor heads focussing on e.g. biochemical measurements.
I have shown that CTD-SRDLs can deliver broad- and small-scale observations.
However, their accuracy is less than ship-based measurements, the vertical resolution
is less than most traditional techniques and CTD-SRDL data are limited to animal
habitats, e.g. cannot deliver data from below ice shelves, where e.g. gliders and AUVs
can be used to obtain high-resolution data. Nevertheless, the strength is their complementary character to existing techniques. Oceanographers are not only able to extend
the temporal and spatial resolution of existing datasets (Chs. 3 and 4), but they can
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also fill in some ‘blind spots’ by using CTD-SRDLS. The ACES-FOCAS BAS core
project deployed four tags on Weddell Seals in the southern Weddell Sea in early
2007 and, by September 2007, over 1300 profiles to depths greater than 300 m had
been obtained from over the continental shelf (Ch. 2). This deployment increased the
number of existing CTD profiles in this area by one order, despite the fact that most
historical profiles were from the summertime. In the wintertime the profiles transmitted by the CTD-SRDLs were more than 1500 km from the ice edge deep in the pack
ice. A truly unprecedented dataset in both temporal and spatial resolution. Such
difficult-to-access regions are the natural niche for CTD-SRDLs in the future and
other such developments are being actively pursued, including bids to the Antarctic
Funding Initiative and elsewhere.

6.2 The frontal system of the ACC
It is an unfortunate fact that one of the most informative parts of the ocean is also the
least hospitable, the Southern Ocean around Antarctica. The ACC, which dominates
the circumpolar flow in the Southern Ocean, is a critical component of the ‘Great
Ocean Conveyor Belt’, but we have only just started to develop the tools to observe
the variability of the ACC at high spatio-temporal resolution using in situ data.

6.2.1 The variability of the ACC
Previous studies describing the Southern Ocean on a coarser scale were hampered by
the lack of in situ data, cloud cover or low spatial resolution. None of these studies
describe the three major fronts of the ACC (SAF, PF and SACCF) simultaneously
with good spatial and temporal coverage. Orsi et al. (1995) and Belkin and Gordon
(1996) were the first to map the circumpolar distribution of the Southern Ocean fronts,
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but the lack of in situ data only allowed a very limited view at the average positions
of the different fronts. This thesis shows that by combining data from animal-borne
sensors with Argo float data, we are able to investigate the variability of the frontal
system from Drake Passage to the Mid-Atlantic Ridge on short temporal scales (Ch.
4). This comprehensive dataset collected in 2004 and 2005 enabled us to map the
monthly positions of the SAF, PF and SACCF. The striking feature here are the more
northerly positions of the Subantarctic Front, the Polar Front and the Southern ACC
Front between South Georgia and the Mid-Atlantic Ridge compared to their historical
mean positions (Fig. 6.4). A recent paper (Fyfe, 2006) argued that the observed
warming of the Southern Ocean (Gille, 2002) is anthropogenic in origin, and related
to a southward shift of the ACC caused by an increase in zonal winds. However, this
is based on coarse-resolution modeling, and whilst there has been some support for a
southward shift of the ACC from satellite studies (Dong et al., 2006), it is important
to note that satellites are really only effective at tracking the Polar Front or the
Subantarctic Front, not the whole ACC, and there are questions concerning how well
the surface features reflect deep frontal expressions. In addition, this thesis shows that
even the Polar Front and Subantarctic Front are sometimes without corresponding
surface expression (Ch. 3) and in situ data are necessary.
Previous work and this thesis show that the ACC shows variability on time scales
from days to years. This high variability in time and space makes it difficult to
monitor the transport variability with repeat hydrographic sections. Nevertheless,
this thesis shows that such data might be capable on longer timescales (decadal) of
monitoring changes in the ACC (Chs. 3 and 4), but there is a need to increase the
amount of wintertime in situ data to minimise aliassing. This is a difficult task and
only achievable by maintaining the ship-based sections and enhancing the number
of CTD-SRDL deployments into the future, thus enabling us to address interannual
variability (Fig. 6.5).
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Figure 6.4: Comparison of the mean positions of the Subantarctic Front (red), Polar Front
(blue) and Southern ACC Front (green) between previous work by Orsi et al. (1995) and
Thorpe et al. (2002) (dotted) and from this thesis (solid)

By using empirical relationships between upper ocean temperatures and baroclinic
mass transport we determined the transport through Drake Passage (Ch. 4). The
mean total baroclinic transports in June 2004 and April 2005 are estimated to be
124 ± 14 Sv and 112 ± 14 Sv respectively. But CTD-SRDLs deliver also salinity and
the relative geostrophic currents relative to the surface are calculated. By combining
the data with the now freely available maps of absolute dynamic topography a section
of absolute geostrophic currents of the upper 1000 m of Drake Passage (Fig. 4.7) was
derived. At longer periods these new data may help define more robust transport
means of the ACC, if sustained over several decades.

6.2.2 The branching of ACC fronts
Previous work and chapters 3 and 4 show that the ACC includes three major fronts
(SAF, PF and SACCF), which coincide with particular water mass features. This
means that simple phenomenological criteria such as the location of a particular
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Figure 6.5: Two temperature sections recorded by one elephant seal (Bernt) tagged on the
island of South Georgia in 2005.

isotherm at a particular depth can be used to locate these fronts (Ch. 3). These
major fronts are robust features of the Southern Ocean and circumpolarly continuous.
However, recent high-resolution observations from ships and satellites have made it
clear that the frontal structure of the ACC is more complex than previously inferred
from measurements with coarser sampling (e.g., Sokolov and Rintoul, 2007). The
‘adaptive’ sampling of animal-borne sensors enabled us to address this mismatch
between the frontal positions based on surface properties (Ch. 3), and the multiple
subsurface fronts and current jets which rather split and merge and re-split (Pollard
et al., 2002, Ch. 4). The detailed hydrographic CTD-SRDL sections (Figs. 4.2 and
4.7) in chapter 4 indicate multiple horizontal and vertical branches and many of the

158

6 Discussion
major ACC fronts consist of multiple branches or filaments, which merge and diverge
along the circumpolar path (e.g., Pollard et al., 2002; Sokolov and Rintoul, 2007).
So, do we need to define new fronts or are such branches ‘only’ part of the major
fronts, so that we can define a northern, middle and southern branch of each front
as e.g. Sokolov and Rintoul (2007) did? Sokolov and Rintoul (2007) find that the
multiple jets of the ACC fronts are consistently aligned with particular streamlines
based on Sea Surface Height (SSH). This alignment between the jets and streamlines
(and hence water mass properties) is remarkably robust and this result helps to bridge
between the two disparate views of the ACC fronts (Sokolov and Rintoul, 2007). This
existence of multiple jets might help to explain why previous studies and this thesis
have not agreed on the location of the Subantarctic and Polar Fronts. Although
very similar or even identical hydrographic criteria are used in these studies different
branches of the primary fronts are picked out. The temporal seperation of the studies
can also result in different intensity and water mass properties of the branches and
the horizontal seperation of the frontal locations.
Newer high-resolution observations will resolve the complex current structure of
the ACC in even more detail and might highlight even more branches than shown
in Sokolov and Rintoul (2007). However, this complex structure is only existing in
the surface layer, while the three major fronts, as defined and used in this thesis,
are deep reaching to depths of more than 2000 m. When looking at changes in the
ACC on time scales longer than inter-annual, I propose to look at these deep reaching
hydrographic fronts, which are not effected as much by the short term variability and
multiple branching in the surface layer.
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6.2.3 The future of monitoring the ACC
I have shown above that a combination of Argo and CTD-SRDLs has been uniquely
effective at tracking the actual positions of fronts (Ch. 3), and seek to implement this
technique further. We therefore set up the South Atlantic Variability Experiment
(SAVEX) as part of MEOP, which successfully obtained funding from the Natural
Environment Research Council (NERC) and started in December 2007. Within the
project we will extend the data obtained by SEaOS and will investigate further the
latitudinal shifts of the ACC in response to wind forcing and other changes in driving
mechanisms. Many issues remain unresolved, particularly: does the position of the
ACC change in a systematic way in response to changes in winds? By extending
the data obtained by SEaOS we will determine if a northward shift of the ACC has
occurred in recent years. The data available to Fyfe and Saenko (2006) suggested
the opposite but they did not have available the fine resolution in-situ data provided
by the combination of Argo and SEaOS data. If what we observed is not merely a
transient seasonal variation, the implications of it for ocean circulation are substantial.
To address this question, we deployed 10 CTD-Satellite Relay Data Loggers on
Southern elephant seals at South Georgia in February 2008. 30 more CTD-SRDLs
will be deployed in October 2008, February 2009 and October 2009, which will provide high-resolution ocean data from an area spanning the ACC from the Antarctic
Continent to the Subtropical Convergence. I have shown already that a combination
of Argo and CTD-SRDLs is most effective at tracking the actual positions of fronts
(Ch. 3), and I will implement this technique further in the SAVEX project.
Some results of this thesis are already in use. The post-processed data and the
monthly positions of the ACC fronts are incorporated into work at the Bullard Labs
in Cambridge University. Here, a method is developed to use seismic data to image
ocean currents, focussing specifically on the Southern Ocean around the Falklands.
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Figure 6.6: Huge iceberg east of
South Georgia in 2005.

Another beneficiary is the German Alfred-Wegener-Institute, which is using the data
to improve their investigations of a melting iceberg and its influence on the regional
oceanography east of South Georgia (Fig. 6.6).

6.3 Behaviour of marine animals in relation to their
immediate environment
It is often difficult or impossible to observe directly how marine predators interact
with their environment and the prey within it. Even relating movement and behavioral data from animal tracking to specific local environmental features is challenging.
Either data are often not available at relevant spatial and temporal scales (esp. in
the Southern Ocean) or data on ocean surface properties may not be good indicators
of environmental conditions relevant to deep-diving species. The hydrographic data
collected by CTD-SRDLs are therefore of particular interest to biologists. The vast
amount of data collected during the SEaOS project enabled us to study the behavioral and physiological responses of Southern elephant seals to spatial environmental
variability throughout their circumpolar range (Ch. 5).
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Figure 6.7: Migration of the Southern elephant seals tagged with CTD-SRDLs in the
2007/2008 season on South Georgia, UK (orange), Bouvet Island, Norway/South Africa
(yellow) and King George Island, Brazil (red).

For this study, I investigated data obtained by CTD-SRDLs on 85 Southern elephant
seals from South Georgia, Kerguelen Islands, Macquarie Island and Livingston Island.
The movements of the 85 seals extended the documented range of the species, and
demonstrated the circumpolar coverage of their migrations, from subtropical waters
in the north to continental polar waters in the south. This overlapping coverage
can also be seen in the actual deployments from South Georgia, Bouvet Island and
King George Island (Fig. 6.7). While seals in the Atlantic sector did not cross the
Weddell/Scotia Confluence into Antarctic waters during the SEaOS project in 2004
and 2005, one seal ventured into the Weddell Sea in March 2008. This shows that we
still don’t know the whole range of Southern elephant seals.
The CTD-SRDL data collected during SEaOS enabled us to study the behavioural
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responses to their physical environment. While elephant seals from all colonies displayed strong diurnal patterns in their diving behaviour, day and night dive depths
were not uniform across the Southern Ocean. This was especially evident for nighttime dives, which were substantially deeper (>500 m) north of the Polar Front than
further south (≈200-400 m). The greatest diurnal differences were found between the
SAF and the SACCF, where seals typically dived to ≈200-300 m at night and 400-600
m or more during daylight hours. Small-scale variations in dive depth were observed
in some areas, such as within the main ACC system in the Atlantic sector. Elephant
seals obviously dive to find food and the variations in diving behaviour possibly indicate association with high eddy activity and increased vertical mixing processes at
these frontal regions.
Changes in animal buoyancy (i.e., relative fat content) were mapped across the
Southern Ocean. The largest positive changes occurred within the ACC, especially
between the SAF and the SACCF, for seals tagged on South Georgia, while seals from
Kerguelen and Macquarie showed strong negative changes while migrating across the
ACC, especially between the PF and SACCF. For these two populations, positive
changes in drift rate were observed mainly south of the SACCF, either along the
continental margin and shelf break along East Antarctica or within the marginal
ice zone in the Ross Sea. Improved body condition of seals in the Atlantic sector
was associated with Circumpolar Deep Water upwelling regions within the Antarctic
Circumpolar Current, whereas High-Salinity Shelf Waters or temperature/salinity
gradients under winter pack ice were important in the Indian and Pacific sectors.
The observed differences in the occurrence of positive changes in drift rate between
populations could have important consequences for the energy budgets of these animals and although these estimates are relatively imprecise and do not take individual variation in energy budgets into account, they nevertheless suggest a simple
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mechanism that may contribute to the different population trends observed for these
populations during the 1950s-1970s.

6.3.1 Marine mammal habitats in a changing environment
The biggest challenge facing marine mammal ecologists in the 21st century will be understanding, predicting and where possible, ameliorating the effects of climate change.
Predicting how marine mammal populations respond to habitat changes will be essential for developing conservation management strategies. Responses to previous
environmental change may be informative in the development of predictive models.
During the work for this thesis, I realized that not only the behaviour of marine animals might change in relation to their immediate environment, but that their habitat
can very often be described by very simple proxies of their physical environment.
Here I describe the likely effects of the last ice age on Grey seal population size and
distribution. This work is still in progress and I will give only a short overview.
I used satellite telemetry data to define Grey seal foraging habitat in terms of
the temperature and depth ranges exploited by the contemporary populations. More
than 50000 dive and temperature profiles from Grey seals in the eastern and western
North Atlantic were analysed including the annual sea surface temperature (SST) at
the dive locations. The results show that the Grey seals inhabit a SST range from
3 ◦ C to 13 ◦ C, with 95% of all seals within 4.5 ◦ C to 11 ◦ C and that they spend 95%
of their time in areas with a water depth of less than 126 m depth. These results agree
with the general knowledge that Grey seals spend their time solely on the shelf and
dive most of the time to the sea floor for foraging. To test these results, I estimated
today’s Grey seal habitat based on bathymetry data and SST data of the World
Ocean Database 2005 (Fig. 6.8).
Then, I estimated the available extent of such habitat in the North Atlantic at the
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Figure 6.8: Estimates of today’s
Grey seal habitat (top) and at the
last glacial maximum (bottom).
Grey seal habitat based on waterdepth and a temperature range of
4.5 − 11 ◦ C is shown in red and
habitat based on waterdepth and
a temperature range of 3 − 13 ◦ C
is shown in red and yellow. Isobaths are 500m, 1000m and land is
shaded black. Winter sea ice cover
is shown in light grey and summer
sea ice cover in dark grey.

last glacial maximum (LGM); taking account of glacial and seasonal sea-ice coverage,
estimated reductions of sea-level (120-160 m) and seawater temperature hind-casts
from GLAMAP-2000 (Fig. 6.8). Most of the extensive continental shelf waters (North
Sea, Baltic Sea and Scotian Shelf), currently supporting > 95% of Grey seals, were
unavailable at the LGM. A combination of lower sea-level and extensive ice-sheets,
massively increased seasonal sea-ice coverage and southerly extent of cold water would
have pushed Grey seals into areas with no significant shelf waters. Grey seal populations may have fallen to < 5% of current levels. An alternative scenario involving a
major change to a pelagic/bathy-pelagic foraging niche cannot be discounted. However, that niche is currently dominated by hooded seals that appear to out-compete
and effectively exclude Grey seals from such habitat. If as seems likely, the Grey seal
population fell to very low levels and it would have remained low for several thousand
years before expanding into current habitats over the last 12000 years or so.
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Another example of the immediate uptake of findings from this thesis is the use of
the positions of the ACC fronts (Ch. 3) by the British Antarctic Survey to look into
the gene-flow between populations of deep-water benthopelagic fish over large geographic distances. In particular, they are investigating possible pathways for toothfish
(Dissostichus eleginoides) from South Georgia to migrate to the Patagonian Shelf or
the South Sandwich Islands.
This shows that, by implementing animal-borne sensors into ocean observing strategies, we not only gain information about the global ocean circulation and enhance
our understanding of climate and the corresponding heat and salt transports, but at
the same time we increase our knowledge about the oceans top predators, their life
history and their sensitivity to climate change.
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