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Abstract 

We present a gravest empirical mode (GEM) projection, of temperature and salinity fields in 

the Southern Ocean that, combined with satellite altimetry, produces time evolving temperature, 

salinity and velocity fields, and use these to observe the mean and synoptically varying properties 

of the Southern Ocean from 1992-2006. 

Historical hydrography from 1920-2006 is used to produce GEM projections of the circumpolar 

temperature and• salinity fields in longitude/dynamic height space between 25-5400 dbar. 

Combining these fields with altimefric SSH creates synoptic temperature and salinity fields 

(satGEM fields) at seven-day time intervals on a grid. The satGEM fields resolve front 

and eddy• features significantly more accurately than climatologies and can reproduce the time 

evolution of the T-S fields. These are used to create baroclinic velocities that produce realistic 

ACC volume transports and correlate well with ARGO velocities (u and v coefficients of 0.60 and 

0.53). Although these fields accurately estimate a pointwise mean southward eddy heat transport 

of -37.7 KWm-2  in the SAF, the global mean northward eddy heat and freshwater transports of 

—0.08 ± 0.01 PW and 0.025 ± 0.01 Sv are small due to the satGEM's inability to resolve eddy 

tilt. An explicit eddy tracking method produces similar transports, and as the two methods work 

at different length scales we combine them for a minimum bound on the eddy transport across the 

SAF of 0.14 ± 0.03 PW of heat southward and 0.04 ± 0.03 Sv of freshwater northward. 

There is a warming (1.219±0.089 Wm -2) and weak freshening (5.85±0.16 mmy -I  m-2 ) of the ACC 

induced by adiabatic Water mass movement between 1992-2006. The diabatic contribution due to 

heat and freshwater fluxes drives a cooling (-0.628 ± 0.129 Wtp -2 ) and freshening (30.27 ± 0.70 

mmy-I  m-2), with a net trend of 0.591 ± 0.093 Wm -2  and 36.12 ± 0.68 mmy -1  m-2 . .Although 

there is no trend in zonal ACC mass transport at any longitude, nor a change in eddy kinetic 

energy, eddy number or eddy meridional property transport, there is substantial variability driven 

by the Southern Annular Mode (SAM) and the El Niflo Southern Oscillation (ENSO). The SAM 

influences the Southern Ocean at frequencies of less than three months, while ENSO operates 
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on interannual timescales. The ENSO driven trend in the Pacific dominates the total adiabatic 

heat and freshwater content change during strong El Nifio and La Nina years (1997-2002), while 

outside this period the SAM is a greater contributor, but with a lag of 4-5 years. 

An increased SAM leads to a roughly circumpolar 5% increase in the zonal volume transport of 

the ACC. Additionally, there is a clear lag of 1.6-3.2 years between an increase in the SAM and 

an increase in the EKE and number of eddies across the whole ACC. The response of eddy heat 

and .freshwater transport is less clear, but at a similar lag there is an increase of 0.01-0.1 PW of 

southward heat transport and 0.01-0.1 Sv of northward freshwater transport across the SAF. The 

weak transport response to wind stress change and lagged eddy transport indicates that the ACC 

is in an eddy saturated state. 
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Introduction 

1.1 The Southern Ocean and Antarctic Circumpolar Current 

The Antarctic Circumpolar Current (ACC) is the largest current system on Earth, and the only truly 

circumpolar one. It is the major feature of the Southern Ocean and provides a connection between 

the major ocean basins. This connection is central to the present ocean circulation. The Southern 

Ocean, bounded to the north by the Subtropical Front (STF) and to the south by Antarctica, is the 

source of significant water mass formation, modification and export to the rest of the global ocean. 

Water masses created in the ACC spread beyond the equator and as far as the northern Pacific. 

The ACC itself is a deep-reaching, eastward flowing current made up of multiple fast circumpolar 

current cores, separated by broader regions of weaker flow. It transports an estimated 134 ± 11.2 

Sv (1Sv = 1 * 106m3 s-1 ) eastward through Drake Passage (Whitworth III and Peterson, 1985; 

Cunningham et al., 2003). The jets in the ACC represent fronts, regions of strong horizontal 

property gradients and boundaries between water masses. The strong density gradients across the 

fronts means that they have a significant surface signature in sea surface temperature (SST) and 

sea surface .height (SSH) changes. The SSH gradient across fronts is a particularly strong feature 

of the ACC. Across the ACC there is a change of 1.7 m from south to north, with individual fronts 

contributing over 0.6 m (Rio and Hernandez, 2004). 

The traditional view of the distribution of the ACC fronts (Figure 1.1) is, from the north, the 

Subantarctic Front (SAF), Polar Front (PF) and southern ACC Front (sACCF) (Orsi et al., 1995; 

Belkin and Gordon, 1996). The STF north of the ACC delimits the boundary between the Southern 

Ocean and the subtropical gyres, and the Southern Boundary (SB)‘ south of the sACCF separates 

the eastward flowing ACC from the westward Antarctic coastal currents and cyclonic polar gyres 

to the south. The fast flowing currents of the ACC have significant meridional excursions that 

are driven by interactions with major topographic features (Gille, 1994), notably the Kerguelen, 
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Campbell and Patagonian Plateaus, the Southeast and Southwest Indian Ocean Ridges, the Pacific 

Antarctic Ridge and the East Pacific Rise (Figure 1.2). 

Figure 1.1: Circumpolar distributions of the SAF, PP and southern ACC front; the STF and 
southern boundary of the ACC are also shown as dashed lines. The numbered transects refer 
to vertical sections on which transports and property distributions were examined. Sourced from 
Orsi et al. (1995) 

Recently, this three frontal picture of the ACC has been shown to be an oversimplification. Studies 

based on the comparison of SSH derived from satellite altimetry and in situ hydrography (Sokolov 

and Rintoul, 2002, 2007), as well as high resolution model studies (Hallberg and Gnanadesikan, 

2006), show that far from being coherent circumpolarly continuous features, ACC fronts are highly 

filamentary and variable (Figure 1.3). Fronts change in intensity and position, often splitting and 

merging with each other over time, and across any given meridional section of the whole ACC 

there may be as many as 10 distinct fronts. Sokolov and Rintoul (2007) show that despite the high 

spatial and temporal variability of these frontal features, they are associated in time and space with 
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Figure 1.2: Bathymetry of the Southern Ocean, reproduced from GEBCO data. Numbers indicate 
important physical features: 1. Southwest Indian Ridge 2. Kerguelen Plateau 3. Southeast Indian 
Ridge 4. Campbell Plateau 5. Pacific Antarctic Ridge 6. East Pacific Rise 7. Patagonian Plateau 
8. Mid Atlantic Ridge. Units are depth in meters. 

fixed water mass properties and constant values of dynamic height. The SAF and PF each consist 

of three main filaments, while the sACCF has two filaments (Figure 1.4). These authors reconcile 

the frequently disparate views of the ACC frontal system in the literature by noting that earlier 

hydrographic studies often used slightly different water mass features to characterise the SAP, PF 

and sACCF, and that these differences are due to the observation of different filaments of the same 

frontal system. 
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Figure 1.3: Instantaneous surface speed in the GFDL isopycnal coordinate e ° model after 40 yrs. 
Adapted from Hallberg and Gnanadesikan (2006). 

The fronts observed by Sokolov and Rintoul (2007) are identified by strong gradients in the SSH, 

which are in turn caused by the change in water mass structure by latitude across the ACC. These 

sharp boundaries in the horizontal temperature and salinity structure also separate the major water 

masses of Southern Ocean (Figure 1.5). The SR3 repeat section shown in this figure taken as part 

of the World Ocean Circulation Experiment (WOCE) is broadly representative of the circumpolar 

ACC structure. The equator to pole shoaling of density surfaces (Figure 1.5d) is reflected in the 

surface SSH gradient and zonal ACC flow. This SSH gradient and zonal currents are set up by a 

combination of the surface wind stress from the strong prevailing westerlies and surface buoyancy 

forcing (Rintoul et al., 2001). These two mechanisms together result in the Southern Ocean 

meridional overturning circulation, briefly summarised here (and in Figure 1.6). Circumpolar 

Deep Water (CDW) enters the northern side of the ACC at depth and flows polewards and upwards 

towards the surface by a combination of Ekman pumping resulting from the divergent wind stress 
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Figure 1.4: Normalised SSH gradient distribution associated with the ACC frontal branches (mean 
position shown by black lines). Absolute SSH gradients for each front are normalised by the 
maximum gradient on that frontal branch to show how the front intensity varies across the study 
area. The maximum gradient values per 100 km for each front are 0.126 m (Bdy); 0.164 and 0.205 
(southern and northern branches of sACCO; 0.271, 0.357, 0.428 (PF); 0.521, 0.512, 0.436 (SAF) 
and 0.287 (SAZ). Depths shallower than 2500 m are shaded. From Sokolov and Rintoul (2007) 

south of the ACC axis, and the sinking of Antarctic Bottom Water (AABW) driven by sea ice 

formation around the Antarctic continent. A fraction of the CDW is transformed into AABW and 

subsequently exported northward in the bottom cell or limb of the overturning circulation while 

the wind driven northward Elcman flux at the surface, along with the transformed Upper CDW 

(UCDW), forms the upper cell or limb of the overturning circulation. The northward surface 

transport is freshened by sea ice melt and surface precipitation before being subducted at the 

northern edge of the ACC. Here a combination of convergent wind stress Elcman pumping and 

air-sea interaction form both the salinity minimum Antarctic Intermediate Water (AAIW) layer 

and the overlying Subantarctic Mode Water (SAMW) (Sloyan and Rintoul, 2001). Water masses 

exposed to the atmosphere in the Southern Ocean, and subsequently re-exported northwards, act 

to renew water masses over the whole globe and transmit atmospheric changes into the deep 

ocean, notably increases in temperature and atmospheric CO2 (Sabine et al., 2004; Bindoff and 

Coauthors, 2007). Marshall and Radko (2003) and Olbers et al. (2004) give  a  more theoretical 
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analysis of the ACC overturning circulation by treating the vertical density circulation as the 

residual between a mean wind and buoyancy forced circulation and an opposing eddy induced 

circulation. The critical role of eddies in closing this overturning in zonally unblocked density 

ranges and transport heat southward is discussed further in the next section. 

1.2 The ACC eddy field and variability 

The zonally unbounded nature of the ACC makes describing the dynamics that dictate its structure 

and variability a complex and challenging theoretical problem, as discussed in Rintoul et al. (2001) 

and Olbers et al. (2004). The deep reaching currents and clear interaction with bottom topography 

mean that Sverdrup dynamics are not easily applied in the ACC (Olbers et al., 2004), although 

this does not mean it has not been tried (Stommel, 1957; Webb, 1993). The main problem for 

Sverdrup dynamics lies in the fact that, without a merdional boundary, there can be no zonal 

pressure difference to drive a geostrophic current across Drake Passage. The question is then; how 

can heat be transported from the north across the ACC to the polar regions to close the observed 

ocean heat loss to the atmosphere of 0.3-0.7 PW (PW =- 1 * 1015 W) (Gordon and Owens, 1987; 

Ganachaud and Wunsch, 2003)? The answer to this question, at least in part, lies in the role of 

mesoscale eddies. 

Observational studies, particularly since altimetric SSH observations have become available, have 

noted that the ACC is geostrophically turbulent and baroclinically unstable (Stammer, 1998). 

Baroclinic instability converts the potential energy stored in the mean density field into eddy 

kinetic energy, and has been identified as the dominant form of eddy generation in the Southern 

Ocean (Bryden, 1979; Fandry and Pillsbury, 1979; Wright, 1981). The vigorous and spatially 

heterogeneous mesoscale eddy'field is centered along the ACC fronts and downstream of regions 

where the ACC interacts with topography (Morrow et al., 1994; Stammer, 1997; Chelton et al., 

2007). Noting that the mean flow carries no net heat flux across a circumpolar line of constant 

vertically averaged temperature, de Szoeke and Levine (1981) proposed that the transient eddy 

field may be the mechanism by which heat is transported poleward across the ACC fronts to 

balance heat loss to the atmosphere. This proposal has since beensupported by in situ observations 

of poleward eddy heat transport by current meters (Nowlin Jr. et al., 1985; Phillips and Rintoul, 

2002), drifter data (Gille, 2003), eddy permitting/resolving Ocean General Circulation Models 

(OCGMs) (Jayne and Marotzke, 2002; Meijers et al., 2007; Treguier et al., 2007), extrapolations 
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Figure 1.5: Properties versus pressure along the WOCE SR3 repeat section between Australia and 
Antarctica taken during September 1996. Panels give a) potential temperature ( °C), b) salinity, 
c) oxygen (Amol kg -1 ) and d) neutral density (kgm-3 ). Labels are as in text, with the addition 
of SF-=-sACCF, ASF—Antarctic Slope Front and LCDW lower CDW. Sourced from Rintoul et al. 
(2001). 
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Figure 1.6: Schematic two-cell meridional overturning circulation in the Southern Ocean. An 
upper cell is primarily formed by northward Elcman transport and southward eddy transport in 
the UCDW layer. A lower cell is primarily driven by dense water formation near the Antarctic 
continent. From Speer et al. (2000). 

from altimetric data (Stammer, 1998; Karsten and Marshall, 2002) and hydrographic sections 

(Sloyan and Rintoul, 2000). Despite these studies, the lack of high spatio-temporal resolution in 

situ data means that the estimated circumpolar eddy flux, and especially the regional contributions 

to cross frontal heat transport, is poorly defined and ranges between 0.05-0.9 PW (Gille, 2003). 

The eddy transport of freshwater is even less well known. 

The mesoscale eddy field has also been identified as an important factor in ACC variability and 

theoretical studies have noted the importance of the mesoscale eddy field in removing the excess 

zonal momentum imparted to the ACC by the strong zonal wind stress. Phillips and Rintoul 

(2000) and Morrow et al. (2004) observe that the horizontal divergence of momentum by lateral 

Reynolds stresses is, on average, two orders of magnitude too small to balance the input by the 

wind stress. Instead, it has been suggested that the momentum is dissipated via the diapycnal 

transfer of momentum by mesoscale eddies downward through the water column to the bottom, 

where it is balanced by topographic form stress (Johnson and Bryden, 1989). This theory has 
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been supported in model observations (Hallberg and Gnanadesikan, 2006), although regional 

measurements using current meter moorings show interfacial form stress in the opposite sense 

to that required by deep water upwelling (Phillips and Rintoul, 2000). 

The link between the density and momentum structure of the ACC and the wind stress forcing 

has some important implications for the variability of the ACC zonal flow in response to changes 

in the wind stress. If the intensity of the mesoscale eddy field is unchanged for varying wind 

stresses, then in response the ACC should accelerate zonally. This direct dependence of the 

ACC zonal transport on wind stress has been proposed by a number of authors (Johnson and 

Bryden, 1989; Hallberg and Gnanadesikan, 2001; Marshall and Radko, 2003), but does not appear 

to be supported in observations. For example, the zonal transport through Drake Passage does 

not vary significantly in comparison to much larger changes in wind stress over long time scales 

(Cunningham et al., 2003; Meredith et al., 2004). Further, eddy permitting modelling studies note 

only a limited response in ACC zonal transport to significant changes in the wind stress (Hallberg 

and Gnanadesikan, 2006; Fyfe and Saenko, 2007). This weak response of the ACC to wind stress 

was first proposed by Straub (1993). Hallberg and Gnanadesikan (2001) suggest that such a weak 

sensitivity to wind variation means the ACC is in an eddy saturated state, and that increases in wind 

stress manifest as increased eddy activity and local incoherent transport variations, rather than 

zonal mean flow accelerations, at least on sub-decadal timescales. This result has been recently 

supported by observations of eddy kinetic energy (EKE) and in quasi-geostrophic model studies 

(Meredith and Hogg, 2006; Hogg and Blundell, 2006; Hogg et al., 2008). 

Although weakly impacting on zonal transport, the surface wind stress remains an important factor 

in driving both instantaneous and long term changes in Southern Ocean dynamics. The primary 

factor driving changes in the wind stress over the Southern Ocean has been identified as the 

Southern Annual Mode (SAM). The SAM manifests as a zonally uniform annulus of out of phase 

atmospheric pressure differences between the polar regions and the mid latitudes of the Southern 

Hemisphere (Thompson and Wallace, 2000). The effect of a positive SAM is to increase the 

westerly winds over the ACC at around 60°S while weakening them to the north at around 40°S 

(Figure 1.7a). A negative SAM has the opposite influence (Hall and Visbeck, 2002). Numerous 

studies have since linked the SAM to variability in the Southern Ocean state variables such as 

SST, and further connected the positive trend in the SAM index, observed over the period 1950- 

2000 (Marshall, 2003), to anthropogenic climate change (Fyfe, 2006; Cai, 2006). These long term 
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trends in SAM are believed to directly influence ACC eddy activity (Hogg et al., 2008), upwelling 

(Gupta and England, 2007), and frontal positions (Sallee et al., 2008), as well as diabatic warming 

due to increased eddy fluxes (Screen et al., 2009; Hogg et al., 2008). The second mode of sea 

level pressure variability in the Southern Hemisphere, the El Nifio Southern Oscillation (ENSO), 

has also been linked to ACC variability, particularly in relation to the position of fronts (Sallee 

et al., 2008; Morrow et al., 2008). Unlike SAM, the ENSO influence on zonal wind stress is 

zonally asymmetric, and in the Southern Ocean it is concentrated over the Pacific region (Figure 

1.7b). Despite the obvious importance of these factors, the response of the subsurface ACC to the 

atmospheric modes is poorly observed and understood. 
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Figure 1.7: Correlation coefficients between the eastwards surface wind stress from the NCEP 
reanalysis and a) the SAM and b) ENSO indexes. Correlations not statistically significant at the 
95% confidence level are left blank. 

1.3 ACC trends 

Although the primary factors influencing ACC variability are being identified, particularly as 

model studies increase in complexity and resolution, the diagnosis of the true in situ changes 

through observations remains challenging. The remoteness and hostility of the Southern Ocean has 

always excluded it from the more rigorous sampling regimes of other oceans. Prior to the WOCE 

era, most knowledge of the ACC was based on hydrography collected around Drake Passage, with 

only a limited number of measurements elsewhere. The concerted effort during the 1980s-1990s 
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dramatically expanded the number of Southern Ocean observations and, importantly, occupied 

sections multiple times to observe variability. The Argo and PALACE programs have similarly 

increased the hydrographic coverage of the region, particularly in the gaps between ship sections. 

Analysis of this hydrography has identified several long term trends in the temperature and salinity 

properties of the Southern Ocean. Gille (2003) took advantage of the wide spatial distribution 

of PALACE floats and observed a coherent warming trend of 0.008 + 0.002 °Cy -1  at 700-1100 

dbar. The largest changes were observed in the SAF. Other basin scale studies using historical 

hydrography also observe widespread warming over the Southern Ocean, particularly along its 

northern edge near the SAP (Willis et al., 2004; Levitus et al., 2005). More regional studies have 

also observed changes in individual water masses. Bindoff and Church (1992) note a cooling and 

freshening of AAIW and SAMW, a result supported by other observations (Wong et al., 1999, 

2001; Bindoff and McDougall, 2000; Bryden et al., 2003). Banks and Bindoff (2003) label the 

change of the AAIW and SAMW and the warming and salinification of CDW on the southern edge 

of the ACC (Aoki et al., 2005a) the 'fingerprint' of anthropogenically driven climate change in the 

Southern Ocean (Figure 1.8). Regional cooling and freshening of AABW has also been observed 

around the Antarctic continent (Aoki et al., 2005b; Rintoul, 2007). Fewer studies of the Southern • 

Ocean salinity trend are available, as these observations are even sparser than those of temperature. 

Those that do exist (Boning et al., 2009; Boyer et al., 2005; Helm et al., 2009) suggest that there 

is generally a broad freshening trend, particularly in the SAMW and AAIW layers (Curry et al., 

2003; Wong et al., 2001). 

Diagnosing the cause of these large scale changes is difficult, particularly as the intense ACC 

mesoscale activity associated with eddies and frontal meandering can alias observations. Sokolov 

and Rintoul (2003) note that interannual changes near the SR3 section have a high coherence 

between the surface and deep layers, and observe that this is most simply explained by vertically 

coherent adiabatic frontal shifts, rather than as a result of air-sea interactions or other external 

diabatic forcing. Morrow et al. (2008) similarly observe that the SSH rise over much of the 

Southern Ocean is significantly greater than the global mean. They also note that poleward frontal 

movement explains the SSH rise and the observed deep warming down to 2000 dbar better than 

the direct thermosteric expansion of the upper ocean. The poleward shift of fronts of an average 

60 km over 1992-2007 (pers. comms. S.R. Rintoul, 2009) has been attributed to increased zonal 

wind forcing (Bindoff and Coauthors, 2007), and linked to the positive trend in the SAM (Cai, 
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2006). 

Therefore, it is difficult to quantify the contribution of frontal shifts to the observed temperature 

and salinity trends in the ACC, and to distinguish it from diabatic trends forced by air-sea 

interactions, precipitation, eddy advection or ice melt. A simple estimate by Gille (2008) suggests 

as much as 87% of the observed temperature trend below 200 dbar could be accounted for by an 

adiabatic southward shift of the ACC fronts of a degree of latitude over 40 years, while diabatic 

surface fluxes of heat are less consistent with observed trends. 

PF 	SAF 	STF 

-60 	 -50 	 -40 
latitude 

Figure 1.8: A schematic diagram of the fingerprint of climate change in the Southern Ocean. Cool 
and fresh anomalies were found around the 27.0 kgm -3  surface north of SAF. Warm, saline, low-
oxygen anomalies over 27.728.0 kgm-3  and deeper density surfaces below range south of the PF. 
Also indicated is the observed deepening of neutral density surfaces near 60 °S. Sourced from 
Aoki et al. (2005a). 

1.4 ACC vertical coherence and proxy observations 

The vertical temperature and salinity structure of the ACC is remarkably coherent, and the vertical 

distribution of water masses is maintained as fronts meander north and south with time. This 

coherence is responsible for the strong association between subsurface frontal properties and 

fixed dynamic height contours observed near the SR3 section by Sokolov and Rintoul (2002, 
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2003, 2007); Yaremchuk et al. (2001). Sallee et al. (2008) and Sokolov et al. (2004) show that 

the tight relationship between subsurface properties and surface dynamic height is applicable 

circumpolarly. This behaviour has been described as equivalent barotropic, and is related to the 

conservation of potential vorticity and properties along subsurface streamlines in the baroclinic 

ACC and the dependence of those streamlines on the streamlines above them (Killworth, 1992; 

Watts et al., 2001). The resulting vertically coherent movement of water masses produces a 

largely time invariant relationship between vertical T-S profiles and vertically integrated functions 

of density such as dynamic height. Such empirical relationships between deep properties and a 

surface proxy value have been observed in the ACC in multiple studies, e.g. Rintoul et al. (1997); 

Sokolov and Rintoul (2003, 2007). Because of this property that preserves vertical structure, and 

the strong meridional gradients of temperature, salinity and density in the ACC, it is possible to 

define the internal structure of the ACC by its dynamic height. Watts et al. (2001) demonstrate 

this by ordering non-synoptic hydrographic profiles from near the SR3 section by their vertical 

acoustic travel time (an integrated function of density) rather than ordering by latitude. The 

meridional temperature and salinity structures collapse to a single gravest empirical mode (GEM) 

that captures an impressive 92% of the meridional structure of water mass variance (Figure 1.9). 

They find that although hydrographic T-S curves change dramatically across the fronts of the ACC, 

the change is 'orderly' and that each T-S curve corresponds to a unique value of acoustic travel 

time. Other integrated functions of density such as dynamic height (geopotential height anomaly) 

or the Fofonoff potential energy function would be equally applicable as a proxy measurement to 

vertical structure. 

This behaviour of GEM, first described and named in the North Atlantic by Meinen and Watts 

(2000), has been found to apply circumpolarly around the ACC, although the precise structure of 

the GEM varies with longitude (Sun and Watts, 2001, 2002). The GEM approach 'smooths out' 

the high frequency and high wavenumber spatial variability of the Southern Ocean fronts driven 

by meandering and eddy formation in the ACC, and reveals that the overall meridional structure 

is remarkably stable when ordered by the proxy variable. This stability presents an enticing 

challenge; if the surface proxy measurement that define the GEM fields can be obtained through 

satellite remote sensing then it would be possible to construct relatively high resolution, three-

dimensional, evolving maps of the synoptic ACC temperature and salinity properties. Through 

geostrophy these could be expanded to include velocity or velocity shear measurements (Watts 

et al., 2001). These fields would obviously be extremely useful for studying the structure and 
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variability of the ACC. Additionally, the mesoscale resolution of the altimetry used would allow 

the study of the subsurface properties of the eddy field such as the heat and freshwater transport, 

as well as the subsurface response of the ACC to observed synoptic wind stress forcing and 

the primary atmospheric modes of variability. Furthermore, the residuals between hydrographic 

observations and the proxy GEM fields will contain information on higher order phenomena in the 

Southern Ocean, such as the diabatic heat and freshwater trends or transport dynamics. 
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Figure 1.9: (a) The temperature GEM field, TG(t, p) ( °C). Dots indicate the positions of the CTD 
data  but only plotted every 50 dbar to avoid dominating  the  plot. Due to bathymetry (the East 
Indian  Ridge), no measurements are available within the blank area at the bottom. In the upper 
300  m, residuals have been reduced by an additive seasonal model, T (p, t) corresponding to the 
time-of-year t of each CTD profile. (b) Same as (a) except for salinity S (psu). Figures sourced 
from Watts et al. (2001). 
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1.5 Thesis Overview 

1.5.1 Aims 

The central premise of this thesis is that, to the first order, subsurface properties of the ACC 

and their spatial and temporal variability can be inferred through a proxy relationship with 

altimetrically observed SSH. This thesis aims to: 

• Calculate temperature and salinity GEM fields from Argo and historical data from the 1920s 

to present as functions of dynamic height, depth and longitude over the whole Southern 

Ocean on a regular grid and test their accuracy against in situ observations. 

• Establish the validity of using satellite altimeter derived SSH values from 1992-2006 to 

determine in situ dynamic height values, and use these SSH data with the GEM fields to 

construct time varying three dimensional synoptic temperature, salinity and velocity fields 

over the Southern Ocean. 

• Use these time varying fields to investigate the mean state and variability of the Southern 

Ocean over the altimetric period from 1992-2006, with a particular focus on the transport of 

heat and freshwater across ACC fronts by the time varying eddy field. 

• Describe the time variability of the heat and freshwater content and the transport of these 

properties over the Southern Ocean during the altimetric period, and attribute as best as 

possible these changes to either the adiabatic movement of water masses over time, or to 

diabatic changes driven by the flux of heat and freshwater into/out of the Southern Ocean. 

• Link this variability to changes in the atmospheric forcing of the Southern Ocean, 

particularly surface wind stress forcing, and establish the degree to which changes in the 

two major atmospheric modes of variability, the SAM and ENSO, modify the subsurface 

properties and dynamics of the Southern Ocean. 

• Establish if this variability is consistent with the ACC being in an eddy saturated state. 

1.5.2 Thesis structure 

Each chapter is, relatively self contained and represents a preliminary draft of a paper for 

submission to a journal. Each chapter beings with a summary of relevant background information 
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and previous studies, and concludes with a discussion of the findings of the chapter and its 

contribution to the overall understanding of the topic. 

Chapter 2 describes the method for constructing Southern Ocean GEM temperature and salinity 

fields, the data used, and the approach used to minimise the residuals between these fields and 

in situ observations. The GEM fields are then combined with satellite SSH fields to create 

time evolving three dimensional gridded temperature and salinity fields, named satGEM fields. 

Examples of the application of the satGEM fields to independent ACC datasets are used to 

demonstrate their validity. 

Chapter 3 describes the creation of velocity fields from the satGEM density fields, and tests them 

against metrics such as zonal transports, Argo drift velocities and current meter data. It then 

demonstrates that the satGEM reproduces the eddy component of heat transport at an in situ current 

meter array, and establishes the circumpolar transport of heat and freshwater by transient eddies 

across fronts. The limitations of using the satGEM in combination with the standard approaches 

to calculating eddy transport is discussed. An alternative method for calculating the eddy transport 

based on the explicit tracking of individual mesoscale eddy movements across fronts is examined. 

Chapter 4 analyses the temporal variability of the satGEM property fields between 1992-2006. 

The regions where change occurs and the magnitude of the trends are discussed and compared 

with studies based on in situ data, and we diagnose the contribution of heat and freshwater change 

driven by adiabatic (frontal shift) and diabatic (air-sea interaction, mass addition etc.) effects. The 

remainder of the chapter is devoted to determining the response of the subsurface temperature, 

salinity and velocities to variability in the the SAM and ENSO indexes. We examine the degree 

to which these modes influence the subsurface properties, the regional distribution of changes and 

their timescales, and determine if these changes are consistent with the ACC being in an eddy 

saturated state. 

Chapter 5 ties the results of the previous three chapters together and provides a summary of 

the most important conclusions of this thesis, as well as a brief discussion of future avenues of 

research. 
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Chapter 

2 	Methods: Creating and testing the satGEM 

2.1 Introduction 

Observations of the ACC and Southern Ocean are in general extremely sparse in time and space. 

While the Argo program has dramatically improved the in situ coverage of the Southern Ocean, 

this data only exists from 2002 onwards, and the spatial resolution at any one time remains 

relatively low. This low spatial and temporal resolution at depth restricts observational analysis of 

ACC variability to hydrographic sections that are more limited in space and time, while basin or 

global scale studies of subsurface variability are largely model based. 

In contrast, surface variables, notably temperature and sea surface height (SSH), have been well 

observed in space and time through the use of satellite observations. Relatively high resolution 

(A °) SSH data exists at weekly time intervals from 1992 to the present. As SSH is the surface 

representation of the integrated density properties of the entire water column, it is possible to 

extract substantial information on the subsurface structure from this data set. 

The close relation between subsurface density profiles and their associated SSH has been the 

subject of several studies in the past, particularly in the Southern Ocean. Rintoul et al. (2002) 

demonstrated that the SSH and transport could be inferred from the heat content measurement 

from XBT sections near the WOCE SR3 section. Similarly Sokolov et al. (2004) used the strong 

relationship between altimetric SSH and observed baroclinic mass transport across Drake Passage 

to build a transport time series over the altimetric record. Meinen and Watts (2000) initially 

developed the Gravest Empirical Mode (GEM) for use in the North Atlantic to parametrise water 

column temperature and salinity structure as a function of integrated water column density. This 

produces a unique T-S profile for each depth integrated density value. Acoustic travel time from 

Inverted Echo Sounders (IES) placed on the sea floor were originally used to obtain a depth 

integrated density value, but other depth integrated properties of density, such as dynamic height, 
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may also be used (Watts et al., 2001). This parametrisation works particularly well in regions of 

strong horizontal density gradient and has been applied in the North Atlantic current (Meinen, 

2001; Perez-Brunius et al., 2004), the Southwestern Japan/East Sea (Mitchell et al., 2004) and 

the North Pacific (Nardelli and Santoleri, 2005). Sun and Watts (2001) introduced the GEM to 

the Southern Ocean and (Watts et al., 2001) used it to examine the WOCE SR3 section. Sun and 

Watts (2002) used a circumpolar GEM to estimate the mean ACC heat flux. 

The Southern Ocean GEM used in the above studies makes use of all available historical 

hydrography from a zonally narrow region and Creates an empirically fitted, reduced dimension 

projection of the data such that 

icEm : T(depth, lat, Ion, time) = TGEm (depth, dynamic height). 	(2.1) 

While this projection is time invariant, it still captures over 92% of the signal variance in the 

available data (Sun and Watts, 2001), even in the presence of significant frontal or mesoscale 

variability. 

The GEM technique takes advantage of the the equivalent barotropic nature of the ACC (Killworth, 

1992; Watts et al., 2001) which results from the strong vertical coherence of the water column 

response to the ACC advection, meandering and formation of eddies. This means that the vertical 

structure and associated dynamic height for a given column of water advecting with a front or 

trapped in a mesoscale eddy is largely preserved during horizontal translation. The GEM relation 

holds well around the entire ACC (Sun and Watts, 2001), but is only valid south of the Subtropical 

Front (STF). 

Sun and Watts (2001, 2002) showed that the GEM worked circumpolarly in the Southern Ocean, 

but focused on examining the mean flow, and had limited longitudinal resolution due to their 

approach of creating single GEMs for wide (30 ° of longitude) zonal regions. This chapter 

describes the creation of GEM temperature and salinity fields that have a much higher longitudinal 

resolution, and demonstrates that these time invariant fields can be combined with satellite 

altimetry SSH measurements to create full water column, time evolving fields of temperature and 

salinity over much of the ACC. We demonstrate that these fields provide considerable predictive 

skill and accurately recreate in situ observations over much of the ACC. 
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2.2 Circumpolar GEM creation 

2.2.1 The hydrographic data 

The research quality profile data used in this study was obtained from the WOCE Southern Ocean 

Atlas Database (Orsi and Whitworth III, 2001). This atlas consists of measurements by ships of 

over 93000 hydrographic bottle and CTD stations south of 25 °S. These station data have all been 

quality controlled by comparison with nearby WOCE observations. From these data, profiles that 

extended from shallower than 100 dbar to deeper than 2000 dbar with at least 20 measurements 

in this range were selected. The temperature and salinity were then linearly interpolated onto 5 

dbar intervals. Quality control removed obvious outliers, leaving 16432 complete profiles of both 

temperature and salinity. 

Argo data was also included in the hydrographic data used to construct the GEM fields. Quality 

controlled Argo data was taken from the Argo Global Data Assembly Center with 946 floats found 

inside the region from 35-66 °S, for a total of 58877 individual profiles. Only those profiles that 

had adequate vertical resolution in both T and S, had QC flags of 1 and reached a depth of at least 

1900 dbar were used. This reduced the number of used Argo profiles to 14413. These profiles 

were interpolated onto 5 dbar intervals. 

XBT data was not included in the study, despite the potential to dramatically increase the 

number of temperature profiles in the upper ocean. This exclusion was made due to the lack 

of corresponding salinity observations to calculate dynamic heights, as well as potential biases in 

XBT records (Gouretski and Koltermann, 2007) that may influence the quality of GEM fit to the 

hydrography. 

The GEM projection in dynamic height space is ambiguous where different hydrographic profiles 

have the same dynamic height (Watts et al., 2001). This often occurs when significantly different 

water masses converge together or are in close proximity. For example north of the Subtropical 

Front (STF) the water masses have significantly higher temperatures and salinities in the upper 

ocean than are found south of the front, but have very similar dynamic height ranges relative to 

2000 dbar. To avoid these ambiguities in estimating the GEM field we excluded all profiles north 

of the STF. The Belkin and Gordon (1996) definition of STF water (temperature and salinity at 
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200 dbar greater than 12°C and 35 psu respectively) was used to exclude these data. Removal of 

profiles north of the STF reduced the total number of hydrographic profiles available to the study 

to 24571. 

As is typical for Southern Ocean observations, there is a substantial summer-time bias in the 

historical hydrography, which is only partly remedied by the inclusion of the more evenly sampled 

Argo data. For this reason the data was subsampled to include an equal number of observations in 

each month, leaving a total of 15912 profiles, the distribution of which are shown in Figure 2.1. 

The profiles that were not used to create the GEM fields (approximately 8600) were subsequently 

used as independent data for testing the accuracy of the GEM fields against the selected in situ 

data. 

2.2.2 Creation of the GEM fields 

Previous Southern Ocean approaches to the creation of GEM fields have used a two dimensional 

approach, based on depth and dynamic height (Watts et al., 2001; Sun and Watts, 2001, 2002). 

In the Southern Ocean this creates meridionally oriented GEMs. Zonal coverage is achieved 

using longitudinal 'data windows' to create discrete meridional GEM projections representative 

of the local region. Rather than follow this approach we have used objective mapping techniques 

(Betherton et al., 1976) to map historical hydrographic temperatures and salinities onto regular 

grids in longitude and dynamic height space. This objective mapping was repeated on 36 depth 

levels from the surface to 5400 dbar to produce continuously varying maps of temperature and 

salinity over the Southern Ocean in longitude, dynamic height and depth space. 

The dynamic height (0) was chosen relative to 2000 dbar such that 

100 

42000 = 6dP 
	 (2.2) 

2000 

where 6 is the specific volume anomaly (m3kg-1 ) at some pressure p (dbar). This depth range 

captures much of the observed steric change (Morrow et al., 2008) and also allows for the inclusion 

of Argo profiling float data, which have a maximum depth of approximately 2000 dbar. The 

upper bound of 100 dbar was chosen so that the seasonal thermocline would not have a significant 

influence on the dynamic height of profiles. Using 2000 dbar as a reference value the dynamic 

height range across the ACC is from 0.5 to 1.9 dynamic meters. A grid spacing for objective 
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Figure 2.1: a) Spatial and b) temporal distribution of hydrographic profiles used in this analysis. 
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mapping of 0.01 dynm (dynamic meters) and A of longitude was chosen. The fine dynamic 

height resolution was chosen to adequately resolve the zones between the frontal features. 

Due to the irregular distribution of data over the domain (Figure 2.1) the objective mapping was 

carried out individually for each grid point and depth. This allowed the use of data density 

dependent length scales, providing better resolution in data rich areas and sufficient smoothing 

in data sparse regions. The length scales would grow until either 150 data points were included 

in the objective mapping, or a maximum longitudinal scale (15 °) was reached. Length scales 

were strongly anisotropic, growing at a rate of 2 degrees of longitude for every 0.04 dynamic 

centimeters, as in streamfunction space longitudinal covariance will be much greater than in the 

dynamic height (meridional) direction. The mean data value was then removed and a Gaussian 

optimal interpolation was performed on the data, using the data variance and a priori noise to 

establish a signal to noise ratio. •The optimal interpolation was performed separately for both 

temperature, salinity and layer depth. 

The maximum length scales and degree of anisotropy were chosen such that the rms error of the 

total mapping to the original data points approached the global domain a priori error (Watts et al., 

2001). The a priori error is a measure of the unresolved noise in the data resulting from temporal 

and spatial aliasing from ocean processes such as inertial waves, Rossby waves and mesoscale 

eddies. The a priori noise was calculated here in a manner similar to Bindoff and Wunsch (1992). 

Assuming the oceanic noise is uncorrelated and the minimum distance between stations is less 

than the signal correlation length then the a priori error is estimated as 

1 
a2  priori =7 limo —

2 < (Ti  (2.3) 

where yo is the distance between stations i and j and Ti and Ti is the temperature at the respective 

stations. Distance in this case is the dimensionless value between two points in a normalised 

longitude, dynamic height space. In practice this relation was calculated at each grid point using 

the above equation applied to nearest neighbour points rather than the spatial limit. The global a 

priori errors at 150 dbar for temperature and salinity are 0.46°C and 0.075 psu and decreases to 

less than 0.2 °C and 0.028 psu below 500 dbar respectively. 
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2.2.3 Correcting for the seasonal signal in surface waters 

In the upper 200-300 dbar the residuals between the optimally interpolated GEM and the original 

data have an obviously seas.  onal periodicity in both temperature and salinity. This can be removed 

following the method employed by Watts et al. (2001). At each depth level where there is an 

obvious seasonal signal (down to 300 dbar) the mean residual, is calculated for each month and a 

low pass Butterworth filter is used to fit a seasonal curve to the resulting values (Figure 2.2). This 

curve represents the component of the residual between the GEM fit and the observations due to 

changes in the seasonal thermocline. This seasonal value is then subtracted from each observation 

and the GEM optimal interpolation is repeated on the now seasonless observations. After this 

correction the rms residual in the surface layer in temperature and salinity is reduced from 1.34°C 

and 0.108 psu to 0.90°C and 0.103 psu. Parameterising the seasonal cycle by dynamic height or 

latitude as well as time of year produced no further improvement over this method. 

2.3 Testing the GEM 

2.3.1 The structure and residuals of GEM 

A selection of meridional slices of the time invariant GEM temperature and salinity fields 

are shown in Figure 2.3. The GEM fields clearly recreate the important large scale features 

of the ACC. For example, the circumpolar deep water progressively becomes cooler and 

fresher eastwards from Drake Passage and there is a strong AAIW freshwater tongue extending - 

northwards. Additionally, a temperature inversion exists south of the polar front, and east of 

around 70 °E there are regions of mode water extending to depth on the northern side of the 

SubAntarctic Front (SAF). An important feature of the GEM projection is that the dynamically 

interesting frontal regions of the ACC are evenly spaced in this coordinate system, and therefore 

don't appear as sharp features. 

The residuals between the quality controlled hydrographic data not used in the GEM creation 

(Section 2.2.1), and the collocated GEM temperature and salinity profiles are shown in Figure 2.4. 

These are displayed as 'box and whiskers' plots, and give an indication of the error distribution 

at each of the GEM depth levels. The deviation of the mean residual from zero is very small, 

indicating that there is no mean bias in the GEM field and the independent hydrographic data. 
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Figure 2.2: Filtered seasonal residuals to GEM for a) temperature ( °C) and b) salinity (psu). 

While there are some extreme outliers in the data, the rms temperature residuals in the upper 300 

dbar are small; between 0.25 and 0.90 °C, dropping to less than 0.2 °C below 500 dbar, and less 

than 0.1 °C below 1000 dbar. These values are very close to the global a priori error. The rms 

salinity errors range from 0.045 to 0.103 psu above 300 dbar, and from 0.025 to less than 0.015 

psu below 500 dbar. These values agree with those reported by Sun and Watts (2001) to within a 

few percent below 250 dbar. 
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Figure 2.3: Seasonless GEM temperature (left panels) and salinity (right panels) for three 
meridional sections, Drake Passage at 70 °E (top panels), South of Africa at 30°E (middle panels) 
and south of Australia at 145 °E (bottom panels). 
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Figure 2.4: Hydrography minus GEM residuals for temperature (left panel) and salinity (right 
panel) for each depth level. Boxes show distribution of 50% of the residuals, while whiskers 
represent twice the interquartile range. Red lines show one and two standard deviations 
respectively, and dashed lines give the a priori error estimate. Red crosses represent outliers. 

Figure 2.5 shows the percentage variance of T and S captured by the GEM fields. This is defined 

as in Watts et al. (2001) as 
„.2 

variance explained  =  1 — res 	 (2.4) 
tot 

where ar2„ is the variance of residuals to the GEM and al,t  is the total variance of the hydrography. 

For temperature over 97% of the total variance is captured by the GEM fields at the surface, 
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and below about 400 dbar the value is close to 99%. Less of the salinity variance is captured, 

particularly at the surface, where only 92% of the total variance is explained by the GEM fields. 

The variance explained increases to over 98% between 400 and 1500 dbar. Below this depth the 

variance explained by the GEM decreases again. This is due to the decreasing measured salinity 

variance with depth below the AAIW tongue, while the signal noise remains constant. Below 200 

dbar the rms difference (error) between in in situ hydrography and the GEM T-S estimates based 

on longitude and measured dynamic height is almost exactly equal to the a priori noise estimate, 

further suggesting that the GEM captures most of the signal in the hydrographic data (see Figure 

2.8). 
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Figure 2.5: Percentage of global data variance explained by the GEM field by depth for 
temperature (solid line) and salinity (dashed line). 
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2.4 Combining the GEM with satellite altimetry 

2.4.1 Method of combining the GEM with satellite altimetry 

The GEM fields created using the process in Section 2.2.2 are time invariant. However, they 

may be used to create time evolving estimates of temperature and salinity profiles at a point if 

a time series of the parameterisation variable (dynamic height in this case) are available for that 

location. Other studies, based on acoustic travel time, have used arrays of inverted echo sounders 

(Watts et al., 2001), or drifter depths (Perez-Brunius et al., 2004) to produce time series of GEM 

estimates at fixed locations. Here we combine the static GEM fields with the altimetric SSH to 

produce similar time evolving T-S fields, but with a much greater spatial extent. 

Simplistically this involves applying the GEM T-S profiles for the observed altimetric dynamic 

height at each latitude, longitude and time gridpoint of the altimetric domain. However, the 

altimetric data is given as sea level anomaly about a multi-year mean, so this must first be 

converted to the dynamic height used to pararnetrise the GEM fields. The mean surface height 

of the ocean is the sum of the geoid height and the mean dynamic topography (MDT) due to the 

permanent ocean circulation. Unfortunately the geoid is not yet known with sufficient resolution 

to calculate the MDT by simply subtracting the geoid from SSH measurements (Robinson, 2004). 

Therefore to produce absolute SSH values suitable for calculating ocean geostrophic currents and 

for comparison with the hydrographic dynamic height associated with the GEM fields a separate 

estimate of MDT is required. This estimate of the MDT can then be added to the SSH anomalies 

to produce a time evolving dynamic topography (DT). We then empirically produce a function 

to convert the observed DT SSH values to an equivalent dynamic height relative to 2000 dbar 

by comparing in situ hydrography to altimetry that are collocated in space and time. Using this 

function we calculate full depth GEM temperature and salinity profiles at each grid point and time 

in the altimetric record, producing 4-D fields of temperature and salinity. 

2.4.2 The additional data required 

The altimeter products used in this analysis were produced by SSALTO/DUACS and distributed 

by AVISO, with support from CNES I  . The AVISO updated delayed time map of sea level anomaly 

Ihttp://www.aviso.oceanobs.com/en/data/product-information/  
duacs/index.html 
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(MSLA) combines the gridded output of SLA from along track altimetry (Le Traon et al., 2003) 

from four satellite missions, significantly improving mesoscale structure recovery from the data 

(Pascaul et al., 2006). The data is gridded onto a ° mercator grid and contains 728 weekly 

'snapshots' from the 14th of October 1992 to the 20th of September 2006. This dataset resolves 

100 km wavelengths in the Southern Ocean and has variability at the 50 km scale, although with a 

reduced energy (Morrow et al., 2004; Ducet et al., 2000). More information on the creation of the 

dataset can be found in the SSALTO/DUACS User Handbook (SSALTO/DUACS, 2007). 

The 2006 CSIRO Atlas of Regional Seas (CARS) (Ridgway et al., 2002) is used to create a MDT at 

100 dbar relative to 2000 dbar. CARS is based on several datasets including Argo, the World Ocean 

Database 2001, WOCE WHP 3.0, and CSIRO data holdings, and was produced using a modified 

loess filter to map these data onto a regular °x1 ° grid. This was in turn linearly interpolated 

onto the A mercator grid of the AVISO altimetric data described above and added to the AVISO 

MSLA anomalies to produce a time evolving dynamic topography over the domain. The monthly 

gridded 1 °x1 ° NOAA World Ocean Atlas 2005 (W0A05) temperature and salinity climatology 

was used along with the CARS atlas to compare with the GEM fields. This climatology was also 

produced by objective techniques using historical in situ temperature and salinity observations. 

2.4.3 GEM baroclinicity and its application to the Southern Ocean 

For the GEM fields to give meaningful results when combined with altimetry, the changes in 

observed SSH in a Eulerian reference frame must be largely due to steric changes in the water 

column. Barotropic changes uncorrelated with the steric changes will induce incorrect GEM 

profile estimates. Wunsch (1997) suggests that over the global ocean the surface kinetic energy 

diagnosed from altimetry is dominated by the first baroclinic mode and that barotropic models 

of sea surface variability show little skill. Similarly Guinehut et al. (2006) demonstrates that 

collocated altimetric anomalies and in situ hydrographic steric anomalies are well correlated over 

much of the global ocean. These papers support the assumption of baroclinic dominance in 

describing SSH anomalies over large areas of the ocean. We define baroclinic changes to SSH 

as those resulting from density changes in the water coltunn (steric change), as in Guinehut et al. 

(2006). In contrast, barotropic SSH variability is related to an alteration of the total mass of the 

water column, and does not necessarily modify the vertical T-S structure. 

To further test the correlation between the SSH and in situ steric anomalies in the Southern Ocean 
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domain; the SSH anomalies captured in the in situ hydrography must first be calculated. Mean 

dynamic heights at 100 dbar relative to 2000 dbar were calculated using the CARS climatology 

and then linearly interpolated onto the positions of all available hydrographic T-S profiles from the 

altimetric period 1992-2006 that extend to at least 2000 dbar. The resulting CARS values were 

then subtracted from the in situ hydrographic data to produce steric anomalies and compared with 

the AVISO altimetric SSH anomalies observed at the same position and time. Figure 2.6 shows 

the scatter of altimetric SSH anomalies versus collocated steric anomalies over the whole domain. 

The fitted linear equation has the value 

y = 0.52x + 0.0017. 	 (2.5) 

Here x is the altimetric SSH anomaly, and y is the in situ steric anomaly. The near 2:1 gradient is 

due in part to the limited range of depth integration (100-2000 dbar) of the in situ anomalies, 

while the satellite observes the anomaly due to the full depth integration. This relation does 

not significantly change by region or latitude, and so for simplicity it was used over the whole 

domain where the GEM is considered to be valid. There is a strong, highly statistically significant 

correlation between the two data sets (r=0.68 at greater than 99%) and the rms residual between 

the steric anomaly and the SSH anomaly is 0.052 dynm. This residual value represents the 

barotropic, or deep baroclinic, contribution to the SSH that is uncorrelated with the steric change 

in the upper 2000 dbar. kis similar to values obtained over the rest of the globe (Guinehut et al., 

2006), and the coefficient (0.52) is also similar to that study for the Southern Ocean. The strong 

correlation and relatively small residual indicates that baroclinic changes dominate SSH variations 

in the Southern Ocean, and lends confidence in using altimetric observations in combination with 

GEM fields to make estimates of in situ T-S profiles. Note that it is not only the influence of 

barotropic SSH variability that cause the difference between the in situ and altimetric anomalies. 

Errors associated with instrument noise in the altimeter, data processing and interpolation of both 

the altimetry and MDT, as well as the relatively coarse resolution of the MDT and anomalies, all 

also contribute to the rms error described above. This does not suggest that there are not significant 

barotropic signals in the Southern Ocean, merely that they are dominated in a Eulerian frame to the 

first order by the baroclinic changes associated with frontal meandering and mesoscale activity. 

A smaller source of possible error is the clear seasonal signal in the AVISO altimetry data. Over 

most of the domain it has an amplitude of less than 0.025 in, substantially smaller than the error 
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Figure 2.6: The relation between alimetric SSH anomaly (m) and the hydrographic steric anomaly 
(dynm). Solid line is the least squares fit of the linear equation shown. 

due to treating barotropic changes as baroclinic variations. This seasonal signal is not removed or 

adjusted for as it is impossible to know if the change is due to the thermal expansion in the upper 

ocean that would lead to incorrect GEM estimates, or if it is due to large scale shifts in water 

masses due to seasonal changes in wind stress forcing, where the GEM field estimate would be 

accurate. 

2.4.4 Combining the GEM with altimetry 

The empirical relation between the collocated altimetry and hydrographic dynamic height 

anomalies is then applied to the entire time series and added to the CARS MDT, producing 

a dynamic height value at each altimetric grid point and time that can be used to calculate a 

temperature and salinity profile using the GEM fields described in Section 2.2.2. As the GEM 

fields are seasonless (due to the seasonal signal removal during the GEM creation process) the 

seasonal cycle in the surface layers is added back into the satGEM fields using the simple empirical 

model described in Section 2.2.3. The resulting synthetic temperature and salinity fields at each 

altimetric time and space point and their associated errors and assumptions are discussed in the 
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next section. 

2.5 Testing the satGEM 

This section tests the utility and accuracy of the synthetic temperature and salinity fields estimated 

using altimetry and GEM fields (hereafter referred to as satGEM fields) in recreating independent 

hydrographic observations, both circumpolarly and with synoptic ship sections. In addition we 

test the satGEM's capacity to reproduce observed frontal positions and hydrographic structure in 

the region south of Australia. 

2.5.1 Residual differences to observations 

Figure 2.7 shows the distribution of differences between collocated (in space and time) satGEM 

temperature and salinity estimates and in situ hydrography for the same independent data used 

to validate the static GEM fields. Due to the additional errors associated with using altimetric 

estimates of dynamic height (Section 2.4.3) and in interpolating these data the rms error in the 

estimated temperature and salinity is larger relative to the a priori error than when using in situ 

dynamic height to create the GEM profiles (Figure 2.8), particularly between 200-1000 dbar. 

However, the rms error is still relatively small, with values of 0.60 to 1.16°C above 300 dbar, 

decreasing to 0.45°C at 500 dbar and less than 0.11 °C below 1500 dbar. Similarly the salinity 

rms is increased by around a third over the in situ GEM residuals, but remains below 0.132 psu at 

the surface, decreasing to below 0.03 psu below 1000 dbar. Despite this increase in residuals, the 

satellite based GEM remains significantly more accurate on average than estimates based on the 

CARS climatology, with rms residuals that are 10-50% smaller below 200 dbar. This improvement 

in residuals over traditional climatologies such as CARS is even greater in regions where there is 

high mesoscale activity, and near fronts (see Section 2.5.2). The percentage of the data variance 

explained by the satGEM fields is also reduced (Figure 2.9), but still remains high. Over all depths 

the satGEM fields explain over 95% of the variance of temperature data, while again slightly less 

of the salinity field is captured, with over 90% explained at all depths except close to the surface 

where the value drops to just over 86%. 

The spatial distribution of residuals for temperature and salinity at 200 dbar is shown in Figure 

2.10. Over most of the domain the residual values are quite small, however in frontal regions the 
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Figure 2.7: Hydrography minus satellite derived GEM residuals for temperature (left panel) and 
salinity (right panel) for each depth level. Boxes show distribution of 50% of the residuals, while 
whiskers represent twice the interquartile range. Red lines show one and two standard deviations 
respectively, and dashed lines give the a priori error estimate. Red crosses represent outliers. 

difference between satGEM estimates of temperature and salinity and in situ measurements is the 

greatest. These regions have the highest SSH variance in the domain, changing on short spatial 

and temporal scales, so part of the residual error is likely to be caused by changes unresolved or 

oversmoothed by the altimetry. Dynamic processes associated with eddies may be another cause 

of the larger residuals in this region. As eddies evolve their T-S properties are modified by mixing 

with the surrounding water masses. The degree to which eddies evolve along (or away from) 

the T-S structure defined by the GEM fields is an open question. Additionally the vertical tilt of 
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Figure 2.8: a priori noise estimate for all hydrography (bold solid line) and rms residuals to 
hydrography for temperature and salinity from the GEM fields with seasonal corrections (thin 
line), GEM field without seasonal correction (thin dashed line), satellite GEM fields (dash dotted 
line) and CARS06 atlas (bold dashed line). 

eddies (the second baroclinic mode), such as described by Roemmich and Gilson (2001), will not 

be recreated by the satGEM fields (see Chapter 3.5.1), and so leads to increased residuals if eddy 

tilting is present in some areas or times. 
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Figure 2.9: Percentage of global data variance captured by the satGEM fields by depth for 
temperature (solid line) and salinity (dashed line). 

2.5.2 Reconstructing synoptic hydrographic sections 

Figure 2.11 shows the satGEM estimate of the T-S sections observed during the 2005 occupation 

of WOCE section P16S (150 °W) south of 48 °S by the R/V Roger Revelle. This hydrographic 

data is independent from the data that was used to estimate the satGEM fields (Section 2.4.4). 

The temperature and salinity GEM fields capture the primary features of the hydrographic section, 

including the sharp northern and southern SAP at 51 °S and 53 °S respectively, the temperature 

inversion and corresponding position of the northern Polar Front, the SAMW north of the northern 

SAP, and the presence of the characteristic AAIW low salinity tongue. 



0.4 

0.2 

-0.2 

- 0.4 

-0.8 

-0.8 

36 	 Chapter 2: Methods: Creating and testing the satGEM 

0°  
1.5 

0 

- 05 

-1.5 

180°W 

(a) 

90 

180°W 
(b) 

08 

Figure 2.10: GEM-hycirography residuals for each profile at 200 dbar for the period 1992-2006 
for a) temperature and b) salinity. 
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Figure 2.11: WOCE P1 6S hydrography for observed (top panels) and GEM reconstruction (middle 
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There are also some parts of the section where the satGEM temperature and salinity reconstruction 

does not work as well. The warm anomaly around 400 dbar at 55 °S is only partially recreated by 

the GEM fields, and the temperature and salinity gradient across the northern SAF is too weak, 

leading to a warm and fresh anomaly in the difference fields. Additionally, the satGEM field 

does not reproduce the shallowing of isotherms and isohalines north of 49 °S very well due to the 

density compensating water mass anomalies found north of the SAF (Rintoul and England, 2002). 

Finally, south of the PF the satGEM field does not produce a cool enough Tinin  layer. This is due 

to the inability of the simple seasonal model to reproduce the highly stratified nature of seasonal 

summer warming south of the Polar Front, resulting in an artificial warming of the Tnzin  layer in 

this section. 
• 

Overall, however, the satellite based GEM field does a very good job of recreating the section. 

Below 200 dbar the GEM field explains over 90% of the temperature variance in the section, 

and below 300 dbar over 96% is captured (not shown). The satGEM salinity field has a lower 

skill in the surface layers, due to its weaker SSH signature, but still describes over 90% of the 

variance below 300 dbar. The errors can be largely attributed to differences in the satellite derived 

dynamic height and the in situ value (Figure 2.12). The satellite based dynamic height is generally 

smoother than the in situ values, and tends to underestimate the height north of 54 °S, leading to 
- warm anomalies in Figure 2.11, and overestimate it south of this point (cool anomalies). There 

is also a warm core feature at 55 °S in the hydrography that is not well resolved in the altimetry. 

The smoothness of the altimetry also leads to the weaker T and S GEM gradients across the SAF 

mentioned above. 

Despite the oversmoothing the top to bottom rms residuals along the WOCE P 1 6S shiptrack in 

T and S (Figure 2.13) for the GEM reconstruction show that the GEM based fields capture the 

important frontal regions with greater accuracy than traditional climatologies. This accuracy is due 

to its enhanced resolution in regions of steep SSH gradients where it has significantly smaller (25- 

50%) temperature residuals than both the CARS and W0A05 fields. As these steep gradients have 

strongly time varying positions and occur over small regions spatially, traditional interpolation 

in geographic space tends to oversmooth fronts, resulting in greater residuals in frontal regions, 

as occurs here at 48-50 °S, 53 °S and 54.5505  These positions correspond to the position of the 

north and south branches of the SAF and the PF. 
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Figure 2.12: WOCE P16S in situ dynamic height at 100 dbar relative to 2000 dbar (thin line) and 
altimetric dynamic height estimate (bold line) for the corresponding location and time. Values are 
in dyn m. 
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Figure 2.13: WOCE P16S rms residuals through the whole water column between the observed 
temperature and the satGEM (bold line), CARS06 (thin line) and W0A05 (dashed line) 
reconstructions by latitude for a) temperature ( °C) and b) salinity (psu). 
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2.5.3 Recreating frontal positions 

Sokolov and Rintoul (2002, 2007) show that south of Australia, and likely over much of the rest 

of the ACC, frontal positions are very closely associated with particular dynamic heights. Figure 

2.14 shows a snapshot of the region from 130-160 °E, with regions of high SSH gradient overlayed 

with dynamic height contours from the dynamic topography. We find that the relationship between 

frontal positions (defined as high SSH gradient regions) and fixed dynamic height contours is 

maintained throughout the timeseries and thus allows us to identify the position of the major 

fronts at each timestep based on the altimetric dynamic heights (Section 2.4.4). The satGEM 

associates each dynamic height with a unique T-S profile, and by comparing these at the frontal 

dynamic height with the known hydrographic frontal definitions we can check the accuracy of 

the satGEM fields. However, ACC frontal studies (Sokolov and*Rintoul, 2002; Orsi et al., 1995; 

Belkin and Gordon, 1996) give differing interpretations of the T-S properties of the fronts. Sokolov 

and Rintoul (2007) suggest that these differences are due to observational aliasing of separate 

filaments of the same front (e.g. north, central and south SAP) in large scale studies utilising 

historical hydrography. 

The study region south of Australia is chosen here as the frontal regions are well studied and 

defined by Southern Ocean standards. We define fronts as local maxima in the SSH gradient of 

greater than 0.3 dynamic meters per 100km. The dynamic height contours that give the best fit 

to the positions of maximum dynamic height vector gradient (hence frontal position) are chosen 

by determining the frequency at which fronts occur at each dynamic height, as shown in Figure 

2.15a. For the region between 130-160 °E over the whole time series we see several distinct peaks 

in the frequency distribution. The clearest of these extends from 1.60-1.8 dynm, with a maxima 

near 1.75 dynm. This peak corresponds to the northern edge of the SAP as well as cold core 

eddies occurring north of this. In the GEM temperature field at the corresponding height range 

(Figure 2.15b) we see the temperature increasing from 7 to over 8.5 °C at 400 dbar. The SAP-N 

GEM temperature values are slightly higher than the SAP-N range of 6-8 °C at 400 dbar given 

by Sokolov and Rintoul (2002) based on lateral gradient maxima observations. This high bias 

is probably due to the confounding influences of eddies and Rossby waves propagating in the 

SubAntarctic Zone north of the SAP (Sokolov and Rintoul, 2007). Figure 2.14 shows several such 

eddies and waves north of 48 °S with SSH gradients exceeding 0.3 dynm/100 km. These enhanced 

gradients contribute strongly to the peak at 1.75 dynm and above, while the gradients associated 
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Figure 2.14: SSH maximum gradient exceeding 0.3 dyn m/100 km for 03/07/2002 (light shaded 
areas). Contours are altimetric SSH plus the CARS06 MDT. Bold contours represent the heights 
associated with the greatest number of frontal occurrences, representing from the south the: 
southern PF, northern PF, southern SAF, central SAF and north SAF. Bathymetry shallower than 
2000 dbar is shown by dark shading. 

with the SAF-N are associated with the lower range of the peak, from 1.6-1.75 dynm. 
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Figure 2.15: a)  Count  distribution by dynamic height of frontal features with maximum SSH 
vector gradients exceeding 0.3 dyn m/100 km and b) the mean temperature GEM for the period 
1992-2006 for 130-160°E. 
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The second region of frontal occurrence is between 1.10-1.50 dynm, with a peak at 1.35 dynm, 

and a shoulder at around 1.21 dynm. These values correspond to the range over which the 

average GEM. temperature field increases from 3-6°C at 400 dbar, with the peak at 1.35 dynm 

corresponding to 4.8 °C at 400 dbar. This matches well with the temperature ranges given by 

Sokolov and Rintoul (2002) for the middle SAF and south SAP. Both of these frontal features are 

not always present simultaneously, and were identified separately only once in six sections taken 

on the WOCE SR3 line over a five year period. When a single southern SAP front was observed it 

corresponded to a change in temperature over 3-6 °C at 400 dbar. While this could easily be caused 

by observational aliasing, the weak peak in the frequency distribution suggests that a single front 

over this height range is more common during the period 1992-2006. 

Another, more well defined, peak exists between 0.95-1.05 dynm, with a maximum at 1.02 dynm. 

This range corresponds well in the GEM temperature fields to the northern extent of the 2°C 

isotherm in the Tmin, layer. This isotherm is associated with the north Polar Front (Sokolov and 

Rintoul, 2002; Orsi et al., 1995). Several other authors have given slightly different definitions 

(see Belkin and Gordon (1996) and Sokolov and Rintoul (2007) for summaries), notably Orsi 

et al. (1995) who use the southern extent of the 2.2 °C isotherm as another definition for the PF, 

leading to two fronts being defined in some regions. Indeed, two fronts near the 2°C isotherm are 

observed by Moore et al. (1999) in satellite SST records as well as Sokolov and Rintoul (2007) in 

SSH gradients. We also see a clear peak in Figure 2.15a south of the north PF between 0.75-0.85 

dynm, with a maximum at 0.81 dynm. In the GEM temperature fields the 0.81 dynm maximum 

corresponds extremely well with the Sokolov and Rintoul (2002) definition of the south PF as the 

southern extent of the 2.2 °C isotherm in the Tmax layer. 

The northern and, to a greater extent, southern sACCF are not well represented in Figure 2.15a 

due to their relatively small maximum gradients that rarely exceed the SSH gradient threshold, 

resulting in a small frequency of .occurrence. Therefore these fronts do not appear clearly as a 

peak in Figure 2.15a, but the north sACCF can be observed as a region of enhanced gradient in 

Figure 2.14 at around 0.7 dynm. The 0.7 dynm contour between 130-160 °E is associated with the 

southern extent of the 2°C isotherm in the Tin ax  layer, and corresponds well with the definition 

given by Sokolov and Rintoul (2007). 

The clear correspondence between hydrographic features from the satGEM fields and historical 

frontal definitions at peaks in the frontal frequency histogram is an encouraging evaluation of the 
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satGEM fields in the region south of Australia. The fact that definite peaks exist in the frequency 

distribution, despite the long time series and 30 ° longitudinal window, suggests that frontal 

features, while fillamented and highly transitory, are indeed strongly and persistently associated 

with fixed dynamic heights. It also shows that the GEM fields accurately predict the correct 

subsurface temperature and salinity properties associated with fronts, at the positions where they 

are known to exist in observational records from high resolution WOCE hydrographic sections. 

Using the frequency of sharp gradients of dynamic height it should be possible to extend frontal 

hydrographic definitions circumpolarly using the satGEM T-S properties at peak gradient (frontal) 

regions around the Southern Ocean. 

2.6 Conclusions 

We have presented a new gravest empirical mode for the Southern Ocean, constructed at a higher 

resolution than previous approaches. This immediately has useful applications as an alternate 

climatology, as projections in dynamic height space have much improved resolution in frontal 

regions, which are of great interest in the Southern Ocean. A much greater amount of information, 

however, is gained by combining these time invariant GEM fields with satellite altimetry to create 
0 time evolving temperature and salinity fields in geographic space at 	resolution with weekly 

timesteps from 1992-2006. 

We have shown that these satGEM fields reproduce the T-S fields observed by Argo floats to 

within 1.16 °C rms error at the surface, and significantly less at depth, and capture over 96% of 

the global hydrographic variance in historical hydrography below the thermocline. Additionally 

the frontal features are significantly more accurately resolved using this method, and the highly 

filamented nature of the ACC is recreated in greater detail than in traditional spatially averaged 

climatologies which tend to oversmooth the sharp frontal features. Because frontal features have •  
been observed to be closely associated with a narrow dynamic height range (Sokolov and Rintoul, 

2007), the satGEM fields may be useful in unifying the many and varied T-S definitions of ACC 

fronts compiled by different studies, as well as extending them outside the more well studied 

chokepoint regions of the ACC at Drake Passage, and south of Australia and Africa. Obviously 

the satGEM product must be treated with caution, as there are inherent errors in the GEM field. 

Most notable of these is the time invariance of the thermohaline structure in dynamic height space, 

the choice of mean dynamic topography and the confounding influence of uncorrelated temporal 
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barotropic variations in the dynamic height field. The satGEM is also limited by the spatial and 

temporal resolution of the satellite altimetry, the aliasing of which tends to oversmooth frontal 

and eddy features when compared with in situ hydrography. Additionally, the satGEM requires 

that each dynamic height be associated with just one T-S profile at each longitude. This means 

that outside of strongly baroclinic regions with well defined density gradients, such as the ACC or 

boundary currents, the usefulness of the satGEM approach is more limited. 

Despite these limitations the combination of historical hydrography and satellite altimetry is a 

very powerful tool. In addition to observing T-S properties in regions not often occupied by 

hydrographic surveys, many other important oceanographic parameters may be calculated, most 

notably the horizontal components of velocity fields (Chapter 3.3). Velocity fields over the whole 

depth range, as well as estimates of temperature and salinity, at a high spatiotemporal resolution, 

obviously have significant scope for further research. Mass, heat and freshwater transports may 

be subsequently calculated, in addition to divergences, heat budgets, and water mass formation 

and mixing rates. The gridded dataset and relatively long time series also allow the statistical 

decomposition of the velocity fields to their mean and eddy components (Chapter 3.5) and, due 

to the eddy permitting resolution, the T-S properties of larger mesoscale features can be directly 

observed, potentially allowing first order estimates of explicit property transports across the ACC 

by coherent eddy rings (Chapter 3.5.2). These calculations must consider the limitations of the 

GEM approach, however, and some properties may be difficult or impossible to observe. For

•example, the vertical tilt, in eddies needed to produce net property transport may not be well 

recreated using the GEM approach. 

Because the GEM fields are essentially time invariant, it is remarkable that they 'work' so well 

in recreating observations both in the altimetric era, as well as historical profiles as far back as 

the 1920s. This indicates that while the ACC is highly variable' in geographic space, with strong 

meandering of fronts and eddy formation, its underlying structure in dynamic height space has 

been largely static over time. This implies that observed trends in the satGEM fields are largely 

driven by large scale shifts in the position of fronts that are conservative of T-S properties. The 

degree to which the GEM fields reproduce observed warming or cooling trends in the Southern 

Ocean (for example Gille (2002); Aoki et al. (2003)) may give an indication of the extent to 

which this warming is driven by the shift in fronts (Chapter 4.2.1). With further analysis of the 

residuals it may well be plausible to separate the dynamic contribution of frontal motion and the 
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time evolution of water masses resulting from surface warming (Chapter 4.2.3). The temporal 

invariability in dynamic height space, and the ACC vertical coherence of water masses in general 

would also be an interesting metric with which to test ocean general circulation models, and the 

GEM projection may also be useful in data assimilating ocean models. 
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Chapter 

3 	ACC eddy heat and freshwater transport 

3.1 Introduction 

South of the Antarctic Circumpolar Current (ACC) the ocean is estimated to lose around 0.3 PW 

(PW=10 15 W) of heat to the atmosphere (Gordon and Owens, 1987) or 0.7 ± 0.3 PW over the 

whole Southern Ocean (Ganachaud and Wunsch, 2003), meaning that the ocean must transport 

at least this amount southward across the northern edge of the ACC. Because the ACC is zonally 

unbounded at the latitudes of Drake Passage, this transport cannot be achieved through boundary 

currents as it is in other oceanic basins. Additionally, as the isopycnals in the Southern Ocean 

generally slope upwards and outcrop at the surface, the ACC forms an effective barrier to poleward 

property transport by mixing along isopycnals. Mesoscale eddies have been proposed as a 

mechanism for transporting this heat and freshwater across the ACC (de Szoeke and Levine, 1981). 

Numerous studies have since supported this hypothesis (e.g. Thompson (1993); Stammer (1998); 

Wunsch (1999); Phillips and Rintoul (2000)), but estimates of the poleward eddy transport vary 

substantially, ranging from 0.05 to 0.9 PW (Gille, 2003), largely due to the difficulty in obtaining 

repeat observation of both temperature and velocity over the whole Southern Ocean with a suitable 

resolution in space and time to resolve the small eddy features. 

Local estimates based on current meters, such as those deployed in Drake Passage (Bryden and 

Heath, 1985) and south of New Zealand and Australia (Phillips and Rintoul, 2000) give point 

estimates of eddy transports and variability. Circumpolar extrapolations of these transports are 

largely conjecture as there is no way of knowing if the local estimates at the current meter are 

representative of the circumpolar eddy field, which itself is strongly heterogeneous (Morrow et al., 

1994). Estimates from these moorings give circumpolar eddy heat transport values of up to 0.9 

PW southwards, while similar extrapolations from individual eddy observations south of Australia 

estimate a much smaller eddy flux of 0.0012 PW (Morrow et al., 2004), demonstrating the need 

for a more global approach to eddy heat flux estimation. 
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To address this issue larger scale observational approaches have been taken by Keller and 

Holloway (1988) and Stammer (1998), using satellite altimetry. These methods rely on a 

knowledge of eddy diffusion and the relation between the gradient of SST and eddy transport. 

In addition these large scale approaches do not observe the deep ocean, except through theoretical 

extensions of surface observations along isopycnals (Karsten and Marshall, 2002), and ignore 

the existence of the mean flow. The altimetry based estimates give a similarly wide range of 

heat transport values of between 0.05-0.7 PW southward. These estimates do show that the eddy 

transport varies with latitude across the ACC and that on the northern edge of the ACC the eddy 

fluxes are much stronger. Gille (2003) used subsurface PALACE drifters to obtain global in situ 

estimates of eddy heat transport, estimating a southward heat transport of approximately 0.3-0.6 

PW across the ACC. Additionally she identified specific regions, such as near Kerguelen Island 

and the Agulhas Retroflection, as important for the net circumpolar eddy heat transport. 

Using high resolution (eddy permitting) models Thompson (1993) and McCann et al. (1994) 

showed that eddies carried around 0.14-0.2 PW polewards across the northern edge of the ACC, 

while Jayne and Marotzke (2002), Meijers et al. (2007) and Treguier et al. (2007) demonstrated 

that models with relatively high resolution produce a greater eddy contributions to the net heat 

transport. These higher resolution models observe heat transports across the northern edge of 

the ACC of 0.2-0.4 PW southwards. Additionally, eddy resolving models studies also allow the 

estimation of freshwater eddy fluxes as well as heat transport. Meijers et al. (2007) find eddies 

transport over 0.6 Sv of freshwater equatorwards across the northern edge of the ACC. 

In this Chapter we present estimates of the mean full depth global eddy heat and freshwater 

transports across the ACC based on the satGEM fields discussed in Chapter 2. These satGEM 

fields allow the calculation of eddy heat and freshwater fluxes in the manner of an eddy permitting 

numerical model, while being based on observational data rather than model dynamics. Section 

3.2 discusses the additional data needed to calculate property transports, while Section 3.3 of this 

Chapter discusses the creation of geostrophic velocity fields from the GEM density fields, and the 

testing of these velocities against in situ data. Section 3.4 demonstrates the skill of the method in 

reproducing the observed eddy heat transport at the AUSSAF current meter array, and Section 3.5 

expands this analysis circumpolarly, discussing the eddy heat and freshwater transport across the 

whole ACC. This section also estimates the eddy property transport using a different approach; by 

explicitly tracking individual mesoscale eddies and estimating the trapped property flux across the 
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ACC. The findings of the Chapter are discussed and summarised in Sections 3.6 and 3.7. 

3.2 The data 

When calculating geostrophic velocities (Section 3.3) from the satGEM T-S fields, the observed 

slope of the absolute SSH was used to calculate surface reference velocities for the subsurface 

baroclinic velocities. In order to include barotropic velocities the Rio05 MDT (Rio and Hernandez, 

2004) was used rather than the CARS field temperature and salinities, which only includes 

steric influences on SSH. The Rio05 MDT was produced by the CLS Space Oceanography 

Division. This SSH product was made by combining the EIGEN-GRACE 03S geoid with the 

Levitus climatological MDT as a first guess. The field was then successively improved by adding 

barotropic influences diagnosed using using inverse methods to combine the mean field with in situ 

hydrographic measurements and drifter velocities. The Rio05 MDT (1 ° resolution) was further 

interpolated onto the ° MSLA grid described in Chapter 2 and added to the MSLA anomalies to 

produce a time evolving absolute dynamic topography (ADT). The Rio05 MDT has been shown 

to be a significant improvement over other MDT solutions when compared to in situ observations, 

particularly in regions of high variability (Rio and Hernandez, 2004). It has rms errors of generally 

less than 13 cms -1 , which are several cms -1  smaller than other MDTs based on climatological or 

model data (Rio and Hernandez, 2004). The alternative mean dynamic topography developed by 

Niiler et al. (2003) was not used, as they note that their drifter based MDT tends to be biased 

towards higher velocities in the ACC due to surface winds. 

Surface Ekman velocities were added to the geostrophic velocities (Section 3.3.2) by using daily 

• synoptic surface zonal and meridional wind velocities at 10m from the NCEP/NCAR reanalysis 

project (Kalnay et al., 1996). These wind velocities were assembled by assimilating global 

meteorological datasets from 1948-present, into a global climate model. This gridded, daily, 

dataset of surface wind fields was then averaged by taking the seven day mean of the velocities, 

centered around the dates of the altimetric data, and linearly interpolated onto the MSLA anomaly 

grid. 

For the calculation of transports, the bathymetry of the ocean floor is important. The General 

Bathymetric Chart of the Oceans (GEBCO) one minute gridded dataset provided by the British 
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Oceanographic Data Center' was interpolated onto the satGEM grid and all satGEM properties 

(T,S,u,v) were set to NaN (Not a -Number) values in cells below the bathymetry. When 

subsequently calculating volume, heat or freshwater transports, the flux through satGEM grid 

cell faces that are intersected by topography are scaled by the appropriate amount, and transport 

through cell faces that are below the bathymetry is set to NaN. Additionally, where the bathymetry 

is deeper than the deepest satGEM grid point (5400 dbar), the bottom cell is extended to the 

bathymetric depth. 

3.3 satGEM derived velocities 

The satGEM temperature and salinity fields produce a realistic density field suitable for the 

calculation of velocities. With time evolving temperature, salinity and velocity fields it is possible 

to calculate a large number of interesting properties of the Southern Ocean, such as the transport 

of volume, heat and freshwater, both along and across the current axis. This section describes the 

calculation of the geostrophic velocities from the satGEM density fields, as well as the process of 

testing these velocities for realistic structure, volume transports across ACC chokepoints, volume 

conservation and directly against in situ velocity measurements. 

3.3.1 Method of calculating velocities 

Using the time evolving satGEM temperature and salinity fields described in Chapter 2 it is simple 

to create baroclinic velocity fields by calculating the geostrophic velocities. At each depth and 

timestep zonal (u) components of baroclinic velocity were calculated at the halfway point between 

latitudinal grid points, using the relation 

= 1 aOsurf  u  
f ay 

(3.1) 

where f is the coriolis parameter, y is the horizontal distance between meridional gridpoints and 

0 is the geopotential height anomaly referenced to the surface (Pond and Pickard, 1983). This 

calculation was also performed for the meridional (v) baroclinic velocity referenced to the surface 

at the longitudinal grid midpoints. The surface reference level is chosen so that the surface absolute 

Ihttp://www.gebco.net/data_and_products/gridded_bathymetry_  
data/ 
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geostrophic velocity estimate from the altimetric ADT (using the Rio05 MDT +AVISO SSH 

anomalies), can be added to the baroclinic velocities, to obtain absolute velocities at all depths. 

The use of altitnetry in this way to obtain surface absolute velocities has been well demonstrated 

(Wunsch and Stammer, 1998; Leeuwenburgh and Stammer, 2002), but by combining the surface 

velocities with the satGEM derived baroclinic shear, the geostrophic velocity can be estimated for 

the full water column. 

Immediately apparent in the satGEM velocity fields (Figure 3.1) is the highly filamentary nature 

of the ACC. High velocity jets associated with fronts are found at all longitudes of the domain, 

extending along the zonal extent' of the ACC. This filamentary nature is consistent with high 

resolution modelling studies (Hallberg and Gnanadesikan, 2006) and recent observational studies 

(Sokolov and Rintoul, 2007). They are extremely variable, however, and oscillate north and south, 

appearing and disappearing, such that jets associated with particular dynamic heights are not 

continuous around the globe. The topographic influence on the velocity field is apparent, and 

we see that around regions such as Campbell Plateau and the Falkland Islands the current jets are 

persistent in time and space, while over flatter topography, such as east of Kerguelen Plateau, the 

jets meander considerably. Also obvious in the velocity field is the presence of mesoscale eddies. 

These rings are clearly observable in the time series, pinching off from fronts and subsequently 

migrating away from their source region, sometimes decaying or being reabsorbed into their 

progenitor front. 

3.3.2 Adding Elunan velocities 

The major ageostrophic contribution to volume transport in the Southern Ocean is the wind driven 

Ekman layer at the surface. To estimate meridional volume transport closure accurately, this 

contribution must be taken into account (de Szoeke and Levine, 1981). The NCEP reanalysis 

product was used for this purpose. The weekly mean of daily u and v components of wind velocity 

at 10 m were taken, and then interpolated onto the velocity grid discussed in Section 3.3.1. These 

wind velocities were then converted to frictional velocities (u*, v*) using the polynomial derived 

by Yelland and Taylor (1996) 

u* -=- 0.10038 + 0.00217u0 + 0.0027840  — 0.00004440 	(3.2) 
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Figure 3.1: satGEM velocity magnitude snapshots at 03/07/2002 at a) 25 dbar, b) 400 dbar, c) 
1500 dbar and d) 3000 dbar. Units are cms -1 . 

where ui0 is the zonal wind velocity at 10 m. This was similarly applied for v 10 . These frictional 

velocities were then converted to wind stresses Ts , Ty  using the relation 

Tx = PU
*2 	 (3.3) 

where p is the air density and is equal to 1.3 kgm-3 . 

Using the wind stress values the Elcman volume flux across the face of each velocity cell of the 

grid can then be calculated as 
6, Xrx  

Qy = 	 (3.4) 
Pi 



3.3. SATGEM DERIVED VELOCITIES 	 53 

and 
yA  Ty  

Q. = 
Pf 

(3.5) 

where f is the Coriolis parameter, x,y are the lengths of the east-west and north-south grid cell 

faces in meters, p is the average density of sea water (here 1027 kgm -3) and Qy ,Qx  are the 

meridional and zonal volume transports in M3 S4 . 

To convert this voluine flux to velocity values we assume that the Elcman flux is restricted to the 

upper 75 dbar of the ocean and decreases exponentially with depth. As there are only two cells 

in this depth range the Ekman spiral cannot be resolved and we assume the Elunan transport is 

partitioned such that 64% of the transport occurs in the surface cell, and the remaining 36% in the 

second cell. Ekman velocities were calculated simply by taking the Elcman volume flux at each 

cell face in the upper two levels of the satGEM and dividing by the cell face area. These veloCities 

were stored seperately and can be added to the geostrophic velocities for calculations that require 

an Ekman flux, such as estimating the meridional volume balance (Section 3.3.5). 

3.3.3 Along and across streamline property transports 

As the structure of the ACC has significant meridional excursions, zonal averages over time create 

artifacts such as the meridional Deacon Cell (Diiiis and Webb, 1994), and also result in large 

standing eddy components in statistical decompositions of the transport (01bers et al., 2004). An 

alternative method for examining the ACC is to use 'stream following' contours oriented along 

the mean positions of dynamic height contours or mass transport streamlines. These stream 

following contours are typically not time varying, so do not truly follow the meandering ACC 

in time, but they still result in a clearer separation of the mean and eddy transport components 

and have been used in several studies (Ivchenko et al., 1996; Best et al., 1999; Treguier et al., 

2007). The stream following method is also particularly suitable for this study as the dynamic 

height contours remain within the Southern Ocean region where the satGEM temperature and 

salinity fields are valid (inside the ACC), whereas only a narrow range of latitudes are completely 

represented circumpolarly by the satGEM due to the north-south excursions of the ACC. 

The MDT used to calculate the satGEM (based on the CARS climatology, see Chapter 2) was 

used to estimate the position of the mean dynamic height contours relative to 2000 dbar (Figure 

3.2). Although the contours of the MDT largely remain within the region accurately represented 
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by the satGEM, they still pass through some areas that have little or no satGEM coverage. As 

discussed in Chapter 2, the satGEM is only valid over a limited range of dynamic heights, and 

seasonal increases in SSH on the northern edge of the domain may increase the SSH to above the 

satGEM's valid range. This means that in some regions at different times of the year there are no 

valid temperature and salinity satGEM fields. Additionally, regions where the satGEM fields are 

not valid at some times of the year may also occur at the domain's southern edge due to changes in 

sea ice coverage. Finally, satGEM fields are only valid in regions where thebathymetry is deeper 

than 2000 dbar. This means that shallow plateaus (e.g. near Kerguelen Island or Campbell Plateau 

near New Zealand) have no satGEM coverage, but may be bisected by the mean dynamic height 

contours on either side, leaving a gap over the shallow topography. 

However, in order to calculate property transport statistics across and along these mean dynamic 

height contours, it is necessary to have data at all points along their circumpolar paths and at 

all times. This is particularly important for estimates of volume transport, where the average 

across streamline flux must be zero in order to satisfy mass conservation. In order to achieve 

this constraint of circumpolar coverage at all times, the contours for the across/along stream 

calculations are defined so as to follow the mean dynamic height contours in regions where there 

are satGEM temperature and salinity fields, and as closely as possible in regions where there 

is no satGEM coverage. This means that the paths deviate around the very edge of regions of 

no coverage, such as Kerguelen Plateau, and rejoin the regular dynamic height contours on the 

other side of the unresolved regions. Hereafter these contours are referred to as best fit dynamic 

height contours. Figure 3.2 shows the position of the mean dynamic height contours, and the 

corresponding best fit dynamic height contours. Notable regions where the two sets of contours 

are different are at the northern boundary in the South Atlantic, at the southern boundary around 

the Bellingshausen Sea and the Kerguelen and Patagonian plateaus. These differences between 

the mean dynamic height contours and the best contours have some influence on the estimation of 

the mean and eddy components of the transport. These influences are discussed in Section 3.5. 

To calculate fluxes of heat, freshwater and volume across these best fit mean dynamic height 

contours the gridded satGEM temperature, salinity and geostrophic and Ekman velocity values 

for each time-step were linearly interpolated onto the best fit contours. New velocity components 

were calculated such that they have a component parallel to the local tangent to the best fit contour 

(along stream), and another orthogonal to the local tangent (across stream). Because of their 
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Figure 3.2: Position of mean dynamic height contours relative to 2000 dbar. Red contours are the 
CARS06 mean dynamic height. Black contours are the nearest fit to the CARS06 contours while 
remaining in regions resolved by the satGEM, see text for details. Southern contour is 0.5 dynm, 
northern contour is 1.75 dynm, contour interval 0.025 m. Units are dynm. 

irregular shape, the grid spacing along the best fit contours is irregular, unlike the satGEM, with 

more nodes along a contour in regions of high spatial variability, and fewer elsewhere. However, 

there is an average spacing of around 15 km at the southern edge of the domain and 20 km at the 

northern edge, and so is of comparable resolution to the satGEM grid. 

Figure 3.3 shows the average component of velocity that is tangent to the local mean dynamic 

height contour. These values are averaged over the satellite record and along each best fit mean 

dynamic height contour. The average velocity is eastwards everywhere shallower than 3000 dbar 

and shows a clear surface maximum in the central core of the ACC at around 1.35 dynm. The 
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Figure 3.3: Time and streamline average of along stream (u) satGEM velocity component at levels 
1-28 (25-2500 dbar). Units are cms -I  

velocities are similar in magnitude to those observed in model analysis in similar coordinate 

frames (Ivchenko et al., 1996; Best et al., 1999; Treguier et al., 2007) but are lower than might 

be expected along a path that follows the instantaneous dynamic topography when the surface 

kinetic energy is set to equal the altimetry and individual current cores may have velocities of 

over 1 ms -I  (Figure 3.1). The velocities in Figure 3.3 are lower because the lines of integration 

are fixed in time and the meandering of current jets across them tends to smooth and broaden the 

current core. Despite this temporal meandering the time invariant best fit mean contour following 

averaging still captures the multi-frontal nature of the ACC. There are two broad current cores 

associated with the northern Polar Front (PF) (dynamic height of 1 dynm) and the Subantarctic 

Front (SAF) core at around 1.35 dynm. These positions in dynamic height coordinates correspond 

well to the positions of the satGEM PF and SAF identified in Chapter 2.5.3. Smaller current cores 

also occur at around 0.75 m, 1.5 m and 1.65 m. These cores occur at heights corresponding to the 
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southern PF, and the central and northern branches of the SAP. 

To further examine the velocity field in these best fit dynamic height coordinates, we decompose 

the Reynolds stresses 

— (T) (U) + (v*u*) + (v'u') 	 (3.6) 

in Figure 3.4. Here v and u are the respective across and along contour components of the velocity. 

The overbars signify a time average, the' a departure from this average, while the angled brackets 

denote the circumpolar mean along the best fit contours and * represents a localised departure 

from this mean. The three terms on the right hand side of the equation denote the mean, standing 

eddy and transient eddy components of the Reynolds stress respectively (Best et al., 1999). The 

standing and transient eddy components of the eddy Reynolds stress represent the time mean and 

time varying components respectively (Olbers et al., 2004). 

While the mean along stream velocity, ((U)) in Figure 3.3 appears slightly lower than in model 

studies, the transient eddy component of the Reynolds stress is substantially higher than in the 

models discussed above. These transient Reynolds stresses, calculated below the influence of the 

Ekman layer (at 100 dbar, Figure 3.4b), are positive along all dynamic heights and peak near 

the SAP core at around 1.4 dynm with a value of 17 cm2 s-2 . Inside the Ekman layer at 25 dbar 

(Figure 3.4a) they are slightly greater. This indicates a northward transport of eastward momentum 

by the transient eddies, and is around 40% greater than the peak in the Parallel Ocean Program 

(POP) model (Best et al., 1999), despite that model having a finer resolution and slighly higher 

mean along stream velocities than the satGEM. The general shape of the eddy momentum flux is 

similar to both the POP and Fine Resolution Antarctic Model (FRAM). However, the inclusion 

of altimetry in the satGEM leads to significantly more active transient eddy fields than in these 

models, as well as resolving frontal peaks more clearly in both the mean along stream velocity and 

the eddy momentum flux. As in both the FRAM and POP models the transient Reynolds stresses 

act to decelerate the mean ACC flow in a streamfollowing coordinate system. This also agrees 

with observations by Hughes and Ash (2001) and Morrow et al. (1994). The mean components 

of the Reynolds stress, ('WL), is much smaller than the eddy component (< —1.5 cm2 s-2) and 

southward at all points. This southward volume transport by the mean field is consistent over all 

depths (not shown), except in the surface layers where the Elcman transport drives the mean flow 

northwards. This northwards transport in a narrow surface layer being returned southwards by a 

broader flow at depth forms the basis for the mean overturning circulation, and subsequent heat 
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Figure 3.4: Time and streamline averaged Reynolds stress components at a) 25 dbar and b) 100 
dbar. Bold line is the total (tu), fine solid line is the transient eddy (717il), dashed line is the 
standing eddy () and the dash dotted line is the Mean (tYu). Units are cm 2s-2 . 

transport, discussed later in Section 3.5.1. 

3.3.4 Volume transport at zonal chokepoints 

The zonal transport of the ACC through its three 'chokepoints'; south of Australia, Africa and 

South America (Drake Passage) has been the subject of much study, both observationally and in 
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models. As such there are relatively good estimates of the volume transport south of Australia and 

in Drake Passage, and in this section we compare these ,observational estimates with those from 

the satGEM velocity field to gauge its accuracy. 

The mean satGEM cumulative volume transport through Drake Passage it 57 °W and south of 

Australia at 146 °E, integrated from south to north is shown in Figure 3.5 for the total transport 

(baroclinic+barotropic) and two baroclinic components of transport. The total transport uses 

the R1005+AVISO dynamic topography as a surface reference .velocity, and the two baroclinic 

estimates use the satGEM baroclinc shear alone, referenced to the bottom and to 2500 dbar 

respectively. At both sections there is more structure. in the total mean transport, with stronger 

frontal features and some regions of net westward transport due to retroflections in the Rio05 

MDT that are not present in the purely baroclinic data. 

At 146 °E the baroclinic zonal transport above and relative to 2500 dbar between 65 °S and 45.2 °S, 

the mean position of the STF (Sokolov and Rintoul, 2002), is 114.2 Sv with a standard deviation 

of 11.1 Sv. This agrees with the hydrographic estimate by Rintoul et al. (2002) of 105.9 ± 7.2 Sv 

at the WOCE SR3 section using the same reference level and nearly identical start and end points. 

Similarly the bottom referenced satGEM transport of 156.8 ± 13.9 Sv at 146 °E is within one 

standard deviation of the full depth baroclinic transport estimate at SR3 of 147 ± 10 Sv (Rintoul 

and Sokolov, 2001). The fact that it is larger by almost 10 Sv can be accounted for by the fact that 

the northern point of integration is slightly further south (45.2 °S) than the in situ point (44 °S). If 

45 °S were used as the northern point of integration the transport estimated by Rintoul and Sokolov 

(2001) would be closer to 155 Sv (see Figure 4 of Rintoul and Sokolov (2001)). 

At Drake Passage the 2500 dbar referenced transport integrated between 61.4°S and 55.3°S is 

80.9 ± 5.2 Sv. This is lower than the estimate by Sokolov et al. (2004) of 92.7 ± 4.6 above and 

relative to 2500 dbar at the WOCE SR1 line. Similarly the bottom referenced transport at 57 °E 

is 118.8 ± 9.7 Sv, smaller than the in situ estimate of 136.7 ± 7.8 (Cunningham et al., 2003). 

This discrepancy largely occurs because the satGEM is limited to water depths greater than 2000 

dbar and so has slightly different end points to the in situ study. Sokolov et al. (2004) observes 

that there is approximately 5.6 ± 3.6 Sv of eastwards transport north of the 2500 m isobath that 

will not be observed by the satGEM and 1.1 ± 1.0 Sv eastwards south of the southern limit. This 

correction means the bottom referenced satGEM estimate is 11.2 ± 13.0 Sv smaller than the in situ 
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Figure 3.5: Mean zonal volume transport cumulatively summed from the south, showing the (blue 
line)  full depth total transport referenced to the Rio05+AVISO surface velocity values, the (red 
line)  full depth bottom referenced baroclinic transport  and the  (black line) baroclinic transport 
above and referenced to 2500 dbar for a) south of Australia  (146  °E) and b) Drake Passage (57 °W). 
Dashed  lines show one standard deviation. Units are Sv. 

baroclinic transport, agreeing to within one standard deviation. The ratio of baroclinic transport 

above and relative to 2500 dbar to the bottom referenced transport has been shown to be stable 

at both SR3 (71.9 ± 0.5% (Rintoul et al., 2002)) and SRI (67.6 ± 1.3% (Sokolov et al., 2004)). 

This study shows similar values, with slighly less stability between the upper and deep baroclinic 
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contributions to transport, with ratios of 72.3±1.9% and 68.2+ 3.7% for SR3 and SRI respectivly. 

At both sections the total transports are significantly larger than the baroclinic contributions, 

particularly south of Australia where the total transport is 199.8 ± 24.3 Sv. This is at the upper 

limit of estimates of the total ACC transport in this region, which have been variously calculated 

as 178 Sv (Meijers et al., 2007), 145.6 ± 1.0 Sv (Sloyan and Rintoul, 2001) and 151 ± 50 Sv 

(Yaremchuk et al., 2001). The substantial variability between these estimates is driven by the 

difficulty in calculating the barotropic component of transport due to its sensitivity to subtle 

biases in absolute current meter measurements (Yaremchuk et al., 2001). Observations using 

current meter measurements in the Subantarctic Front estimate that the barotropic component may 

contribute at least 14% of the ACC transport (Phillips and Rintoul, 2002). Based on the satGEM 

baroclinic transport this amounts to a barotropic contribution of around 25.5 ± 2.2 Sv, and Rintoul 

et al. (2002) estimates barotropic contributions of up to 10-30 Sv between hydrographic stations 

only 56 km apart based on altimetric height anomalies. 

• In contrast to the SR3 section the total transport through Drake Passage has been frequently 

observed and there are several estimates based on multiple transects and bottom pressure recorders. 

The mean satGEM total transport at SR1 is 143.4 ± 14.0 Sv, and is within one standard deviation 

of the 134 ± 13 Sv estimated by the International Southern Ocean Studies (ISOS) experiment 

(Whitworth III, 1983; Whitworth III and Peterson, 1985), and within the uncertainty of the 

absolute estimate by Cunningham et al. (2003) of 144 ± 45 Sv. Overall, although there are some 

biases in the total transport resulting from the choice of reference velocity and MDT, there is 

clearly a high level of agreement between the observational volume transport across the ACC 

choke points and the mean satGEM volume transport fields. 

3.3.5 Volume conservation 

While the satGEM mean volume transport across meridional sections of the ACC largely matches 

observed values, it is also necessary to establish how well the transport values conserve volume 

in a closed region in order to calculate property fluxes. There is no explicit dynamical constraint 

in the calculation of the satGEM velocity fields that requires the volume transport divergence to 

be identically zero, so establishing the degree to which the fields are non-divergent is a stringent 

test on the realism of the satGEM velocity, and hence the density fields as well. Figure 3.6a shows 
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several closed boxes in the Southern Ocean, chosen such that the edges of the boxes lie on regions 

where the satGEM fields are valid. The depth integrated volume transport (including the Elcman 

component) across each box face was calculated at each timestep and then cumulatively summed 

around the edges. If the volume transport fields are non-divergent the sum of transports across 

the edge should be zero for each time step (Lamb, 1932). Figure 3.6 shows that that the mean net 

depth integrated divergence is only a very small fraction of the total flux through the box faces, and 

they are zero to within one standard deviation in all but the box south of Australia (Figure 3.6d). 

Despite being very small relative to the total flux, these divergences are significant. For example, 

the -1.6 Sv mean volume divergence over the box east of Drake Passage would result in 980 Gm 3  

of volume lost over seven days. This would result in an average SSH drop of 0.34 m per week over 

the region inside the box, and such fluctuations are clearly not observed in the altimetry. Figure 

3.6f shows that the net transport across a circumpolar section is also not conserved. Conservation 

of the net transport is critical for accurate estimates of property transport, and is addressed below. 

The net geostrophic volume transport (i.e. without Ekman transport) across the circumpolar best fit 

contours of dynamic height discussed in Section 3.3.3 is shown in Figure 3.7a. The mean transport 

across each dynamic height contour is significantly different from the observed Ekman transport 

needed to close the net flux across the contours. For each time step there is even less conservation 

of volume transport, and the standard deviation of the geostrophic transport is over 50 Sv across the 

northern contours. This imbalance is the cumulative result of inaccuracies and assumptions made 

in the determination of the satGEM velocity fields. For example the temperature and salinity fields 

becomes increasingly oversmoothed below 2000 dbar due to the lack of sufficient deep in situ data. 

This means that the deep velocity shears tend to be less accurate than the shallower ones and the 

larger cell spacing in the deep layers exacerbates these inaccuracies. Additionally errors in the 

Rio05 climatology will result in transport biases and the long circumpolar integration path means 

that these small biases may integrate into large volume fluxes. These net volume transports are 

physically unrealistic and mean that meridional property fluxes cannot be meaningfully calculated. 

To address this problem, we apply a simple barotropic velocity correction for each circumpolar 

path of integration at each time interval to ensure that the net circumpolar meridional volume 

flux is zero. This is similar to the reference level corrections applied to inverse models that also 

do not have dynamical constraints on volume conservation (Sultan et al., 2007; Ganachaud and 

Wunsch, 2003). Figure 3.7b shows that the time mean of this value is very small, less than 0.5 



pi e 1,  •0  
6 

(uns) LaBmi toed 
SC 	C 	St 	Z 	S 1 	I 	St 

(94 418001 tiled 
9 	S 

OS (000 0001 teed 

0.1 

I; 5.2 

(0) 

	+CO 

(p) (3) 
(ure) Lem LII:d 

OS 

01 9 

(q) 
(emelisemei Leed 

S 	t 
M.091 

OS- 

- 

5 

OS' 

t 
•1-1 
V I 1 

As  azu spun . uonu!nap prepums auo ant5 sou!! paqsua -saxoq am JO SIOUJO3 atp 
awo!put sou!! tuonnA - xoq qoua JO 1011.100 isamiiinos am wog as!Agoop paurunts 	SPOdSUEII 

loickins ui pallaqui saxoq p oiu! podsuu.n aunuon, uuatu patutuns AiannuintunD :9 . c ainSu 

£9 	 SaLLIDOTHA MARIRCI IAMDIVS '£*£ 



1.4 1.6 1.2 
Dynamic height (dynm) 

0.8 0.8 

180 

100 

50 

-50 

100 

-150 

(a) 

0.8 	 1 	 1.2 
Dynamic height (dynm) 

1.4 1.6 

(b) 

64 	 Chapter 3:  ACC eddy heat and freshwater transport 

Figure 3.7: a) Mean (fine line) and one standard deviation (dashed line) of the northward volume 
flux integrated circumpolarly along dynamic height contours and the mean (bold line) northward 
Elcman volume transport, units are Sv. b) Mean (fine line) northward velocity correction and one 
standard deviation (dashed lines) to set meridional volume transport to zero. Units are ms* 

mms-I  , for each circumpolar path and time interval. The addition of this barotropic velocity to the 

geostrophic flow makes the net northward transport across the circumpolar paths identically zero 

at each time interval when combined with the Ekman transport. Significantly, this correction does 

not alter the direction or zonal structure of the northward velocities and was only applied to the 

cross contour velocities rather than the general gridded velocities. All further references to cross 

contour velocities refer to these adjusted geostrophic velocity fields. 

3.3.6 Comparison to Argo velocity estimates 

While satGEM reproduces the the large scale integral properties of the ACC such as zonal volume 

transport and mass closure, in this section we also examine its skill in reproducing synoptic 

instantaneous velocities regionally and at various depth levels using velocity fields derived from 

the Argo drifter array. The velocity field used is the YoMaHa'07 dataset, created using a simple 



3.3. SATGEM DERIVED VELOCITIES 	 65 

difference method applied to Argo floats operating between 1997-2007 (Lebedev et al., 2007). 

By taking the time and position of a float's last surface position before a profile, and the first 

subsequent position, the average drift rate at the parking depth at the point midway between the 

two positions can be inferred. Lebedev et al. (2007) are also able to estimate that the error of their 

drift rates are approximately an order of magnitude smaller than the velocity values. To compare 

this data set to the satGEM velocity field, we interpolate the satGEM gridded u and v velocity field 

to the position and time of each Argo drift velocity in the Southern Ocean during the altimetric 

period at the parking depth of the float. This gives 27323 collocated velocity estimates at parking 

depths ranging from 400 to 2000 dbar between 2002-2006. 

Figure 3.8 shows that over much of the Southern Ocean there are high degrees of correlation 

between the inferred Argo u and v velocity components and the satGEM velocity field. This is 

particularly the case in the Indo-Pacific and much of the Atlantic sectors, where the coefficients for 

the u and v components are generally greater than r=0.7. Elsewhere there is still good agreement, 

except in the eastern Pacific north of the SAF where the values are low or not statistically 

significant. When separated by parking depth (Table 3.1) the u component of velocity correlation 

coefficient ranges from between 0.50 at 1500 dbar to 0.71 at 400 dbar with a global coefficient of 

0.60. The v component is slightly less well correlated and ranges between 0.42-0.57 with a global 

value of 0.53. There does not appear to be any obvious relationship between the depth of the floats 

and their correlation coefficient. The rms difference between the absolute satGEM velocities and 

the Argo floats varies from 15.8 cms: 1  at 400 dbar to 6.5 cms -I  at 1000 dbar where most of the 

floats have their parking depth. Figure 3.8c shows that these residuals are larger in regions where 

the correlation coefficient is lower. These regions of lower correlation include Campbell Plateau, 

the Patagonian Plateau and around Kerguelen Island. All of these areas have fast current jets that 

are strongly topographically steered. 

A large portion of the rms difference between the satGEM velocity field and the inferred velocity 

field from Argo drifters (Section 3.3.6) can be attributed to aliasing of the velocity field due to 

the Argo sampling frequency. The Argo data in the Southern Ocean region of the YoMaHa'07 

(Lebedev et al., 2007) dataset has an average of 9.47 ± 0.90 days between the last surface location 

before a dive cycle and the first surface location afterward. The average distance between these 

fixes is 58.23 ± 53.78 km. Because this distance is substantially greater than the average first 

baroclinic Rossby radius of deformation in the Southern Ocean of around 10-20 km (Chelton 
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Figure 3.8: Regional correlation coefficient between satGEM velocity field and Argo drift 
velocities from the YoMaHa'07 dataset for a) u and b) v velocity components. All depths are 
used and coefficients not significant at the 95% level are left blank. The regional rms difference 
between the Argo and satGEM absolute velocity components c) is given in cms -1 . 

et al., 1998) it seems likely that the Argo float will not travel in a straight line between the two 

points, but will follow a longer path due to the meandering flow and mesoscale eddies. Therefore 

the average true Argo float velocity is likely to be higher than that implied by the simple difference 
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Table 3.1: Correlation coefficient (r) and rms difference (in cms -I ) between Argo drift velocity 
components from the YoMaHa'07 dataset and satGEM velocities collocated in space and time. 
Data are separated by Argo float parking depth. Correlation coefficients not statistically significant 
at the 99% level are left blank. 

Pressure (dbar) 400 500 1000 1500 1800 1900 2000 
number of observations 144 119 17214 1469 703 830 1870 

u correlation 0.7.1 0.70 0.61 0.50 0.69 0.57 0.54 
v correlation 0.49 0.53 0.53 0.42 0.57 0.51 0.5 

u mis 11.3 10.3 6.7 9.1 5.1 6.0 7.1 
v rms 15.8 9.7 7.2 9.0 5.3 6.5 7.6 

velocity magnitude rms 11.5 10.1 6.5 8.7 5.3 5.9 7.2 

method employed by Lebedev et al. (2007) and the velocity vector at a point half way between the 

two surface locations is unlikely to point exactly along the straight line between them. In regions 

of high current velocity and topographic steering or high mesoscale activity this error will be 

exaggerated. Around Kerguelen Plateau this aliasing of the velocity fields by the Argo sampling 

frequency is shown in Appendix A to result in rms residuals of around 4 cms -I  at 1000 dbar 

between the satGEM velocity field and the same field estimated using a sampling frequency of 9.5 

days to simulate Argo sampling. These rms residuals increase and the correlation coefficients 

between the actual and estimated velocity components drop significantly in regions of higher 

velocities or strong meandering of the current direction. 

This aliasing due to the relatively high Southern Ocean velocities and 9.5 day Argo sampling 

frequency appears to account for around 60% of the residuals between the satGEM and 

YoMaHa'07 dataset in the u component of velocity, and slightly less for the v component. 

This anisotropy in the velocity component residuals is as not reproduced in the simulated Argo 

sampling (Appendix A) and nor is the lower correlation coefficient in the v velocity component 

between the satGEM and YoMaHa'07 datasets. This suggests that the anisotropy between the 

coefficients is not an artifact of the sampling regime. It therefore seems likely that the strong 

northward Elcman currents in the Southern Ocean may result in meridional movements of floats 

during their ascent/decent cycles or while on the surface before (after) their first (last) satellite 

fix. This movement will not be reflected by the satGEM field and will increase the residuals 

in the v. component and decrease the v component correlation coefficient. Other sources of 

error that contribute to the difference between the velocity fields are baroclinic shear during the 

float ascent/descent, estimated by Lebedev et al. (2007) to be around 0.53 cms -I , ageostrophic 
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influences such as inertial oscillations, internal waves or Ekman currents (Park et al., 2005), as 

well as smoothing, aliasing and instrument errors introduced during the acquisition and processing 

of the gridded altimetric data. 

3.3.7 Comparison to SAFDE current meter data 

The relatively strong global correlation coefficients between the satGEM velocities and those 

estimated using the YoMaHa'07 dataset give confidence in the accuracy of the synoptic satGEM 

velocities, but the errors associated with the Argo sampling regime (Appendix A) make it difficult 

to estimate the accuracy of the velocity fields at a fixed points. This section tests the satGEM 

velocities in a more precise, but spatially limited, way against data from three (south, central and 

north) current meter moorings deployed south of Australia at approximately 51 °S,144 °E during 

the Subantarctic Flux and Dynamics Experiment (SAFDE) between March 1995 and March 1997. 

The satGEM velocities at the depth of the current meters were linearly interpolated onto the 

position and time of observations of the three SAFDE current meter moorings. The velocity data 

from the current meters have had tides removed and small corrections made for mooring motion. 

The data are once hourly values and include all ocean processes, such as internal waves and eddies. 

Figure 3.9 shows the comparison between the u component of satGEM velocity estimates and 

the current meter observations. To compare the high frequency (hourly) in situ data with the 

altimetric based satGEM the current meter data is low pass filtered for frequencies greater than 14 

days to match the satGEM temporal resolution. The satGEM velocities match the filtered observed 

velocities very closely. This is reflected in their correlation coefficients and velocity difference rms 

values listed in Table 3.2. At all depths the u and v components of velocity have large correlation 

coefficients of between 0.68-0.89, and are generally around 0.8, while the velocity magnitude rms 

differences range between 4.8-14.8 cms 1 , decreasing with depth. 

These values are generally slightly greater than the approximately 5 cms -1  rms residuals reported 

by Watts et al. (2001) using an in situ GEM based approach to estimate the velocities at the same 

array. The slightly greater residuals observed in this study can be attributed to the use of satellite 

altimetry, rather than in situ data, to estimate dynamic height and create the satGEM density fields. 

However, the satGEM rms error is still small in comparison to the current velocities observed in 

this region (frequently greater than 25 cms -1 ), and recreate the direction and magnitude of the 

observations very well down to 2000 dbar. 
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Figure 3.9: SAFDE current meter zonal (u) component velocities for all meters (labelled). Red 
lines are the satGEM velocity reconstruction, blue lines are the 14 day low pass filtered current 
meter data and dots are unfiltered current meter data. Units are in cms -I . 
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Table 3.2: Correlation coefficient and rms error between SAFDE current meter velocities and 
collocated satGEM estimates for each current array and valid depth. Correlations are significant 
at the 99% level. 

300 dbar 	600 dbar 1000 dbar 2000 dbar 
South current meter 

0.88 0.89 0.73 
7.3 5.9 6.5 
0.76 0.84 0.84 
12.6 6.0 4.8 

Central current meter 
0.81 0.85 0.68 
7.9 6.3 6.2 
0.79 0.80 0.81 
11.0 7.3 5.9 

North current meter 
0.78 0.75 0.79 
8.8 7.3 6.0 

0.74 • 0.79 0.82 
14.8 8.0 7.1 

u correlation coefficient 
u rms error (cms -1 ) 
v correlation coefficient 
v rms error (cms -I ) 

u correlation coefficient 
u rms error (cms -I  ) 
v correlation coefficient 
v rms error (cms-I  ) 

u correlation coefficient 
u rms error (cms -I  ) 
v correlation coefficient 
v rms error (cms -I ) 

3.4 Pointwise eddy heat transport at the AUSSAF array 

The lack of in situ observations of oceanic property transport makes it difficult to estimate the 

skill with which the satGEM fields recreate the ocean heat and freshwater transport, particularly 

by the mesoscale eddy field. However, a few point observations in the Southern Ocean exist, and 

here we compare the satGEM with transports calculated from an array of temperature and current 

meters deployed as part of the AUSSAF array in the SAF south of Australia from April 1993 to 

January 1995. Four sets of instruments were deployed between 142.7-143.6°E and 50.4-51.1 °S, 

with sensors at 300, 600, 1000, 2000 and 3200 dbar. The in situ data has been quality controlled 

and corrected for mooring motion (Phillips and Rintoul, 200.0). 

The eddy temperature component at each depth level and instrument is defined as the instantaneous 

difference from the time mean, such that 

0 = 0+0' 	 • (3.7) 

where is the time mean temperature and 0' is the instantaneous deviation from this. To more 

accurately represent cross frontal heat transport by mesoscale features, rather than using fixed u, 
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v co-ordinates we calculate eddy velocities at each current meter array relative to the local mean 

current direction following the method of Phillips and Rintoul (2000). At each timestep we define 

the direction of maximum velocity shear between the shallowest and deepest valid depth levels 

to be the axial direction of the mean current Qu pmin, — uvmax ], [vpmin  — Vpmax]), and define the 

components of current at each depth as parallel (along stream u) and perpendicular (cross stream 

v) to this axis. The eddy velocities then become 

v = + 	 (3.8) 

and 

(3.9) 

where the overbar is the time mean component in the rotated frame, and the prime denotes the 

eddy component. The in situ, rotated velocities are then filtered with a 14 day low pass filter to 

match the temporal resolution of the satGEM data. The direction of maximum velocity shear at 

the current meter locations in the satGEM is very similar to that in the filtered in situ data, with 

u,v component correlation coefficients of over 0.7 for all current meters. In order to compare the 

satGEM with the in situ data the coordinate system for both data sets was based on the current 

shear from the in situ data. 

Figure 3.10 shows the temperature and velocity anomalies (eddy components) recorded at the 

pressure corrected depth of the western array, as well as the corresponding satGEM based 

estimates interpolated onto the same position and time as the observations. The satGEM estimates 

the shape of the along and across stream components of the in situ instruments well, but tends to 

be larger in magnitude in the across stream component. This larger magnitude occurs early in the 

record (70-130 days) and near the end (320-400 days), and indicates that there are periods where 

the satGEM does not replicate the current shear direction at the meters as well as at other time. 

Both the sign and magnitude of the (rotated) mean and eddy components of v,u and 0 estimated 

using the satGEM match the in situ measurements, although again the Ti is generally larger for 

the satGEM than the in situ estimates (Table 3.3). Similarly we see that the along stream (u') 

components generally have a higher correlation coefficient (approx. 0.75) between the satGEM 

and in situ values than the corresponding across stream (e) components (approx. 0.6). These 

differences in correlation are largely due to the sensitivity of the cross stream component to the 

current shear direction. If the vertical shear direction in the satGEM and in situ data is not identical 
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this will create larger v' values in the satGEM than for the in situ v'. The variance v'2  reflects this, 

and the satGEM estimate has a significantly higher variance in the cross stream component than 

the in situ. The differences betwedn the in situ and satGEM current shear direction are possibly 

due to the presence of current features not resolved by the satellite altimetry, biases introduced by 

the Rio05 mean topography or ageostrophic in situ phenomena. 

0.5 	I 	I 	I 	I 	 r 	I 0.5 

-2.5 
50 
	

100 350 	.400 

(c) 

Figure 3.10: AUSSAF west current meter anomalies for a) along stream velocity, b) across stream 
velocity and c) temperature at depth levels 300, 600, 1000, 2000 and 3200 dbars. Bold line is the 
(smoothed) current meter data and the fine line is the satGEM reconstruction. Deeper levels are 
offset on the vertical axis for clarity by -0.5 ms-I  for velocities and -2°C for temperature. 
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Table 3.3: satGEM and in situ values for the mean velocity, temperature and eddy velocity variance 
at the current meters of the AUSSAF array. Also given is the correlation and rms difference 
between the satGEM and in situ eddy velocities and temperature. Velocity units are cms - I and 
temperatures are in degrees °C. Variances are in units squared. 

Pressure te2  v /2  
0/2 	 0' 

GEM in 
situ 

GEM 	in 
situ 

GEM in 
situ 

GEM in 
situ 

COff EMS 
cliff 

GEM in 
situ 

corr RMS 
cliff 

GEM in 
situ 

corr EMS 
cliff 

Western array 
420 24.38 30.82 8.59 	1.10 7.30 7.80 175.04 149.84 0.72 0.50 124.79 14.73 0.57 9.51 1.34 1.55 0.79 0.79 
780 17.37 25.32 7.16 	2.23 4.88 6.01 104.96 105.97 0.74 7.40 91.28 17.05 0.68 7.38 0.54 1.94 0.85 0.85 
1150 12.22 16.62 5.91 	4.77 3.24 3.96 69.78 49.48 0.78 5.23 70.51 38.24 0.66 6.33 0.05 0.53 0.84 0.55 
2240 6.93 6.98 4.15 	2.47 2.19 2.49 40.89 16.40 0.75 4.27 50.42 20.00 0.74 4.86 0.01 0.01 0.49 0.08 
3110 5.62 2.08 3.68 	-1.08 1.46 1.33 36.75 15.17 0.62 4.72 45.87 14.73 0.54 5.70 0.01 0.01 0.78 0.07 

Southern array 
420 33.79 39.01 -9.91 1.07 6.14 6.76 270.31 262.39 0.78 10.72 144.21 19.46 0.44 10.82 0.32 1.49 0.89 0.76 
780 26.75 29.72 -6.20 -1.01 4.12 4.76 183.95 162.22 0.76 9.12 98.69 28.22 0.67 7.49 0.26 1.29 0.86 0.74 
1150 20.90 20.99 -3.46 -2.86 2.95 3.27 130.41 86.26 0.75 7.48 73.59 31.64 0.59 6.93 0.03 0.27 0.82 0.38 
2000 13.58 7.27 -0.40 -1.32 2.26 2.16 82.36 14.72 0.69 6.99 55.27 13.71 0.62 5.92 0.003 0.008 0.73 0.06 
3200 9.19 2.23 1.05 	1.07 1.31 1.15 65.11 15.57 0.34 7.66 49.19 19.46 0.46 6.33 0.005 0.009 0.81 0.06 

Central array 
420 .21.89 30.97 -6.06 0.58 7.11 7.34 198.66 196.38 0.78 9.35 123.26 9.29 0.71 9.21 0.98 1.69 0.92 0.56 
780 16.44 24.48 -3.21 -0.17 4.74 5.27 145.15 146.69 0.74 8.71 83.15 14.91 0.74 6.80 0.49 2.09 0.90 0.88 
1150 12.06 16.39 -1.08 -2.60 3.16 3.59 112.27 70.56 0.73 7.19 59.87 66.93 0.50 7.67 0.06 0.61 0.83 0.59 
2238 6.65 5.26 1.13 	0.58 2.18 .  2.38 75.57 13.34 0.75 6.44 47.02 9.29 0.50 5.95 0.003 0.008 0.82 0.06 

Northern array 
1150 	12.91 15.38 	-0.880.04 	3.42 3.53 	143.72 68.25 	I 	0.65 9.14 	34.51 2.23 	0.39 5.46 	0.12 0.36 	0.93 0.31 
2000 	10.05 4.27 	0.94 	0.04 	2.34 2.28 	102.46 8.04 	I 	0.83 7.92 	17.31 2.23 	0.23 4.08 	0.002 0.013 	0.79 0.09 

Interestingly the opposite tends to be true for the temperature (0) components. The satGEM 

method accurately estimates the mean temperature (Table 3.3) but underestimates the magnitude of 

the eddy component, particularly near the surface (Figure 3.10). The correlation coefficient for the 

eddy temperature is very high (0.8-0.9) at most of the current meters, indicating that the features 

driving the temperature variability are captured in the SSH field and hence by the satGEM, but 

are underrepresented, particularly at shallow depths. This is partially caused by smoothing in the 

creation of the altimetric data and its relatively low resolution, as well as smoothing introduced 

by the interpolation of the satGEM data to the location of the current meter. The satGEM also 

fails to take into account frontal ageostrophic circulation which may play a significant role in 

cross frontal eddy fluxes, particularly near the surface (Thomas, 2008; Thomas and Ferrari; 2008). 

An additional source of error may be the correction for mooring motion. In the presence of strong 

currents, the anchored array of instruments tends to 'blow over', effectively changing the sampling 

depth and also the temperature variability if uncorrected. Although this motion is compensated for 

using the method in Hogg (1986) there is evidence to suggest that the correction is incomplete. 

Figure 3.11 shows that the depth at which the satGEM matches the motion corrected mooring 

temperature records is generally negatively correlated with the absolute velocity at the shallow 

current meters, suggesting that wanner temperatures (present at shallower depths) are recorded 

when higher current velocities occur. The correlation becomes positive with depth, and is 
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Figure 3.11: Correlation between the depth at which the satGEM temperature matches the in situ 
value and the in situ current meter velocity magnitude for each current meter, showing a trend with 
depth. 

consistent across each array. This suggests that the mooring motion correction has not completely 

removed the effect of the mooring being blown over and thus over correcting in shallow depths 

and under correcting at greater depths. The impact of this effect is to artificially increase the in situ 

temperature variability and contributes some of the difference between the satGEM and current 

meter observations. This result assumes that the satGEM estimates of the vertical temperatures 

profile are more accurate than those estimates of the vertical temperature used in the depth 

correction method. Given that the correction temperature profile used at the AUSSAF array is 

time invariant and identical across all four current meters (Phillips, pers. comm. 2008) this is 

likely to be the case. 

The eddy along (u'O') and across (v'0') stream heat transport for the western current meter array 

are shown in Figure 3.12. The satGEM and in situ transports are similar in shape for both the along 

and across stream components, while again the satGEM tends to overestimate the magnitude of 

the across stream transport, particularly near the surface. This is the case at all the current meters, 

with higher correlations between the along stream eddy heat transport (approx. 0.6) than the across 
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stream (approx. 0.5) components (Table 3.4). It is also evident in the mean transports (r0,770) 

where the satGEM transports are very similar to the in situ values in the along stream component, 

but larger in the across stream components. Despite these discrepancies in the instantaneous 

transport estimates, however, the satGEM still demonstrates considerable skill in calculating the 

mean heat transport of both the mean and eddy component. 

The depth integrated heat transports for the mean and eddy fluxes, both in the along and across 

stream components, agrees with the in situ values in direction, relative magnitudes and spatial 

distribution over the four current meter arrays (Figure 3.13). The differences in magnitude are 

largely controlled by sensitivity to differences in the in situ shear direction. The eddy heat transport 

is uniformly southward over all current meters, in agreement with the analysis by Phillips and 

Rintoul (2000). The mean satGEM depth-averaged, across-stream eddy heat transport across all 

four current meters is -37.7 KWm -2 , which compares extremely well with the estimate by Phillips 

and Rintoul (2000) of -40.6 KWm -2  for the same period. 

Table 3.4: satGEM and in situ values for the mean and mean eddy heat transport components at the 
current meters of the AUSSAF array. Also given is the correlation coefficient and rms difference 
between the satGEM and in situ eddy heat transport components. Units of heat flux are KWm -2  
northwards. 

Pressure 912 	 or, O'v' 
GEM in situ 	GEM in situ 	GEM 	in situ corr RMS 	GEM in situ 	corr RMS diff 

Western array 
420 177.90 240.38 62.66 8.43 29.72 	95.12 0.77 444.48 -230.23 -52.61 0.64 463.99 
780 84.71 152.29 34.93 13.43 36.17 	157.30 0.83 358.47 -98.13 -84.61 0.71 213.54 
1150 39.64 65.83 19.15 18.89 13.85 	45.76 0.82 138.53 -25.47 -57.20 0.65 150.43 
2240 15.20 17.39 9.10 6.16 5.70 	0.25 0.30 18.21 -3.04 -5.23 0.74 17.19 
3110 8.22 2.76 5.38 1.43 8.48 	4.76 0.56 21.04 0.16 -3.12 0.70 16.26 

Southern array 
420 208.65 263.63 -61.19 7.23 133.09 	420.59 0.69 572.35 -103.12 -104.36 0.22 299.69 
780 110.14 141.62 -25.54 -4.82 69.98 	252.13 0.63 421.90 -60.80 -115.37 0.50 264.37 
1150 61.64 68.58 -10.20 -9.34 20.23 	69.97 0.65 136.27 -14.53 -46.67 0.52 107.48 
2000 30.74 15.69 -0.90 -2.84 7.63 	-1.91 0.57 21.45 -2.86 -6.69 0.37 19.55 
3200 12.02 2.57 1.38 1.23 10.40 	-2.43 0.31 25.69 -3.05 -8.42 0.36 23.54 

Central array 
420 155.59 227.21 -43.10 4.25 108.58 	288.84 0.64 540.81 -290.22 -89.66 0.70 374.90 
780 77.97 129.03 -15.24 -0.91 90.28 	313.56 0.57 532.81 -153.62 -130.13 0.73 171.16 
1150 38.13 58.78 -3.41 -9.31 26.33 	97.46 0.50 195.59 -34.47 -120.32 0.48 176.39 
2238 14.49 12.49 2.46 1.38 0.14 	0.37 0.55 13.04 -3.23 -8.09 0.45 15.88 

Northern array 
1150 44.14 54.37 -2.99 0.12 -55.47 	-24.97 0.57 162.60 -13.86 6.81 0.47 77.20 
2000 23.53 9.74 2.22 0.08 0.57 	-4.98 0.44 14.99 -2.53 1.72 0.38 8.83 
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Figure 3.12: AUSSAF western current meter eddy heat transport for a) along stream and, b) across 
stream components at 300, 600, 1000, 2000 and 3200 dbars. Bold line is the (smoothed) current 
meter data and the fine line is the satGEM reconstruction. Deeper levels are offset on the vertical 
axis for clarity by -1500 KWin-2. 
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Figure 3.13: Depth integrated heat transports for each current meter array for a) Along stream 
mean heat transport, b) across stream mean heat transport, c) along stream mean eddy heat 
transport and d) across stream mean eddy heat transport. Bold line is the satGEM estimate and the 
fine line is the in situ value. Units are KWm-2 . 

3.5 Global eddy transports 

The realistic satGEM eddy heat transport measured at a single point demonstrated in Section 

3.4 is encouraging, and suggests that it is possible to use the satGEM fields to estimate global 

values of the cross frontal heat and freshwater transport by eddies. Calculating transports across 

the quasi-Lagrangian, best fit mean dynamic height contours described in Section 3.3.3 allows 

us to calculate more realistic meridional fluxes than by using zonal lines because path following 

coordinates produce a much clearer separation of the transport into mean and eddy components 

(Olbers et al., 2004). In this section we calculate the mean meridional (cross contour) eddy 

heat and freshwater transports. Two methods are used; the classical statistical approach where 

the eddy transport is defined as the covariance between velocity and property anomalies, and 

an explicit tracking approach made possible by the high spatial and temporal resolution of the 
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satGEM whereby individual eddy rings are tracked moving heat and freshwater across fronts. 

3.5.1 Statistical meridional eddy property transport 

Mean bulk transports were calculated for the periods 1992-2006. At each grid point along 

each contour the local temperature (0), salinity (s) and along (u) and across (v) stream velocity 

(including Elcman velocities) can be decomposed into a time mean and transient component, as in 

Section 3.4. For cross stream velocity this relation is 

v = + 	 (3.10) 

where the overbar denotes a time mean and the' is a departure from that mean. This can be further 

decomposed into 

v = 	+ v* + 	 (3:11) 

where 0 indicates a spatial mean along the contour, and * is the local departure from the spatial 

mean. Salinity, temperature and along stream velocity have similar relations. These expansions 

produce the time and space averaged cross stream heat transport equation 

(v0) = (i)(0) + (v* 0*) + (v'0') 	 (3.12) 

where the first term on the right hand side is the mean component of cross stream heat transport, 

the second term is the standing eddy component, due to along stream variations in heat transport, 

and the third term is the transient eddy component, due to temporal changes in heat transport 

(Olbers et al., 2004; Best et al., 1999). 

Meridional heat transport 

Figure 3.14a shows the depth integration and path length multiplication of each of these three 

components, as well as the total, for cross stream heat transport. Total heat transport is given 

relative to 0°C by the equation 

0 

Q advec = LpCp (vO)dz 
ibottom 

(3.13) 

where Cp  is the specific heat capacity, L is the circumpolar path length and p is the sea water 

density. 
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Figure 3.14: a) Mean global heat transport components integrated along best  fit  mean dynamic 
height contours for the total (bold line), mean (dash dotted line), standing  eddy  (fine line) and 
transient eddy (dashed line) components. Units are PW. b) Mean transient  eddy  heat transport 
cumulatively summed along dynamic height contours from west to east. Colour indicates dyanmic 
height contour. Units are W. 
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In this coordinate system there is net total northward transport of heat north of 0.8 dyn m (mean 

latitude 57 °S), and a southward heat transport poleward of this point. North of the 0.8 dynm 

contour the northward heat transport increases to a maximum of 0.73 PW, with peaks at 0.9, 

1.1 and 1.4 dynm. Although these peaks are not seen in low resolution climate model studies, 

the net heat transport is similar in shape to that observed in similar coordinate systems of high 

resolution primitive equation models (Meijers et al., 2007), although larger by 0.2-0.3 PW. The 

mean transport is the major component of the total heat transport, and has the same shape as 

the total, although with a slightly greater magnitude, and is similar in shape and magnitude to that 

observed in the eddy-resolving, stream-following model study conducted by Treguier et al. (2007). 

This component is also sometimes labelled the 'overturning' component, and is largely driven by 

the northward Elcman transport balanced by a deep return flow. The next largest component is the 

standing eddy component, which fluctuates around zero, being southward north of 1.475 dynm 

(mean latitude 49 °S), northward between this point and 0.73 dynm (approx 59 °S) and southward 

poleward of this point. Although the standing eddy component should not be identically zero, due 

to rotation in the velocity components with depth, it should still be small relative to the transient 

component in this framework (Others et al., 2004). 

The relatively large magnitude of the standing component of (+0.2 PW) occurs primarily because 

the 'best fit' path following lines of integration cross the mean dynamic height contours in some 

regions (eg Kerguelen Plateau) as discussed in Section 3.3.3. In these cases the volume transport 

will be northward across some sections of the lines and southward in other regions. Where 

a temperature gradient exists between these two points, a spatial component to the mean heat 

transport will also be introduced. This is particularly the case with the northern and southern 

most contours, which include the largest areas of deviation between the paths of integration and 

the mean dynamic height contours. Some of the central contours also have regions of significant 

excursions from the mean dynamic height contours, particularly where the mean contours intersect 

bathymetry shallower than 2000 dbar, notably the Patagonian and Kerguelen Plateaus. To maintain 

continuous paths where there is valid satGEM data in these regions the paths of integration deviate 

around the bathymetry and thus integrate across regions of significantly different temperature 

to the contour mean. To minimise this problem a simple model is implemented. Where the 

integration path deviates significantly around islands, the temperature is set to the mean of the 

temperature on the contour on either side of the deviation. This significantly reduces the size of 

the standing eddy component around islands, but does not eliminate it entirely, as is evident in 
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Figure 3.14a. It is worth noting that much of the meridional variability in the total heat transport 

is largely due to the variability in the standing eddy component caused by these path deviations. 

The final component is the transient eddy heat transport, driven by temporal variations in 

temperature or volume transport. This transport is much smaller than the mean or standing eddy 

components, and has a maximum of only 0.08 PW southward. It is also southward at almost all 

points. This small value is surprising, as many diverse studies (e.g. de Szoeke and Levine (1981); 

Phillips and Rintoul (2000); Meijers et al. (2007)) suggest that eddy transport is a larger component 

of meridional property transport in the Southern Ocean, with values ranging from 0.05-0.9 PW 

southward (Gille, 2003). This small transport may be affected by the relatively low resolution 

of the study (effectively 100 km, with some signal recovery at 50 km Morrow et al. (2004)) and 

therefore there may be unresolved eddy transport at smaller scales. However, we observe that 

the satGEM eddy KE is higher than model studies of comparable resolution (Section 3.3.3), and 

we have shown that the satGEM produces local eddy heat fluxes of similar magnitude to point 

observations (Section 3.4), suggesting that the satGEM should produce eddy transports of similar 

magnitudes to model studies of similar resolution. The probable cause of the low observed eddy 

heat transport in the satGEM relative to other studies is its limited skill in reproducing vertical 

mesoscale features, specifically the 'tilt' of eddies that induce a vertical overturning and hence 

meridional heat transport (Appendix B). This means that mesoscale eddy transports at a point are 

well reproduced by the satGEM (Section 3.4) but that when the eddy transport is integrated across 

eddies, as in these along contour integrals, the southward heat (and freshwater) transport on one 

side of an eddy is cancelled out by northward transport on the other side. This means that the eddy 

transport measured in this section is the component that is due to gradients in the temperature 

and salinity anomalies along the contours of integration. Because mesoscale eddies are relatively 

small (most eddy rings are of the order of 35-60 km in radius, see Section 3.5.2) the temperature 

and salinity gradients across them are not large, and hence their net transient transport contribution 

is small. In comparison, the meandering of frontal features away from their mean position may 

occur over thousands of km of longitude, over which the property gradients may be much larger. 

This then means the transient eddy component in this statistical framework is largely a measure 

of fluxes due to the large scale movement of fronts. The contribution to the total cross stream 

transport by the various length scales is quantified in Figure 3.15. The cross stream transient heat 

transport across the mean 1.25 dynm contour, as an arbitrary example, is low pass filtered for a 

series of wavelengths, ranging from 20000 km to 50 km (around the resolution of the satGEM). We 
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see that the resulting mean transports approach the mean unfiltered transport of —0.0199 ± 0.0025 

PW at low pass cut off wavelengths of around 1000 km. Including wavelengths shorter than this 

value produces almost no change in the total heat transport. Similar insignificant short wavelength 

contributions occur across all other dynamic height contours (not shown), demonstrating that the 

satGEM captures only the long wavelength component of transient eddy transports. 
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Figure 3.15: Circumpolar (bold line) mean and (fine line) mean error of the northward transient 
eddy heat transport across the 1.25 dynm mean dynamic height contour for the long wavelength 
component of transient eddy heat transport, with the cut off wavelength given on the x axis. The 
dashed line indicates the all wavelength mean transient eddy heat transport. 

Figure 3.14b shows the longitudinal 'cumulative sum of the depth integrated transient eddy heat 

transport. There are three relatively distinct clusters of integration paths, consisting of the northern 

paths between 1.4-1.75 dynm, central (0.9-1.4 dynm) and southern (0.5-0.9 dynm). Although all 

paths have high spatial frequency eddy transport, there are three main regions where significant 

net transport is achieved. Between 60-25 °W there is significant transport due to the high eddy 

activity in the South Atlantic where the ACC has a strong northward excursion and joins with 

the Brazil current. These northern paths experience a net southward heat transport of 0.03-0.04 

PW across this longitude. The central paths have a similar transport at 60 °W, but much stronger 

northward return transport at 25 °W, resulting in a smaller net northward eddy heat transport of 

around 0.01 PW in the South Atlantic. The second region where there is net eddy heat transport 

is between 30-75 °E, where the southern edge of the Agulhas recirculation joins the northern edge 

of the ACC. This region has high eddy activity, resulting in a southward mean eddy heat transport 
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of 0.06-0.07 PW between 30-75 °E, for the northern paths and 0.04-0.05 PW for the central paths. 

A third region of strong eddy heat transport occurs just east of Campbell Plateau at 180W, where 

there is 0.02 PW of southward heat transport across the northern streamlines. 

Freshwater transport 

Cross stream freshwater transport is calculated here using 

0 

Fadvec = L 	(vS)di, 
!bottom 

where S is the freshwater anomaly equal to 

(S'  —  So) S =-- 
So 

(3.14) 

(3.15) 

. Here S' is the in situ salinity and So is a reference salinity of 35 psu. The mean cross 

frontal freshwater transport is shown in Figure 3.16a. As in the heat transport case, the mean 

component is dominant. This component represents the mean vertical overturning overturning 

on the streamlines, driven largely by the northward Ekman advection of the fresh surface layer 

and consequent southward return transport of more saline Circumpolar Deep Water (CDW). It 

is slightly smaller than the total transport, which has a magnitude of 0.1 Sv northwards at the 

southern edge of the domain, increasing to 0.8 Sv at the northern edge. This is similar in shape 

to the model study by Meijers et al. (2007), but is smaller in magnitude by 0.1-0.2 Sv in the 

north. South of about 1.25 dynm the standing and transient eddy components of freshwater 

transport are very .small in comparison to the mean, as well as model eddy freshwater transport 

estimates by Meijers et al. (2007); Treguier et al. (2007). North of this point, the standing eddy 

component increases northward, resulting in a northward freshwater transport of around 0.2-0.3 

Sv north of 1.5 dynm. This change is largely driven by the increasing deviation of the paths of 

integration from the mean dynamic height contours in the north. Again we find that the eddy 

component of the freshwater transport is very small in comparison to the other two components. It 

is generally northward, increasing to a maximum of 0.025 Sv northward at 1.45-1.75 dynm. There 

is a small (0.01 Sv) southward freshwater transport south of 1 dynm. Although this transient eddy 

freshwater transport largely agrees with those observed in streamfollowing model studies in shape 

and direction it is at least an order of magnitude smaller in size (Meijers et al., 2007; Treguier 

et al., 2007). 
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Figure 3.16: a) Mean global freshwater transport components integrated along best fit mean 
dynamic height contours for the total (bold line), mean (dash dotted line), standing eddy (fine 
line) and transient eddy (dashed line) components. Units are Sv. b) Mean transient eddy freshwater 
transport cumulatively summed along dynamic height contours from west to east. Colour indicates 
dynamic height contour. Units are Sv. 
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The longitudinal distribution of the freshwater transport by transient eddies (Figure 3.16b) is 

similar to that of the heat transport discussed above. Again the major regions of net freshwater 

transport are around Drake Passage and the South Atlantic, from the Agulhas Recirculation to 

just east of Kerguelen Island, and east of Campbell Plateau. This is particularly the case for the 

more northern lines of integration (1-1.75 dynm). However, while the regions are similar to the 

heat transport case, the direction is sometimes different. The transport of freshwater by transient 

eddies in the South Atlantic is mostly northward across all contours, while for the central contours 

(0.7-1 dynm) the transport is strongly ,  northward at 30 °E. Most of the net southward transport 

for lines south of 0.7 dynm is achieved in the South Atlantic sector. The changing direction of 

the net eddy freshwater transport by latitude contrasts with the simpler heat transport which is 

largely monotonic with decreasing southward heat transport toward the pole. This variation in 

eddy freshwater transport sign with latitude is due to the more complicated meridional structure 

of salinity in the Southern Ocean. 

3.5.2 Explicit eddy tracking transports 

As the transient approach in Section 3.5.1 to estimating eddy property transport is limited to the 

long wavelength component that is due to along streamline zonal heat and freshwater gradients, 

we try a different method of estimating eddy transport. Instead of calculating the statistical 

covariance of transient property and velocity anomalies on a mean contour, here we explicitly 

track the movement of closed mesoscale eddy rings across fronts and estimate their property 

content, and thus cross frontal transport. Explicit tracking in this way will produce a net cross 

frontal transport of properties even for perfectly vertically symmetric eddies, unlike the statistical 

approach. Additionally, because the mesoscale features tracked typically have wavelengths of 100 

to 200 km the cross stream transport measured in this fashion can be seen as complimentary to 

the statistical approach where, in the satGEM, there are only contributions to the transient eddy 

transport at wavelengths greater than 1000 km. 

This explicit tracking approach requires knowledge of the eddy's position, size, heat and 

freshwater content, as well as the evolution of these properties over time. Obviously this method 

is limited by our knowledge of these factors, as well as the underlying assumption that an eddy 

'traps' the water mass within it and that it is accurately estimated by the satGEM field as the 

eddy migrates across fronts. The T-S fields produced using the satGEM method are well suited to 
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this approach, as they capture the above properties at eddy resolving resolutions, and by its own 

definition, the GEM projection of hydrography only 'works' in regions where vertical T-S profiles 

are preserved during horizontal translation. Tracking methods similar to this approach have been 

used in model studies of eddy flux from Agulhas ring shedding (Treguier et al., 2003), as well as 

in some observational studies where an eddy is tracked via altimetry and its internal properties are 

known through in situ sampling (Sparrow et al., 2002; Morrow et al., 2004). Similarly a census of 

eddies tracked using satellite altimetry has been conducted by Chelton et al. (2007) over the global 

ocean, but no studies have combined tracking of mesoscale features with synoptic temperature and 

salinity fields to establish the basin scale property transport by these features. 

Explicit eddy tracking transport method 

In principle the method is simple; we measure an eddy's heat content from its start location to 

where it finally dissipates, thus establishing the.  heat transport from one point to the other by 

the eddy. However, a number of technical and theoretical considerations must be made. Of most 

interest in the Southern Ocean is the cross frontal eddy transport, and for comparison purpos.  es , that 

is also what is measured in Section 3.5.1. This means we are interested in tracking the movement 

of trapped water in eddies across fronts, as identified by the time varying position of dynamic 

height contours (Sokolov and Rintoul, 2007). Using this definition of fronts, we define an eddy 

as a closed dynamic height contour that is situated away from the local continuous contour of the 

same dynamic height. A closed contour north of the local continuous contour represents a cyclonic 

(cold core) eddy, and one south of the local continuous contour is a anticyclonic (warm core) eddy. 

In the case of a anticyclones (cyclones) we find that these are typically observed in the altimeter 

as a meander in the locally continuous dynamic height pinching off to form a closed ring, trapping 

wanner (cooler) water from north (south) of the contour inside the eddy. The eddies then evolve 

in one of two ways; they are either reabsorbed into their progenitor dynamic height contour, or 

move away from the locally continuous contour and eventually dissipate, merging with the local 

watermass. In the first case the water mass trapped inside the eddy is returned to the original side 

of the front, and there is little or no net property transport across the dynamic height contour, and 

in the second the heat and freshwater inside the eddy are transported across the contour by the 

eddy and eventually mixed into the water mass on the other side. 
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Quantifying transport 

This presents a second theoretical problem; how to quantify the heat and freshwater transport in the 

case of these dissipating eddies? Treguier et al. (2003) demonstrate that simply taking the depth 

integrated heat content (relative to zero) of the water mass trapped inside a closed eddy produces 

eddy heat fluxes that are too large relative to the transient approach. Morrow et al. (2004) instead 

calculate the local heat content anomaly relative to a reference water mass immediately outside 

the eddy. This produces more realistic heat fluxes, but is difficult to apply consistently if more 

than one eddy is to be observed over a large geographic region. This is due to the sensitivity of the 

heat flux to the choice of the reference water mass and the difficulty of choosing an appropriate 

reference for multiple eddies over a wide area. Calculating the heat content anomaly, relative to 

the local mean heat content is also inconsistent, as it does not take into account the large scale 

movement of fronts. For example, an anticyclonic eddy spawned from a front that is temporarily 

north of its mean position will have a heat content anomaly that is lower than an identical eddy 

spawned when the front is south of its mean position, due to the meridional gradient of the mean 

heat content. 

To address this problem we instead calculate the change in eddy heat and freshwater content as it 

evolves over time, rather than the total content. For each eddy we calculate the heat and freshwater 

content of the eddy using the relation 

Qeddy =f f p0CpdzdA (3.16) 

where p is the water density, Cp  is the specific heat capacity and 0 is the temperature in degrees 

°C, integrated over the full depth and area (A) of the eddy. The freshwater content is similarly 

defined as 

Feddy = f f SdpdA (3.17) 

where S is the freshwater anomaly. In order to calculate the change in property content of an 

eddy from one timestep to the next we must take into account the change in size and position of 

the eddy between timesteps, in addition to the heat and freshwater content of the water mass that 

remains after the eddy dissipates. The change in eddy property content from one timestep to the 

next indicates that the property is lost (gained) by the eddy to (from) the surrounding ocean. This 

gain or loss is the effective property transport across the dynamic height contour from where the 
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eddy was spawned. The relation used to calculate the change in eddy property content for a single 

eddy and timestep is given by 

AH = (Hti + Ht1A2 Ht1A1nA2) (Ht2 A2  + Ht2 A 1  — Ht2A1nA2) 
	

(3.18) 

where AH is the change in eddy property content from timestep t i  to t2, and A 1  and A2 are the 

respective geographic areas of the eddy in the two time steps. A1 n A2 is the area intersected by 

the eddy in both timesteps. H 1  A i  denotes the heat content of the watermass inside the region A1 

at time ti. The relation is quasi-Lagrangian in that it follows individual eddies as they move from 

timestep to timestep, but does so by locating them in the Eulerian framework denoted by A 1  and 

A2 which are fixed areas in geographic space. The equation also takes into account the fact that 

once an eddy ring of a particular dynamic height disappears, the heat transport between the two 

timesteps is the difference between the heat content of the final eddy ring and the watermass that 

is present at the same location in the next time step, rather than the entire heat content of the eddy. 

There are numerous practical difficulties associated with this approach. The seven day time 

intervals between altimetric snapshots is the greatest issue, as it aliases the formation and 

assimilation of eddies by the locally continuous contour, meaning that frequently fully forined 

eddies appear in the altimetric record, without an obvious meander proceeding formation in the 

progenitor contour. Similarly, eddy rings may simply disappear near the continuous contour, 

making it impossible to determine if they have been reabsorbed with little net transport or instead 

dissipated away from the front. To deal with this we simply assume that any closed ring that 

appears or disappears within 0.75 degrees of the locally continuous dynamic height contour has 

been spawned or reabsorbed respectively by that contour. This value is chosen as it is slightly 

greater than twice the first baroclinic Rossby radius in the region (20-30 km) and also larger than 

the spacing between three altimetric grid points, so if there were an eddy between the front and 

0.75 degrees from the front it would be resolved by the altimetry. 

Aliasing also creates a problem when using the above eddy property content difference equation. 

When an eddy is formed by pinching off from a meander the difference in eddy property content 

in the first timestep, where it is present as a meander, and the second when it is a closed ring, is 

negligible. This fits with the assumption that a newly formed eddy contains trapped water from the 

opposite side of the formation dynamic height that is essentially unchanged. However, when the 

initial meander is not captured in the altimetry the apparent heat change will be large due to taking 
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the difference between the eddy and the water mass that occupied the same area in the previous 

time step. This is addressed here by assuming that there is no change in eddy heat content between 

the first instance of a closed ring and the same area of the preexisting water mass, and setting this 

difference to zero. 

Tracking and identifying eddies between timesteps is also occasionally problematic in regions 

where there is significant eddy activity or where the eddies move relatively large distances between 

timesteps. This leads to occasional inaccuracies in identifying individual eddies, but generally the 

scheme is accurate in tracking multiple eddies over time. The method also makes no distinction 

between strong and weak eddies, as it only detects the presence/absence of closed anomalous rings 

•of dynamic height (as small as 0.025 dynm), rather than the large SSH anomalies (±0.075 — 0.1 

dymn) typically associated with a mesoscale eddy (Morrow et al., 2004; Roemmich and Gilson, 

2001). 

A final consideration is the effect of bottom topography on the changing eddy property content. 

As eddies move over changing bottom depths the total volume of the eddy will change, becoming 

greater if the bathymetry deepens or smaller if it shoals. This is compensated to some extent by 

a change in the radius of the eddies due to the conservation of potential vorticity, but the discrete 

nature of the satGEM grid and bathymetry means that these adjustments may still result in a net 

volume change, particularly for deep regions where the difference between deep cell depths may 

be several hundred meters. In order to avoid the confounding influence of these factors, we only 

measure the change in eddy heat/freshwater content in the upper 2000 dbar where there is no 

bathymetric interference. Tests using the full bathymetry suggest that the majority of the eddy 

transport (around 80%) is achieved in the upper 2000 dbar, and the transport statistics using only 

the upper 2000 dbar are considerably less noisy than the data using the full depth range. 

Eddy statistics 

Forty two continuous dynamic height contours, between 0.7-1.725 dynm with an interval of 0.025 

dynm, were identified at each time interval of the satGEM. The same methodology as in Section 

3.3.3 was employed to ensure a circumpolarly continuous dynamic height contour at each time 

step, with the exception that shallow bathymetric regions where no satGEM data exists, such as 

Kerguelen Plateau, were interpolated across rather than deviated around as mass closure is less 
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important than accurate contours for this method. At each time interval and dynamic height 

the closed contour rings that appeared near the circumpolar contour of the same height were 

identified as eddies spawned from that contour, and designated as a cold (warm) core eddy based 

on whether they were north (south) of the closed circumpolar contour. Each eddy was assigned an 

identification number and tracked between time intervals and the change in heat content calculated 

using the method described earlier in this section. If the eddy disappeared within 0.75 degrees of 

its circumpolar dynamic height contour it was assumed to have been reabsorbed, and if further 

away it was deemed to have dissipated and transported heat and freshwater across the continuous 

dynamic height contour. 

The basic eddy statistics gathered using this method circiunpolarly between 1992-2006 are shown 

in Figure 3.17. The majority of eddies tracked using this method are relatively small and short 

lived. We see that 70-80% of eddies exist for only a single timestep (1 week), and that 95% have 

lifespans of less than 5 weeks. Both cold and warm core eddies have similar average lifespans of 

2-3 weeks, and in both cases eddies spawned further north in the ACC generally have lives almost 

twice as long as those in the south. Dissipating eddies last an average of 0.3 weeks longer than 

reabsorbed eddies (not shown). This is unsurprising given that the criteria for a dissipating eddy is 

travelling at least a minimum distance from its original front. The eddies are also generally small, 

with a mean radius of 35-50 km, near the resolution of the altimetry data used here (Ducet et al., 

2000), increasing in size to the north, consistent with the increase in the first baroclinic Rossby 

radius of deformation (Chelton et al., 1998). 

Although the majority of eddies are generally small and short lived, we see numbers of large, long-

lived eddies similar to those observed in other eddy tracking studies that focus only on long lived 

mesoscale features. Morrow et al. (2004), for example, track 8-10 cold core eddies between 140- 

150 °E that last longer than six months before decaying north of the SAF between 1992 and 2001, 

and this study observes a similar number of eddies (not shown) with the same characteristics in 

that region, despite using different eddy definitions. The large number of short lived eddies means 

we track many thousands of individual eddies over the Southern Ocean from 1992-2006 (Figure 

3.17c). We also observe that there are approximately twice the number of eddies (approx. 4000- 

5500) crossing dynamic height contours on the northern and southern edges of the ACC than there 

are crossing the central dynamic height contours (1-1.5 dynm), and that there are generally slightly 

more cold core eddies crossing each contour than there are warm cores. This contrasts with the 
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eddy Reynolds stresses where we see the peak (statistical) eddy velocities around the minimum 

of the eddy count; suggesting fewer, more powerful, eddies achieve the transport across the front 

cores. The meridional distribution of eddies is split approximately evenly between dissipating and 

reabsorbed eddies. As we are interested in dissipating eddies for the purposes of discussing heat 

and freshwater transport across fronts, the remainder of the Chapter will refer only to dissipating 

eddies unless specified. 

While eddies are generally ubiquitous over the whole Southern Ocean, there are distinct regions of 

high eddy activity, joined across more quiescent areas by narrow filaments of activity, representing 

the location of circumpolar fronts (Figures 3.18 and 3.19). The major regions of activity are at 

50 °W in the Malvinas Current, at 30 °E on the northern edge of the ACC, at 90 °E, immediately 

east of the Kerguelen Plateau, and at 150-180 °E, south of Tasmania and New Zealand around 

Campbell Plateau. 

As is expected warm core and cold core eddies occur in similar locations, with warm core eddy 

concentrations slightly further south than the cool cores, as they appear on the southern side of the 

dynamic height contour. The large blank spaces near the Ross and Weddell Seas are caused by the 

respective gyres, which have dynamic height ranges outside those resolved by the satGEM fields, 

although there is substantial eddy activity near their edges, particularly at 30 °E, where there is a 

strong patch of warm core activity, possibly driven by shear between the ACC and Weddell Gyre. 

Cross frontal heat transport 

Using the heat transport definition defined earlier in the section we can calculate the heat 

transported by dissipating eddy rings across the time varying circumpolar contours of dynamic 

height. The total northward eddy heat transport summed along each dynamic height contour and 

divided by the altimetric time period is shown in Figure 3.20a. At all points across the ACC the 

eddy heat transport is southward, increasing in magnitude from the south to a peak of 0.07 ± 0.01 

PW at 1.5 dynm, and decreasing again north of this. The majority of the heat transport occurs 

between 1.2-1.6 dynm, corresponding to the heights associated with the SAF current core and 

maximum eddy strength (Figures 3.3 and 3.4). Interestingly the peak in eddy heat transport does 

not correspond to the heights where there are the greatest number of eddies (the northern and 

southern edges of the ACC). There is a slight increase in heat transport at the southern edge 
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Figure 3.18: Percentage of altimetric time series where at least one warm core eddy is present for 
a) A longitude by 0.025 dynrn binning cells and b) ° longitude by A latitude binning cells. 

where there are more eddies, but the magnitude of the increase is small compared to the change 

in the number of eddies, and there is no significant change on the northern edge of the ACC. The 

transport by cold core eddies dominates the heat transport signal between 1 and 1.4 dynm, but 
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Figure 3.19: Percentage of altimetric time series where at least one cool core eddy is present for 
a) A longitude by 0.025 dynm binning cells and b) A longitude by A latitude binning cells. 

is similar across other contours to the transport by the warm core eddies. The transport by warm 

core eddies is around 0.01-0.015 PW everywhere except between 1.4-1.6 dynm where it increases, 

transporting over 0.03 PW southward at 1.5 dynm. Figure 3.21 indicates that this increase is 
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driven by substantial heat transport in the South Atlantic and around Campbell Plateau, and that 

the increased cold core heat transport at 1-1.4 dynm is driven by eddy activity in the same regions, 

as well as just south of the Agulhas Retroflection (Figure 3.21b). This is reinforced by Figure 

3.20b where at contours greater than 1 dymn there is substantial localised eddy transport at 50 °W, 

20 °E and around Campbell Plateau across 180 °E. These distinct regions are interspersed with 

larger quiescent areas where little or no eddy heat transport occurs. Additionally, between 50- 

90 °E there is a broader southward heat transport across dynamic height contours greater than 1.2 

dynm that is associated with the active eddy field around Crozet and Kerguelen Islands. 

The contours south of 1 dynm, approximately the northern PF, have a different heat transport 

regime. They generally have broader regions of transport that, due to the generally lower heat 

contents, have smaller net transports. Broad southward eddy heat transport occurs downstream 

of the Weddell Gyre, Ross Gyre and Kerguelen Plateau, driven by both cool and warm core eddy 

transport across the fronts. Figure 3.22 shows the time mean distribution of depth integrated 

heat transport from eddy interiors to the surrounding ocean, essentially a spatial measure of heat 

loss from warm core eddies or heat gain by cool core eddies. The dynamic nature of the Southern 

Ocean fronts and eddies means that the time mean distribution of eddy heat transport has a complex 

short wavelength spatial pattern, but broadly we see a pattern of positive transport (eddy driven 

warming) from eddies to the surrounding ocean in the south of the ACC, and southern edge of 

fronts, and negative transport on the northern sides, notably between 80-180 °E (eddy driven 

cooling). In the highly active regions of eddy formation the spatial pattern is less clear, due to 

the large number and high degree of variability of the eddies. In these active regions there is very 

strong eddy heat transport, of the order of 1000 Wm -2 , suggesting that the eddy component is very 

important to the local heat budgets. 

The heat transport around Kerguelen Island, at the northern edge of the ACC, supports the 

observations by Sallee et al. (2006) of eddy driven cooling of the mixed layer north of the 

SAF downstream of 60 °E of around 50-180 Wm -2 . The values observed here are substantially 

larger (200-800 Wm-2), but apply over the whole water column, not just the mixed layer. Sallee 

et al. (2006) also observe eddy driven warming west of 60 °E, which is not as well replicated 

here, although there are some warming patches, and certainly less cooling in this region. This 

is encouraging, particularly as the methods used to calculate the heat fluxes in each case are 

completely different (Sallee et al. (2006) use a diffusion scheme based on an estimated eddy 
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Figure 3.20: a) Mean global northward heat transport across dynamic height contours by eddy 
rings, for the total (bold line) and cool (fine line) and warm (dashed line) core contributions. The 
grey region indicates the error associated with the total transport. Units are W. b) Mean global 
northward heat transport across dynamic height contours by eddy rings cumulatively summed 
along dynamic height contours from west to east. Colour indicates height contour. Units are W. 
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Figure 3.21: Spatial distribution of mean northward eddy heat transport across dynamic height 
contours by eddy rings for A O longitude by 0.025 dynm binning cells for a) warm and b) cool core 
eddies, units are W. 

diffusivity and the SST gradient). 

Cross frontal freshwater transport 

The mean meridional eddy freshwater transport is northward north of 1.4 dyrun and poleward 

south of this point (Figure 3.23a). It has a maximum northward peak of 0.015  h  0.009 Sv at 1.475 
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Figure 3.22: Mean heat transport from eddy interiors to the surrounding ocean for eddy rings for 
A - longitude by A - latitude binning cells divided by cell area. Contours show the mean dynamic 
heights associated from the south with the sACCF, sPF, nPF,sSAF,cSAF and nSAF fronts. Units 
are Wm -2 . 

dynm, decreasing north of this point to near zero. South of 1.3 dytun the eddy freshwater transport 

is generally around 0.01 — 0.015 ± 0.003 Sv poleward, peaking at 0.85 dynm. As was the case in 

the eddy heat transport, the cool core eddies transport more freshwater between 1-1.5 dynm than 

the warm core eddies, while their contributions are more even elsewhere. 

The spatial distribution of the freshwater eddy transport (Figure 3.23h) is broadly similar to that 

of the heat transport (Figure 3.20b). A few highly active regions achieve most of the transport, 
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and again there are distinct meridional regimes, separated by the major fronts. There is little eddy 

transport across contours south of the northern PF (1 dynm) in the South Atlantic, and instead there 

are broader regions of southward freshwater transport east of Kerguelen Plateau and, to a lesser 

extent, downstream of the eastern edges of the Weddell and Ross Sea gyres. North of 1 dynm the 

majority of the northward freshwater transport is achieved in the South Atlantic near 50 °E, south 

of the Agulhas Retroflection, around Crozet and Kerguelen Plateau and around Campbell Plateau. 

As was the case for eddy heat transport much of the significant northward freshwater transport 

around the Agulhas Retroflection at 0-30 °E is achieved by cool core eddies, with little contribution 

by the warm core component (Figure 3.24). This figure also demonstrates the complex meridional 

structure of the eddy transport at 50 °E where the ACC confluences with the Brazil boundary 

current. North of 1.5 dynm there is southward freshwater transport, between around 1.3-1.5 dynm 

• there is generally northward freshwater eddy fluxes, and south of this the transport is uniformly 

southwards due to the changing meridional gradients of vertically integrated freshwater content. 

Figure 3.25 suggests that this reflects differences in the temperature and salinity zonal 

distributions, as the relatively clear separation of flux from eddies to the surrounding ocean is 

not as obvious across fronts for freshwater transport as it is for heat transport. As is the case 

for heat transport, the highly active regions of the Malvinas Current and south of Africa have 

very significant freshwater fluxes (of over 30000 mmy -1  In-2  in some areas), but have high spatial 

variability. Away from these areas the eddy freshwater flux is more uniform spatially, suggesting 

that the eddy freshwater transport into regions such as south of Campbell Plateau or downstream 

of Kerguelen Island may be an important component of the local freshwater balance. 
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Figure 3.23: a) Mean global northward freshwater transport across dynamic height contours by 
eddy rings, for the total (bold line) and cool (fine line) and warm (dashed line) core contributions. 
The grey region indicates the error associated with the total transport. Units are Sv. b) Mean 
global northward freshwater transport across dynamic height contours by eddy rings cumulatively 
summed along dynamic height contours from west to east. Colour indicates height contour. Units 
are Sv. 
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Figure 3.24: Spatial distribution of mean northward eddy freshwater transport across dynamic 
height contours by eddy rings for A. longitude by 0.025 dynm binning cells  for  a) warm and b) 
cool core eddies, units are Sv. 
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Figure 3.25: Mean freshwater transport from eddy interiors to the surrounding ocean for eddy 
rings for A 0 longitude by A 0 latitude binning cells divided by cell area. Contours show the mean 
dynamic heights associated from the south with the sACCF, sPF, nPF,sSAF,cSAF and nSAF fronts. 
Units are mmy-lm-2. 
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3.6 Discussion 

In this section we discuss the important results derived from the satGEM velocity field, particularly 

focusing on the conclusions that can be drawn from the two methods of calculating eddy transport. 

3.6.1 ACC zonal transport estimates 

The velocity fields derived from the satGEM temperature and salinity fields produce a realistic 

Southern Ocean circulation with deep-reaching, filamentary frontal jets with high temporal and 

spatial variability and a strong mesoscale eddy field consistent with high resolution models and in 

situ studies. Because the satGEM uses a surface reference velocity explicitly based on altimetry 

plus a MDT, the resulting velocity field has significantly larger (up to 40%) eddy driven Reynolds 

stresses and more distinct along stream frontal current cores than primitive equation models run at 

equivalent resolutions such as FRAM and POP (Best et al., 1999) and is a good product to analyse 

large scale synoptic Southern Ocean variability. 

This variability is apparent in the zonal transports at two of the ACC chokepoints; south of 

Australia and at Drake passage. The satGEM mean volume transport across these sections agrees 

with repeat observations based on hydrography to within one standard deviation. The satGEM 

fields also demonstrate the importance of the baroclinic component of transport in driving ACC 

transport variability, with bottom referenced baroclinic transport variability of 9.7 Sv and 13.9 Sv 

at SRI and SR3 respectively, compared with the total (barotropic+baroclinic) transport variability 

of 14.0 Sv and 24.3 Sv at these two sections. The satGEM baroclinic variability across these 

sections is slightly larger (2-4 Sv) than in situ estimates from repeat hydrography and we find 

that the variability of the ratio of full depth baroclinic transport to the transport over the upper 

2500 dbar is around three times greater at both sections than was estimated by Rintoul et al. 

(2002) and Sokolov et al. (2004). This greater variability in the satGEM suggests that there is 

substantial baroclinic variability, both in the total transport and with depth that is not resolved by 

the temporally and frequently spatially limited (latitudinal resolution 0.5 °) hydrographic sections. 

The importance of the baroclinic contribution to transport variability in the satGEM supports the 

assertion by Cunningham et al. (2003) that bottom pressure variability is insufficient to describe 

the transport variability through Drake Passage, and extends this result to the SR3 section. 

The accuracy of the satGEM barotropic component of mass transport is more difficult to assess. 

At SRI the satGEM absolute transport (143.4 ± 14.0 Sv) and in situ estimates (144 ± 45 Sv) 
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closely agree, although the satGEM does not resolve transport at depths shallower than 2000 dbar. 

The missed transport across the shallow northern and southern edges of SR1 has been estimated 

to be small (6.7 ± 4.6 Sy) in comparison to the total transport Sokolov et al. (2004). The SR3 

absolute transport of 199.8 ± 24.3 SY, however, appears to be too large in comparison to other 

estimates. Additionally, if there is a conservation of mass in the ACC the transport south of 

Australia should be equal to the transport through Drake Passage plus the Indonesian throughflow 

(ITF). The ITF has been estimated at 10.4 ± 3.1 Sv (Sloyan and Rintoul, 2001; Meijers et al., 

2007) and is insufficient by itself to close the satGEM transport at SR3. The remainder of the 

apparent mass imbalance is probably due to the fact that at SR3, unlike SRI, the satGEM transport 

estimates are only valid to the STF (approximately 45.2 ± 1 °S (Sokolov and Rintoul, 2002)). Part 

of the overestimate of eastward transport may then be due to the SAZ recirculation north of 46 °S 

that transports volume westwards as part of the 'Tasman leakage' (Speich et al., 2002) which is 

not resolved by the satGEM estimates. Rintoul and Sokolov (2001) and Yaremchulc et al. (2001) 

estimate this westward transport to be highly variable and range between 3-37 Sy, up to 15 Sy of 

which may occur north of 45 °S. Assuming an ITF of 10.4 ± 3.1 Sy and an unresolved Tasman 

leakage of 15 ± 10 Sy the mass imbalance of the satGEM transport between SR3 and SR1 becomes 

31 ± 30 Sy. A similar volume transport imbalance is observed in the integral around the closed box 

in the Australian sector in Figure 3.6d of 18 ± 13 Sy, while none of the other closed paths tested 

in the Southern Ocean (Figure 3.6) have volume divergences different from zero at one standard 

deviation. This suggests that the Rio05 MDT may overestimate the barotropic component of 

transport in this sector, possibly due to the inclusion of wind affected drifter data in the Rio05 

climatology (Niiler et al., 2003). However, without being able to extend the satGEM completely 

across the Southern Ocean between Antarctica and Tasmania it is difficult to verify this suggestion. 

The fact that the satGEM does not resolve the whole Southern Ocean across ACC chokepoints, 

with the exception of at Drake Passage, is an important limitation of the satGEM technique for 

estimating volume transports at ACC chokepoints. 

3.6.2 Synoptic satGEM velocity estimates 

While the bulk transports of the satGEM field agree well with observations, we also assess the 

accuracy of the synoptic velocity field at various depths in the upper 2000 dbar using in situ 

velocities derived from Argo drift velocities, as well as current meter moorings in the SAP south 

of Australia. The satGEM u and v components of velocity correlate well with the Argo velocity 
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fields, with global correlation coefficients of 0.60 and 0.53 respectively. These values increase 

to over 0.8 over much of the Indo-Pacific and Atlantic oceans, particularly in the northern edge 

of the ACC, around the SAF. Although the rms velocity errors of the u and v components are 

large in comparison to the mean Argo velocities, we find that up to 60% of these residuals are •  

explained by errors introduced by the difference method used by Lebedev et al. (2007) to calculate 

the Argo drift velocities. These errors are especially pronounced in the ACC due to its high 

velocities at depth, strong mesoscale variability and powerful northward Elcman transport. At the 

moored current meters south of Tasmania, which do not suffer these analysis problems, we find the 

satGEM velocity fields accurately recreate the in situ velocity directions (correlation coefficients 

of over 0.8), with rms error magnitudes that are substantially smaller (10-20%) than the observed 

velocity magnitudes. These values do not change significantly with depth, in either the global 

comparison using Argo data or the comparison using current meter data, indicating the satGEM 

vertical velocity shear largely agrees with the in situ velocity shear. 

3.6.3 Cross frontal eddy transport by the satGEM fields 

Traditional statistical approaches and the satGEM 

The agreement between the satGEM cross stream eddy heat transport and the transport at the 

AUSSAF array of current meter moorings indicates that the satGEM temperature and velocity 

fields accurately replicate the synoptic eddy heat transport in the Southern Ocean at a single 

point (Nowlin Jr. et al., 1985; Olbers et al., 2004). However, when integrating the estimates 

of cross frontal transient eddy transports along fixed circumpolar contours we find that there is 

a substantial cancellation between the northward and southward components of eddy heat and 

freshwater transport, leading to small net cross stream transports. The cancellation occurs because 

the satGEM does and cannot replicate the component of eddy transport driven by the vertical 

asymmetry of eddies with depth, as observed by Roemmich and Gilson (2001). Because the 

satGEM time variability is based on only one piece of information there is no information on 

this 'tilt' component of the eddy structure in the SSH assimilated by the satGEM. However, the 

'satGEM fields do still have a horizontal asymmetry across eddies due to gradients in the mean 

satGEM temperature and salinity fields along streamlines. As the temperature and salinity vary 

significantly only over relatively long distances along the mean dynamic height contours used as 

lines of integration, we are left with a contribution to transient eddy transports due to the large 
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scale movement of frontal features rather than shorter length scale mesoscale eddies. Length scale 

analysis indicates that transitory ocean features with wavelengths of less than 1000 km contribute 

less than 1% to the total satGEM cross frontal property transport. Clearly the satGEM needs to 

incorporate a second mode of information to resolve the tilt component of mesoscale eddies. Such 

information may be found by using spatial information in the SSH field or, more likely, an analysis 

of the residuals between the satGEM and in situ velocity measurements. The degree to which these 

residuals show a departure from an equivalent barotropic velocity profile, that is a rotation of the 

velocity direction with depth which would occur in the presence of a 'tilted' eddy, may provide an 

observational estimate of the magnitude of the transport driven by this phenomena or a means to 

parametrise diffusion by mesoscale eddies. This analysis is beyond the scope of the present study. 

A different approach and a Southern Ocean census of eddies 

Because the satGEM creates full depth synoptic fields of temperature and salinity with well 

developed mesoscale eddy fields, we can approach the eddy transport problem from a different 

perspective. The explicit eddy tracking method of identifying closed mesoscale eddy rings in the 

altimetric SSH field and tracking their transport of heat and freshwater across fronts discussed in 

this Chapter represents the first time such a scheme has been used. Other studies have estimated 

eddy trapped transports on small scales, either regionally as in Treguier et al. (2003) and Doglioli 

et al. (2007), or for individual eddies (Morrow et al., 2004; Sparrow et al., 2002), but none 

have examined the flux across frontal systems, or over such a large geographic region. The 

method employed here tracks closed rings of dynamic height, as opposed to the Okubo-Weiss 

parameter (Chelton et al., 2007) or via wavelet analysis (Doglioli et al., 2007), as this allows us 

to simply assign eddies as cold or warm core relative to the circumpolar dynamic height contours 

and track transport across these contours, and hence fronts. The comprehensive Southern Ocean 

census of eddies produced by this method demonstrates that mesoscale eddies are ubiquitous over 

the Southern Ocean, but tend to be concentrated along ACC frontal contours, with particularly 

active areas downstream of regions where the ACC interacts with topography, notably around 

the Patagonian and Campbell Plateaus and downstream of the east Pacific ridge and Kerguelen 

Plateau. There are also particularly strong eddy fields in the dynamically active regions of the 

ACC where it has regions of horizontal velocity shear with other currents, notably the Agulhas 

Retroflection. 

The core of the ACC (1-1.5 dynm) is the region where the preference for cool core eddies is 
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• strongest, with as many as 50% more cool core than warm core eddies crossing the dynamic 

height contours between 1-1.5 dynm over the period 1992-2006.. North and south of this height 

range the distribution is more even, but remains in favour of more cool core eddies. The cause 

of this preference for cool eddies is unclear, but it appears largely in the number of eddies that 

are reabsorbed, rather than the number of dissipating eddies, which have a more even distribution. 

A possible cause may be due to topographic constraints on one side of an eddy shedding front, 

meaning that warm core eddies are blocked from forming by topography, while cool core eddies 

are not so constrained. Such a preference for cool core over warm core eddies has been observed 

by Morrow et al. (2004) south of Australia, where the Southeast Indian Ridge blocks warm core 

eddy formation in the SAP. 

The eddy tracking method also demonstrates that the vast majority of distinct eddy rings in the 

Southern Ocean are small and short lived. This generally agrees with the global analysis by 

Chelton et al. (2007) who finds that globally 45% of eddies have lives shorter than 3 weeks and in 

the Southern Ocean have radii of less than 50 km. The eddies in the present study are considerably 

shorter lived on average than the global number, and almost 90% of eddies exist for less than three 

weeks. This substantially shorter lifespan than the global average is probably a result of biasing 

by numerous small, short lived eddies of size 2.5-5 cm. These small eddies may not be observed 

by Chelton et al. (2007) who uses an Okubo-Weiss based method that gives a mean eddy size of. 

10-20 cm in the ACC. 

Although the eddies observed in this study are generally small, they agree with other studies 

(Stammer, 1997; Chelton et al., 2007), and are still approximately twice as large as the regional 

first baroclinic Rossby radius of deformation, which ranges from around 10 km in the south of 

the domain, up to 30 km at the northern limit (Chelton et al., 1998). Part of this size disparity is 

likely to be a bias due to the resolution of the satGEM, which will not resolve the smallest eddies, 

but Chelton et al. (2007) and other studies (Stammer, 1997; Roemmich and Gilson, 2001) observe 

similar large mean mesoscale eddy sizes relative to the Rossby radius when using in situ or along 

track satellite data that resolves shorter wavelengths. We also may expect to see eddies larger 

than the Rossby radius due to the ubiquitous inverse mesoscale energy cascade to larger scales, as 

observed by Scott and Wang (2005). 



108 	 Chapter 3: ACC eddy heat and freshwater transport 

A comparison of the two eddy transport methods 

Despite the 'completely different approach to eddy transport taken by the two methods; the 

statistical approach and the eddy tracking approach, they produce similar results, perhaps 

coincidentally. Both show southward eddy heat transport of around 0.02 — 0.08 ± 0.01 PW 

with a peak in transport at 1.5-1.6 dynm, near the northern SAF (Figure 3.26a), that becomes 

smaller to the south. Similarly, both methods demonstrate that there is northward freshwater eddy 

transport north of 1.4 dynm and southward transport south of 1.05 dynm (Figure 3.26b). Between 

these ranges the methods are not in close agreement in the case of freshwater transport, with the 

statistical method being zero or slightly northward, and the tracking method southward. Over this 

dynamic height range there are significant changes in the vertical structure of the salinity profile of 

the GEM, so the difference may be driven by the fact that the tracking method only integrates the 

upper 2000 dbar, while the statistical method integrates over the full depth. That the two methods 

measure different spatial scales of variability may also contribute to these differences. 

Both methods show that the majority of the total southward eddy heat transport is achieved in a 

few discrete regions around the ACC. However, the actual regions differ slightly between the two 

methods. In the transient methods the net transport across streamlines north of 1 dynm, which are 

associate with the fronts of the SAF, is dominated (-0.04 to -0.05 PW) by the contribution between 

0-60 °E related to the Agulhas Retroflection and along the Southwest Indian Ridge (Figure 3.14b). 

* Smaller contributions (-0.02 PW) are made downstream of Kerguelen Plateau between 100-170 °E 

and in the eastern Pacific (+0.02 PW). There are substantial transports over short scales, most 

notably in the Drake Passage region where there are transport spikes of up to ±0.1 PW, but as 

has been noted, these almost entirely cancel and contribute little to the net transport. There is less 

transport across the contours south of 1 dynm (the PF and sACCF), but the transport that does 

occur (0 to -0.02 PW) appears largely near 30 °E and 80-90 °E in areas associated with the shear 

between the Weddell Gyre and the ACC, and downstream of Kerguelen Plateau respectively. 

In contrast to the statistical method, the eddy tracking method achieves most of its net across 

stream heat transport over much shorter spatial scales. The greatest transports occurs at 40- 

50 °W (-0.04 PW), the Agulhas Retroflection (-0.02 PW) and around Campbell Plateau (-0.01 

PW) (Figure 3.20b). There is also a broader region of weak southward transport between Crozet 

Island and just downstream of Kerguelen Island (60-90 °E) that achieves a total heat transport of 
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around -0.005 PW). As was the case for the statistical method, there is a Clear distinction between 

the eddy transport across the SAF (north of 1 dynm), and across the fronts south of this. Here the 

important regions of eddy tracking heat transport are similar to the statistical regions; at the shear 

zone between the Weddell Gyre and the ACC at 30 °E and downstream of Kerguelen Plateau at 

80-90 °E, with heat transports of -0.01 PW in each region. 

Unsurprisingly, the regions identified as important to the overall cross frontal eddy heat transport 

using both methods are the same as those identified as having the largest number of eddies, and 

are associated with regions downstream of topographic influences on the ACC and in areas where 

there are strong horizontal current shears. The importance of the Agulhas Retroflection region for 

southward eddy heat transport across the northern ACC fronts is identified in both methods and 

has also been observed using PALACE floats by Gille (2003), as well as by Meijers et al. (2007) 

in an eddy resolving OGCM study. 

There are numerous assumptions made in both methods which should be noted before discussing 

the implications of their property transport magnitudes. The eddy tracking method only observes 

the top 2000 dbar of the ocean to avoid complications associated with eddies moving across 

varying bottom topography. This reduces the heat transport by up to 20% and by a less well defined 

value for freshwater because of the more complicated vertical salinity profile and latitudinal 

variation. Additionally the eddy tracking method only measures the contribution to cross frontal 

transport by eddies that dissipate away from the front where they were formed. This limitation 

of the eddy tracking method was done for technical reasons, and is based on the assumption that 

eddies that are formed and subsequently reabsorbed by a front cannot transport properties across 

the front. Obviously this is an oversimplification and it is possible that these reabsorbed eddies 

may contribute to the net cross frontal transport before being reabsorbed. The satGEM also has 

limited spatial and temporal resolution, and cannot resolve the smallest eddies, nor high temporal 

frequency variability. The eddy variability is expected to be strongest at periods of 40 hours to 

90 days (Nowlin Jr. et al., 1985; Phillips and Rintoul, 2002), and the satGEM will only resolve 

variability with periods greater than 14 days, thus missing a significant part of the time variability 

spectrum. Finally, the satGEM cannot include the eddy 'tilt' contribution to property transport, 

meaning the contribution to eddy variability by spatial variations with wavelengths of less than 

1000 km is almost zero. 

Acknowledging these limitations of the satGEM methods for estimating the cross frontal eddy 
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property transport, we compare them with the growing pool of independent estimates from other 

studies to assign quantitative contributions by the various dynamic components of transport to the 

overall flux. Obviously these will be zeroth order estimates, and warrant more detailed analysis 

in future studies. Other studies, using various techniques and methodologies suggest that the 

southward heat flux across the northern part of the ACC (approximately the three fronts of the 

SAF) is of the order 0.05-0.9 PW (see Gille (2003) for a good discussion of these estimates). All 

of these studies have their own limitations; current meter measurements (Phillips and Rintoul, 

2000) obviously do not have global coverage, model studies (Jayne and Marotzke, 2002; Meijers 

et al., 2007; Treguier et al., 2007) depend heavily on the model construction, particularly their 

resolution and treatment of sub-grid scale effects, altimetric studies (Stammer, 1998; Karsten and 

Marshall, 2002) rely on parameterisations of the eddy flux, and hydrographic estimates either 

use methods that do not resolve temporal contributions and back out eddy fluxes using inverse 

techniques (Sloyan and Rintoul, 2000; de Szoeke and Levine, 1981), or have limited spatial 

resolutions (Gille, 2003). The comparison of these methods is further complicated by the fact 

that often the latitude and time frame of the across ACC eddy flux estimate is different. 

Despite these assumptions and limitations, methods that resolve global eddy statistics (model 

studies and Gille (2003)) uniformly have eddy heat transport estimates of the order 0.2-0.6 

PW southwards across the SAF using the statistical method. If we assume this is an accurate 

assessment, then the satGEM statistical eddy flux of 0.08 ± 0.01 PW southwards represents 

only 13-40% of the total cross frontal eddy heat flux. The satGEM flux transport similarly 

underestimates the total eddy freshwater flux across the SAF by an even larger percentage (only 

5-10% of model estimates). These low estimates of the eddy fluxes imply that resolving the 

eddy 'tilt' component, the vertical deviations from equivalent barotopic velocities, is essential for 

estimates based on the statistical eddy method and contributes 60-90% of the total cross frontal 

eddy property flux. It represents an important mode of Southern Ocean variability that is not 

resolved by the satGEM. This has interesting implications for observational estimates based on 

point current meter measurements. We have shown that the satGEM produces eddy heat fluxes 

at a point similar to in situ observations, and this then implies that the rotational component (not 

related to eddy tilt) of eddy heat flux is likely to be the dominant component of eddy heat flux 

in point estimates. This agrees with the note by Marshall and Shutts (1981) who observe that the 

rotational component of eddy fluxes is necessarily dominant, particularly in regions of eddy decay. 

Therefore extrapolating current meter measurements to zonal averages is likely to significantly 
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overestimate the total eddy heat flux by not removing this component. It also suggests that there 

may be some care required in deploying current meter arrays with vertical resolutions sufficient to 

resolve the dynamicially interesting divergent or 'tilt' component, or that multiple arrays should 

be deployed with horizontal spacing sufficient to resolve mesoscale eddy wavelengths. 

The explicit eddy tracking method avoids the problem of eddy tilt, and measures the contribution 

of the shortest wavelength eddies resolved by the satGEM, but still produces flux estimates 

considerably smaller (0.07 ± 0.01 PW southward in the SAF) than most other studies. The only 

other comparable estimate (0.04 PW southward) was extrapolated by Morrow et al. (2004) based 

on the observation of a single long lived eddy in the SAF south of Australia and is not statistically 

significant. Assuming again that the satGEM value is an underestimate of the 'true' eddy flux 

of 0.2-0.6 PW and that the contribution of reabsorbed eddies and the tracked flux deeper than 

2000 dbar is small, this then implies that the majority of eddy transport across fronts is achieved 

by processes not related to the frontal shedding of coherent eddy rings. The transport achieved 

by water masses 'trapped' in mesoscale eddy rings is therefore a significant, but small (12-35%), 

component of the total eddy transport. This ratio is similar to estimates of eddy ring transport 

across the dynamically similar Gulf Stream where Bower et al. (1985) showed that large eddy 

rings (100-200 km radius) carry an order of magnitude less transport than the total cross stream 

flux. The processes that contribute the remaining 65-88% of the eddy heat transport across the 

ACC fronts probably include contributions from diapycnal mixing and very short length scale 

processes, as well as the covariance of temperature and velocity anomalies of the sort described 

by the statistical eddy method. Of these covariances some will be due to changes over long length 

scales (> 1000 km, 0.08 ± 0.01 PW southwards) as described by this study and the remainder may 

due to the eddy 'tilt' induced component at shorter wavelengths and other transient departures from 

an equivalent barotropic structure in the Southern Ocean. Unfortunately the separation of the eddy 

trapped versus transient components at short wavelengths can not be easily done, even in a study 

that does globally resolve the short wavelength eddy tilt as well as tracked mesoscale eddy fluxes, 

as the two methods will measure the same components of transport and the extent of the overlap 

would be non-trivial to calculate. 

This not a problem in the present analysis, where there is no eddy 'tilt', and the estimates by the 

two methods resolve different, non-overlapping, wavelengths of the total eddy transport and so 

we can add them together for a minimum bound estimate on the cross frontal transport of heat 
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and freshwater by eddies (Figure 3.26). This produces a peak southward heat transport across 

the northern SAF at 1.55 dynm of around 0.14 ± 0.03  PW,  and a northward freshwater transport 

across 1.475 dym of 0.04 ± 0.03 Sv. South of 1 dynm (the northern PF) there is a net southward 

eddy heat transport of approximately 0.03 ± 0.01 PW,  and  a southward freshwater transport of 

about 0.025 ± 0.01 Sv. We claim these are minimum bounds, as all the assumptions of the two 

methods (i.e. transport at depths greater than 2000 dbar excluded, no transport by short wavelength 

or period eddies, no contribution from reabsorbed eddies) would lead to larger transports if they 

were formally included. 
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3.7 Conclusions 

This chapter demonstrates that the time evolving satGEM temperature and salinity fields produced 

by combining satellite altimetry with historical hydrography in the Southern Ocean can be used 

to calculate realistic gridded velocity fields with strong mesoscale variability. These fields agree 

with synoptic velocity data circumpolarly, inferred using Argo drift velocities, as well as locally at 

current meters in the SAF south of Australia. When integrated meridionally the velocities produce 

realistic baroclinic volume transports across chokepoints in the ACC. However, the the barotropic 

component of transport is sensitive to the choice of mean dynamic topography, as well as the 

fact that the satGEM velocities are not applicable north of the STF and this limits the closure 

of transports across the ACC, except at Drake Passage. We observe that baroclinic transport 

variability is the dominant component of the total zonal volume transport, and that it is 25-40% 

higher than in situ hydrographic measurements. 

Using the velocity and temperature fields we show that the satGEM can be used to reproduce eddy 

heat transports at the AUSSAF array of current meters with realistic mean transports and variance. 

Expanding this analysis circumpolarly across best fit contours of mean dynamic height produces 

mean heat and freshwater fluxes that agree with high resolution OGCMs. We find, however, that 

the poleward eddy heat and freshwater transports are up to an order of magnitude smaller than 

may be expected, although occurring in similar geographic locations to other studies and being 

in the same direction. This is due to the nearly symmetric eddies that the satGEM projection 

produces and as a result the zonal tilt of eddies with depth needed to drive a net heat flux across 

mesoscale eddies is not created. The transport of eddy fluxes that does occur is due to along 

stream variability of the GEM field at wavelengths greater than 1000 km. The short wavelength 

eddy tilt that is not reproduced by the satGEM represents a dynamically important departure of 

the ACC from the first order equivalent barotropic state described by the satGEM and contributes 

60-90% of the total cross frontal heat and freshwater eddy transport. Although the tilt cannot be 

reproduced by the satGEM, it may be apparent in the residuals between the satGEM and in situ 

velocity measurements. 

Because of the relatively high resolution gridded data it is possible to approach the eddy transport 

problem using a different method; by explicitly tracking trapped heat and freshwater content 

inside mesoscale eddy rings moving across fronts. This method, the first of its kind to be applied 



114 	 Chapter 3: ACC eddy heat and freshwater transport 

over large geographic regions, produces similar cross stream property transports to the statistical 

method, but also produces a comprehensive census of the distribution, characteristics and evolution 

of eddies in the Southern Ocean. Southern Ocean eddies are generally small (35-50 km in radius) 

and short lived, with 95% disappearing in under 4 weeks. They tend to be clustered in regions 

downstream of major topography, and in regions of strong current shear at the northern and 

southern edges of the ACC and along major fronts. We find that transient property fluxes carried 

across the fronts 'trapped' by these mesoscale eddy rings makes up 12 735% of the total property 

flux, based on other studies estimates of the total flux. 

Combining the two eddy transport estimates produces a minimum estimate of eddy heat transport 

of 0.14 ± 0.03 PW southward and a northward freshwater transport of 0.04 + 0.03 Sv across the 

SAF. Across the southern half of the ACC (south of the nPF) the heat and freshwater transport is 

southwards, peaking at 0.03±0.01 PW and 0.025±0.01 Sv respectively. Both methods identify the 

Agulhas retroflection, downstream of Kerguelen Plateau and the shear region between the Weddell 

Gyre and the ACC at 30 °E as the regions where the majority of the transitory eddy driven property 

fluxes occur, with little net transport in other regions. 
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Chapter 

4 Heat, freshwater and transport variability 
and the ACC. response to the SAM and 
ENSO modes 

4.1 Introduction 

Studies have shown that there are long term property trends in the Southern Ocean. Gille (2002) 

showed through PALACE float observations that there has been a uniform increase of up to 

0.008 ± 0.002 °Cy -1  at 700-1100 dbar in the Southern Ocean, with the greatest warming taking 

place -  on its northern edge near the SAF. Willis et al. (2004) and Helm .et al. (2009) similarly 

demonstrate that some of the strongest increases in heat content over the global ocean occur at 

the northern edge of the ACC, around 45-55 °S. Gine (2008) updates her earlier global study with 

Argo observations and finds that there has been warming over the entire upper 1000 dbar. of the 

Southern Ocean, and that the strongest trends occur near the SAF. There is less clear cut evidence 

for changes in the Southern Ocean haline structure, due to a paucity of data, but recent studies by 

Helm et al. (2009) and Boning et al. (2009) show that there is a strong freshening signal over the 

whole Southern Ocean, with a freshwater trend of up to 100 mmy -1 m-2 . 

Several studies (Ishii et al., 2006; Morrow et al., 2008) show that in the Southern Ocean the 

warming in the upper 700 dbar is insufficient to explain the rise in sea level, in contrast to much 

of the rest of the global ocean where the heat increase in the upper ocean dominates the sea level 

rise (Domingues et al., 2008; Bindoff and Coauthors, 2007). They show that south of Australia the 

steric change down to at least 2000 dbar must be considered in order to account for the observed 

sea level height change. Gille (2008) suggests that these deep warming trends are inconsistent with 

surface driven warming fluxes and observes that the changes may be due to a coherent poleward 

shift of the ACC fronts. She shows that as much as 87% of the observed temperature trend in 

the Southern Ocean below 200 dbar over the last 50-70 years may be explained by such frontal 

movements. Such a coherence between frontal shifts and temperature trends in the ACC was 

noted in observational studies by Sokolov and Rintoul (2003) and Cai (2006), in an analysis of 
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changes in wind stress curl notes that the trend in winds since the 1970s may potentially shift 

the ACC southward, which would result in apparent increase in temperature. Sokolov and Rintoul 

(2009) identify just such a southward shift of the the mean ACC fontal positions through altimetric 

tracking of the dynamic height contours that define the main fronts of the ACC (Sokolov and 

Rintoul, 2007), between 1992-2006. 

This southward shift of the ACC and its fronts has been related to changes in the surface wind 

stress (Fyfe and Saenko, 2006). The variability of the wind stress is dominated by the Southern 

Annular Mode (SAM), often expressed as the first EOF mode of sea level pressure, and is 

sometimes referred to as the Antarctic Oscillation (AAO). The second EOF mode is the Pacific-

South American oscillation, driven by the El Nifio Southern Oscillation (ENSO). These modes 

control the wind stress variability over the Southern Ocean and can be expected to have a strong 

influence on the ACC (Hall and Visbeck, 2002). They are represented in this study by their 

indices, shown in Figure 4.1. The SAM is primarily a zonally symmetric pattern with out of 

phase atmospheric pressures to the north and south. A positive SAM is associated with lower 

than normal pressures over the pole, and higher pressures over the mid latitudes (Thompson and 

Wallace, 2000). Coupled modelling studies indicate that this leads to more intense westerlies at 

around 60°S, and consequently stronger northward Ekman transport, which leads to upwelling 

around Antarctica and downwelling north of the ACC at around 45 °S (Hall and Visbeck, 2002; 

Gupta and England, 2007). 

The influence of the ENSO on the Southern Ocean is not as well understood. Karoly (1989) 

demonstrates that ENSO events set up a high pressure cell over the Pacific, and the modal 

variability is centered here. Sallee et al. (2008) shows that there is a correlation between a positive 

ENSO index and the southward displacement of ACC frontal positions and that this is strongest in 

the central Pacific, but there are also statistically significant correlations elsewhere in the Southern 

Ocean (Morrow et al., 2008). The anti-correlation between the influence of positive SAM and 

positive ENSO observed by Sallee et al. (2008) was also noted by Liu et al. (2004) on the sea ice 

extent of the Bellingshausen Sea and by L'Heureux and Thompson (2006). 

The influence of the SAM and ENSO on the SAF and PF positions described by Sallee et al. (2008) 

is not uniform circumpolarly. In the Indian Ocean the fronts shift poleward in response to a positive 

SAM (also observed by Alory et al. (2007)), in the Central Pacific they move equatorwards, 
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Figure 4.1: a) SAM and b) ENSO indices from 1987 to 2007 for (fine line) the monthly indices 
and (bold line) the one year running mean. 

while in the Indo-Pacific there is no shift, but rather an intensification of the fronts. A positive 

ENSO index is strongly correlated with a southward frontal shift in the Pacific, with weaker 

influences elsewhere in the ACC. It is also worth noting, that while statistically significant, the 
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variance explained by these correlations is small, and the correlation coefficients are of the order 

r = 0.1 — 0.2. This suggests that although the atmospheric indices explain some of the tend, there 

is much variability that is unaccounted for. 

Marshall (2003) demonstrated that there has been a coherent positive trend in the SAM index 

since the mid 1960s to 2002. This trend has been linked to the southward shift in fronts in 

response to increased wind stress, and numerous climate models demonstrate poleward frontal 

shifts in response to an increase in the SAM (Fyfe and Saenko, 2007; Cai et al., 2005; Fyfe and 

Saenko, 2007). They note that the increasing SAM trend is possibly driven by increased levels 

of anthropogenic atmospheric CO2 (Fyfe, 2006) or ozone depletion over Antarctica (Thompson 

and Solomon, 2002; Cai, 2006). Other responses of the ACC circulation to the SAM are more 

controversial. These low resolution modelling studies predict that an increase in zonal wind stress 

would drive a greater northward Ekman transport (Saenko et al., 2005). To maintain mass balance 

this must be returned southwards below the depth of the zonally unbounded Drake Passage, and 

consequently upwelled south of the ACC (Hall and Visbeck, 2002; Gupta and England, 2007). 

This increase in the meridional overturning circulation should increase the outgassing of CO2 to 

the atmosphere, or at least reduce the absorption of atmospheric CO2 by the Southern Ocean (Le 

Quere et al., 2007). Another response indicated by these climate models, and theoretically by 

Marshall and Radko (2003) is that in addition to a poleward shift in the ACC, an increase in the 

zonal winds should result in a proportional increase in the transport of the ACC with the wind 

stress. 

Other theories of ACC dynamics, however, suggest that increased zonal wind stress may not 

increase the zonal transport, and instead drives enhanced mesoscale eddy activity, with southward 

bolus transport in the upper layers of the ocean opposing the enhanced Ekman transport, resulting 

in an increased upper cell of the overturning circulation. This southward eddy transport results 

from a divergence of the zonal momentum, which is transfered vertically from layer to layer 

in the eddies through interfacial form stress until it is absorbed by the ocean bottom as form 

drag (Johnson and Bryden, 1989; Bryden and Cunningham, 2003). This independence of the 

zonal transport from the wind stress was first suggested by Straub •(1993) who showed that for 

sufficiently strong zonal winds, changes in the wind stress may not significantly change the zonal 

transport. Eddy resolving model studies of the ACC response to changed wind stress have shown 

that this may be the case, and that the zonal circulation is largely insensitive to changes in the wind 
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stress (Hallberg and Gnanadesikan, 2001; Meredith and Hogg, 2006). These models, however, do 

not allow the eddies to modify the Southern Ocean stratification through diapycnal processes and 

these processes may make an important contribution to the overturning of the ACC (Marshall and 

Radko, 2003). 

Hallberg and Gnanadesikan (2006) addressed this issue using an eddy resolving simulation 

including diabatic eddy dynamics, and observed a low sensitivity of the deep overturning 

circulation to increased wind stress, and that the circulation upper cell increased more strongly 

in response to greater northward Ekman transports in depth ranges above the Drake Passage sill. 

The strength of this response was dependent on model resolution, indicating that it was transient 

mesoscale eddies returning the increased northward transport, and that low resolution climate 

models may not sufficiently recreate the ACC response to climate trends without mesoscale eddies. 

Screen et al. (2009) shows similar resolution dependent eddy activity in response to SAM events, 

and Fyfe and Saenko (2007) demonstrate that this wind induced eddy activity may drive increased 

temperatures in the ACC on longer timescales. They observe only a limited (5%) response in the 

zonal transport to increasing wind stress, and that stronger parametrised eddy fluxes reduce the 

overall zonal transport. This independence of ACC transport from wind stress, and the important 

role of mesoscale eddies in balancing the meridional overturning circulation is known .as an 'eddy 

saturated state' (Hallberg and Gnanadesikan, 2001) where the magnitude of the isopycnal slope is 

limited by baroclinic instability and eddy formation (Hogg and Blundell, 2006). 

Observations tend to support the idea that the ACC is in an eddy saturated state. While long term 

transport trends are difficult to ascertain, studies in Drake Passage have found that on interannual 

time scales the ACC transport varies only by small amounts (5%) relative to much larger changes in 

the wind stress (Meredith et al., 2004) and there is no observable long term trend in the baroclinic 

signal (Cunningham et al., 2003). Boning et al. (2009) also observe no long term change in the 

tilt of meridional isopycnals, suggesting there has been little or no baroclinic transport trend since 

the 1960s. There is evidence for rapid transport responses to short term changes in the SAM in 

Drake passage (Whitworth III, 1983; Meredith et al., 2004), however, and that this response may 

be uniform at zero lag circumpolarly (Aoki, 2002; Hughes et al., 2003). These high frequency 

responses to the SAM, with no obvious long term trend are supported by observations of the EKE 

field by Meredith and Hogg (2006), who note that while there is little apparent EKE change in 

the ACC with increased SAM at zero lag, there is a strong response approximately 2-3 years later.. 
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This lagged response in the eddy field is modelled by Hogg et al. (2008) and Screen et al. (2009) 

using quasi-geostrophic and primitive equation models, and both find similar lags of 2-3 years. 

Additionally both of these studies observe increased southward eddy heat transport that exceeds 

the northwards Ekman flux due to the winds stress, and point out that the long term increase in the 

SAM may be driving the observed increases in Southern Ocean heat content (Gille, 2002, 2008) 

through enhanced eddy activity in an eddy saturated state. 

The satGEM provides an excellent platform to test these observations and theories of Southern 

Ocean variability on quasi-observational data responding to the actual atmospheric forcing. 

Because the GEM field that the satGEM is constructed from is temporally invariant, any T-S 

changes below the seasonal surface layer in the satGEM fields must be entirely due to the adiabatic 

spatial displacement of the mean GEM profiles. This is the horizontal analogue of the pure 

vertical heave of isopycnal surfaces described by Bindoff and McDougall (1994). The trends 

in temperature and salinity over the satGEM period (1992-2006) then provide a quantification of 

the adiabatic contribution by frontal shifts to the T-S changes in the Southern Ocean. Additionally, 

the temporal trend in the residuals between the mean GEM and the historical hydrography 

used to construct it contain information about the changing temperature and salinity structure 

of the Southern Ocean on dynamic height surfaces. These changes are due to fluxes of heat 

and freshwater not caused by frontal movement (diabatic change). Because the satGEM varies 

synoptically with a relatively high time resolution (7 day time steps) and implicitly includes the 

response to wind stress forcing it can be used to measure the adiabatic ACC response to changes 

in wind stress forcing as represented by the SAM and ENSO indices. 

In this Chapter we examine the mean change of temperature and salinity in the satGEM, both in a 

zonally averaged sense as well as regionally, and compare the trends to observations. The change 

in the total heat and freshwater content of the satGEM domain (the ACC) is determined, and the 

relative contribution of the main water masses to this is established. We also examine the diabatic 

flux of heat and freshwater into the Southern Ocean and the relative contribution of this to the total 

heat and freshwater budgets (Section 4.2). In Section 4.3 we look at the mean trends in the ACC 

transport; both the change in zonal mass transport and the change in meridional eddy heat and 

freshwater transport. Section 4.4 then examines the correlation between the ACC temperature, 

salinity, heat and freshwater with the changes in the SAM and ENSO indices. It establishes the 

• relative influence of the atmospheric modes on these properties and their regional importance. 
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This section also examines the change in zonal transport in response to the changing wind stress, 

as well as the role wind stress has in the net meridional heat and freshwater transport by mesoscale 

eddies. A discussion of the main results and conclusions are presented in Section 4.5. 

4.2 Property change 

In this section we examine the trends in the satGEM temperature and salinity fields, on both 

pressure and neutral density surfaces. We compare the satGEM trends with trends from other 

studies determined using in situ observations, and find that the satGEM fields recreate the observed 

long term temperature trend and its spatial distribution on pressure surfaces, though with a 

generally larger magnitude. The salinity trend is not as well recreated, and there are notable 

differences from observations in some water masses, particularly SAMW and AAIW. Due to the 

temporally static nature of the GEM fields used in the satGEM, these trends are entirely due 

to adiabatic movement of watermasses. To address this we examine the residuals to the GEM 

fields from historical observations and show a long term trend in the thermohaline structure of 

the Southern Ocean due to diabatic heat and freshwater input, rather than adiabatic changes in the 

water mass distribution, and we quantify the relative contribution of both components. 

4.2.1 Adiabatic temperature and salinity trends in the satGEM 

We define mean trends in the satGEM timeseries at a point in space as 

i=676 
- Ax = 	E (xi+5, _ xi ) 

676 
(4.1) 

where x is the temperature or salinity at a grid point, i is the time index (in weeks) and 676 is 

the number of one year differences in the timeseries between October 1992 and September 2006. 

The annual differences remove the seasonal signal, either introduced by the seasonal mixed layer 

model, or by seasonal trends in the SSH field. The relatively large number of differences in each 

• ensemble reduces the noise caused by short period variability. 

When the local geographic trends are binned by dynamic height (5 dyncm bins) and averaged 

circumpolarly along contours of mean dynamic height (taken from altimetry, see Figure 4.2a), we 

see that the circumpolar mean trend is toward increasing temperatures at almost every latitude and 
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depth. The trend is greatest (up to 0.08 °Cy-1 ) in the upper 1000 dbar of the SAF (approx. 1.3- 

1.7 dynm, see Chapter 2) and intensifies towards the surface. On pressure surfaces the enhanced 

warming trend is associated with the deepening AAIW and SAMW < 27.6kgm-3). The 

salinity trend in the upper AAIW and SAMW is towards increasing salinities, and is greatest (0.01 

psu y -1 ) at the same point in the upper 1000 dbar of the SAF as the temperature trend. 

At greater pressures the warming trend is at a minimum in the UCDW (28> ryn  > 27.6kgm -3 ) 

where the trend is less than 0.01 °Cy -I  , but increases below this in the LCDW (28.2 > 'Yn > 

28kgm-3), with values of up to 0.02 °Cy -I  , increasing towards the south. The salinity trend in 

pressure coordinates has a maximum negative trend in the UCDW (24.7-28.05 kgm -3 ) of -0.002 

to -0.01 psu y -1 , extending across the whole domain, and intensifying to the south. In the LCDW 

there is a slight increase in salinity (< 0.002 psu y -I ). The AABW generally has statistically not 

significant changes, but the densest layers (-yn  > 28.3kgm-3 ) are freshening slightly (0.001 psu 

3r 1 ). 

On density surfaces (Figure 4.2c) the trends have a different pattern, and there is only weak 

cooling/freshening below 1000 dbar outside of the SM. The dominant feature is a strong 

warming/salinification signal concentrated in the upper 500 dbar where the density surfaces 

outcrop. North of 1.75 dynm there is cooling/freshening (< 0.02 °Cy' l ) on neutral density 

surfaces, strongest in the upper 100 dbar, but extending through the full water column. 

Sokolov and Rintoul (2009) have shown that there is a coherent southward displacement of fronts 

(estimated using dynamic height) over the altimetric period, so the trends observed here are 

functions of the horizontal displacement and the meridional temperature and salinity gradients 

along pressure and density surfaces. Stronger gradients will produce greater trends for an observed 

displacement in the surface dynamic height. This results in strong warming and salinification 

trends near the SAF, PF and at the southern end of the ACC where the meridional gradient 

of temperature and salinity are greatest. The trends on pressure surfaces agree well with the 

observationally based estimate by Gille (2008) and Helm et al. (2009) who observes positive trends 

in the upper 1000 dbar of the ACC, intensifying and deepening at the northern edge associated 

with the SAF and Gille (2002) specifically identifies the SAF as ihe strongest region of warming. 

The global mean salinity trends are less consistent with other observations. Boyer et al. (2005) 

observe a long term increases in salinity in the upper 500 dbar north of 50 °S, with freshening 
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Figure 4.2: Mean temperature (left panels) and salinity (right panels) trends along mean dynamic 
height contours on a),b) pressure surfaces and c),d) neutral density surfaces. Contours in a),b) are 
mean neutral density surfaces, and in c),d) they are mean pressure surfaces. The trend is averaged 
over 676 1 year differences between 1992-2006. In c),d) the black line represents the temperature 
minimum, the blue line the salinity maximum, and the white line the salinity minimum. Trends 
that are not significant at the 95% confidence level are left blank. Units are °Cy - I and psu 

south of and below this, but does not observe an increase in salinity along the LCDW, nor strong 

surface salinification as far south as the Polar Front (approx. 1 dynm). The freshening trend along 

mean depth of neutral density surfaces below 27.4 kgm -3  is consistent with Boning et al. (2009), 
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although the strong increase in salinity in the SAMW and AAIW in the satGEM is the opposite of 

their observed change. 

On neutral density surfaces there are further inconsistencies with observations. Boning 

et al. (2009) observe warming/salinification of densities greater than 27.4 kgm-3 , and 

cooling/freshening north of the PF in the lighter SAMW and AAIW. This agrees with the 

'fingerprint' of anthropogenic warming suggested by Banks and Bindoff (2003), and observed 

by Aoki et al. (2005a) in the Indian Ocean sector of the ACC. In contrast the satGEM trends on 

neutral density surfaces are for warming/salinification across all water masses, centered on the 

surface outcropping layers, with warming/salinification extending to below 1000 dbar only near 

the SAF. There is no cooling/freshening observed in the SAMW/AAIW except at the northernmost 

edge of the domain. The satGEM does not extend as far north as some of the studies mentioned, so 

it is possible that the SAMW/AAIW changes observed in the other studies may be outside of the 

satGEM domain. Additional to these differences, the magnitude of the satGEM warming signal on • 

pressure surfaces is approximately twice that observed by Gille (2008). Although this may be due 

to the differing periods of observation (Gille (2008) observes from 1950 to the Argo period), or an 

acceleration of warming since the 1980s (Boning et al., 2009), it does suggest that the warming 

trend due to purely adiabatic water mass movement is larger than the observed signal in the 

Southern Ocean. It is worth remembering that these trends on neutral density surfaces are entirely 

due to adiabatic water mass shifts, not heat or freshwater input into the Southern Ocean. This 

shows that the observational assumption (e.g. Boning et al. (2009)) that Eulerian in situ changes 

on yr, surfaces are insensitive to adiabitic change caused by water mass movement is demonstrably 

untrue and that water mass movement will induce Eulerian trends on density surfaces if there are 

any meridional T-S gradients on the -y 7, surfaces. These trends can be significant near fronts or 

outcropping regions. 

Gille (2008) shows that there is significant zonal structure to the temperature trends south of 

55 °S. Figure 4.3 shows the mean temperature trends circumpolarly, averaged between 55-60 °S. 

The overall trend on pressure surfaces is generally positive and less than 0.03 °Cy -I  , though it is 

surface intensified, particularly in the upper 200 dbar, where the mean trend is up to 0.1 °Cy - I 

(Figure 4.3a). This is associated with regions of lighter intermediate water masses where the ACC 

penetrates further south. Although warming dominates, there are some regions where the mean 

trend is towards cooler temperatures, notably between 0-60 °E, at 60 °W, 150 °W and immediately 
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below the 27.4kgm-3  7,„ contour east of around 30 °W. The cooling (-0.02 °Cy -1 ) between 0- 

60 °E agrees with the cooling region observed by Gille (2008) although it is smaller in extent. The 

cooling above 200 dbar in the Australian sector is consistent with the cooling trend in Winter Water 

observed by Morrow et al. (2008) on the SURVOSTRAL repeat XBT section south of Australia. 

There is some disagreement with observations too. Gille (2008) shows cooling between 200-1000 

dbar in the Pacific sector, as well as below 400 dbar between 60-120 °E, that is not reproduced in 

the satGEM trends. The warming in the satGEM is weaker in these sectors (< 0.02 °Cy-I ), but 

is still positive, again suggesting that including only adiabatic change possibly overestimates the 

temperature trend. 

The spatial pattern of the temperature trend for the satGEM on depth surfaces is relatively uniform 

(Figure 4.4), although the magnitude of the trend becomes smaller with depth. At all depths there 

are statistically significant (at the 95% level) warming trends over most of the ACC. This warming 

is greatest on the northern edge of the ACC, north of the approximate position of the central 

SubAntarctic Front. North of the northern SAF however, the trend is more spatially variable, and •  
there is evidence for cooling north of the ACC in the east Atlantic and east Indian Ocean sectors. 

The strongest warming in the SAF (> 0.1 °Cy -I ) is concentrated in the Indian Ocean between 

0-50 °E, 110-145 °E and in the eastern Pacific shallower than 900 dbar. Although the warming 

trend is dominant, there are scattered and spatially variable regions of mean cooling over much of 

the ACC, possibly due to the movement of long lived frontal meanders or standing eddies. These 

regions are most obvious on the northern edge of the ACC between 60-110 °E, the Atlantic sector 

and in the western Pacific, particularly below 900 dbar. There is a large region of uniform cooling 

(< 0.02 °Cy-1 ) at all depths between 30-60 °E, extending from the southern SAF to the southern 

edge of the satGEM domain. These temperature trends are extremely coherent with the trend in 

SSH over the same period (Figure 4.5), as SSH variability is the sole mechanism for spatial change 

in the satGEM temperature fields. 

The spatial distribution of the temperature trends agrees well with the observational estimates of 

Gille (2002), who observes the general warming trend at 900 dbar, increasing on the northern edge 

of the ACC between 0-150 °E, the scattered cooling patches, and a coherent region of cooling 

between 30-50 °E. The warming trends observed by Gille (2002) and in this study at the SAF 

penetrate significantly deeper than the weaker trends observed in all ocean basins by Levitus 

et al. (2005). Gille (2002) also observes coherent cooling trends north of the ACC, but these 
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Figure 4.3: Mean temperature trend between 55-60 °S  on a)  pressure surfaces and b) neutral 
density surfaces. Contours in a) are mean neutral density surfaces, and in b) they are mean pressure 
surfaces. The trend is averaged over 676 1 year differences between 1992-2006. Trends that are 
not significant at the 95% confidence level are left blank.  Units  are °Cy-I  . 
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Figure 4.4: Mean temperature trend on a) 200 dbar, b) 900 dbar, c) 1500 dbar and d) 2500 dbar 
pressure surfaces averaged over 676 1 year differences between 1992-2006. Contours are mean 
dynamic height (relative to 2000 dbar) approximately associated with, from the south, the sACCF, 
sPF, nPF, sSAF, cSAF, nSAF and northern edge of the ACC. Trends that are  not  significant at the 
95% confidence level are left blank. Units are °Cy -I  . 

are generally outside the domain resolved by the satGEM, though there is  some  evidence in the 

eastern Atlantic and Indian Ocean sectors of cooling at the northern edge.  Aoki  et al. (2003) find 

an averaged warming trend of 0.004-0.012 °Cy-I  above 900 dbar in the region north of the sACCF 

between 50-80 °E between 1966-1998. This agrees with the satGEM observation in sign, although 
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180°W 

Figure 4.5: Mean SSH trend averaged over 676 1 year differences between 1992-2006. Contours 
are mean dynamic height (relative to 2000 dbar) approximately associated with, from the south, 
the sACCF, sPF, nPF, sSAF, cSAF, nSAF and northern edge of the ACC. Trends that are not 
statistically significant at the 95% level are left blank. Units are my -1 . 

the satGEM trend is again larger (0.02-0.03 °Cy -I  ) at 900  dbar.  In Drake Passage Sprintall (2008) 

finds warming in the upper 700 dbar north of the PF, while south of this there is cooling. The 

spatial variability makes this difficult to determine in Figure 4.4, but averaging mean temperature 

trends between 60-70 °W along mean dynamic height contours (not shown) produces a statistically 

significant (at 95%) cooling trend in the upper 1000 dbar  of  0.02 °Cy -I  south of 1.05 dynm, the 

dynamic height contour associated with the northern PF. North of this there is warming of up to 

0.05 °Cy -I  , which is of the right sign, but larger than the 0.02 °Cy -I  observed by Sprintall (2008) 
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for the period 1969-2004. 
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Figure 4.6: Mean salinity trend on a) 200 dbar, b) 900 dbar, c) 1500 dbar and d) 2500 dbar pressure 
surfaces averaged over 676 1 year differences between 1992-2006. Contours are mean dynamic 
height (relative to 2000 dbar) approximately associated with, from the south, the sACCF, sPF, 
nPF, sSAF, cSAF, nSAF and northern edge of the ACC. Trends that are not significant at the 95% 
confidence level are left blank. Units are psu 

The salinity trends (Figure 4.6) have a more complex spatial signal than the temperature trends, 

mainly due to their more complicated vertical structure, particularly around the the AAIW low 

salinity tongue. Above 1500 dbar the spatial pattern is relatively coherent with depth. We generally 
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see freshening south of the SAF, and an increase in salinity north of this front. With increasing 

depth the freshening trend moves further north and increases, following the deepening AAIW, 

particularly in the Atlantic and Indian sectors. At the northern edge of the Atlantic between 30- 

0 °W, there are strong freshening trends down to 1500 m, suggesting freshening in the intermediate 

water layers north of the ACC, as observed by Curry et al. (2003). Similarly in the Pacific, 

particularly in the east, there is a freshening trend north of the SAP. This reverses below 1500 

dbar, where is almost universal weak (< 0.003 psu y -I ) freshening over the deep ACC. 

On neutral density surfaces (Figure 4.7) the lighter water layers (Figures 4.7a 4.7b and 4.8a 4.8b) 

of SAMW (yn  < 27kgm-3) and AAIW (centered on 'yn  = 27.4kgm-3 ) have significantly 

higher spatial variability in their temperature/salinity trends than is the case on pressure 

surfaces, but broadly exhibit warming/salinification, except in the eastern Pacific where there is 

cooling/freshening north of the SAF, which agrees with the freshening trend observed on density 

surfaces by Wong et al. (2001). 

• Although trends where density surfaces intersect the surface mixed layer dominate on the 

denser surfaces (LCDW and UCDW) it is worth noting that even in regions where density 

surfaces are well below the surface mixed layer there are still considerable and coherent trends 

in the temperature/salinity induced by water mass movements. North of the outcropping the 

UCDW layer has very coherent trends with distinct geographic regions. In the Pacific sector 

there is widespread cooling/freshening on density surfaces of less than 0.01 °Cy-I  . This also 

occurs in the Indian sector east of 60 °E, but is restricted to north of the nPF, while there 

is warming/salinification south of this, increasing polewards. In the Atlantic and to .60 °E 

there is greater spatial variability, but warming/salinification tends to dominate at all latitudes. 

Interestingly the region between 30-50 °E south of the nPF is a cooling/freshening region on all 

pressure and density surfaces. This is indicative of a northward shift in the circulation of the 

region. 

4.2.2 Diabatic temperature and salinity trends 

Diabatic change is not replicated by the satGEM, so trends in the real ocean of this nature will not 

appear in the satGEM, but rather in the residuals between the hydrographic observations used to 

create the original GEM fields and the resulting mean GEM fields. 
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Figure 4.7: Mean temperature trend on -yr, a) 26.9 kgm -3 , b) 27.4 kgm-3 ,  c) 27.9 kgrn-3  and 
d) 28.1 kgm-3  neutral density surfaces averaged over 676 1 year differences between 1992-2006. 
Contours are mean dynamic height contours (relative to 2000 dbar) approximately associated with, 
from the south, the sACCF, sPF, nPF, sSAF, cSAF, nSAF and northern edge  of  the ACC. Trends 
that are not significant at the 95% confidence level are left blank. Units are °Cy -I  . 

Observed trends in residuals to GEM 

In Chapter 2 we demonstrate that the residuals between the historical hydrography and the GEM 

field are evenly distributed around a zero mean in space, but we observe  here  that there are 
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Figure 4.8: Mean salinity trend on -yn  a) 26.9 kgrn -3 ,  b) 27.4 kgrn -3 , c) 27.9 kgm -3  and d) 
28.1 kgm-3  neutral density surfaces averaged over 676 1 year differences between 1992-2006. 
Contours are mean dynamic height contours (relative to 2000 dbar) approximately associated with, 
from the south, the sACCF, sPF, nPF, sSAF, cSAF, nSAF and northern edge of the ACC. Trends 
that are not significant at the 95% confidence level are left blank. Units are psu y -I  . 

statistically significant trends in the residuals by time.  In  order to achieve suitable temporal 

resolution to observe these trends, all residuals between historical hydrography from the 1920s to 

2006 and the mean time invariant GEM field (not the satGEM created by by combining the GEM 

with altimetry) are combined into a zonal mean and binned by their synoptic dynamic height and 
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depth for three time periods. Linear regressions of the residuals onto time are then fitted to each 

height/depth bin to 2000 dbar (Figure 4.9). The trends are calculated using data from three periods; 

from 1950-2006, 1980-2006 and 1992-2006. All periods have similar distributions of temperature 

and salinity trends in pressure and density coordinates. The same calculations were performed 

excluding all Argo data (not shown) to test for possible data biases, but no significant changes were 

found in the distribution or magnitude of the trends, although variability was considerably higher. 

Note that these figures are given in time varying (quasi-Lagrangian) dynamic height coordinates, 

while previous circumpolar trends (e.g. Figure 4.2) were trends in geographic (Eulerian) space 

binned by mean altimetric dynamic height. 

There is statistically significant (at 95% confidence) warming/salinification along the 27.4 —

27.9kgm-3  density surfaces extending from the southern limit of the domain to around 1.6 dynm, 

where the warming is restricted to the 27.8 — 27.9kgm-3  range. Above and below this density 

range there is cooling, with a maximum in the upper 1000 dbar north of 1.4 dynm. The salinity 

trend is similar in shape to the temperature trend, with freshening above the 27.4 kgm-3  density 

surface intensifying towards the surface, and an tongue of increasing salinity extending along 

isopycnals between 27.4 — 28.1kgm -3 . Below this layer of increased salinity there is freshening 

again. 

The magnitude of the temperature and salinity trends are small in comparison to those driven by 

frontal shifts in Section 4.2.1, and are generally less than 0.005 °Cy -I  and 0.001 psu except 

in the AAIW and particularly SAMW where the cooling and freshening is greater than 0.01 °Cy -I  

and 0.002 psu y (significantly different from zero at 95% confidence). The rate of change of 

temperature and salinity is increasing with time, particularly in the upper 500 dbar and north 

of 1.4 dynm. This acceleration in the rate of change of temperature and salinity agrees with the 

analysis by B6ning et al. (2009) who observe a similar acceleration in the warming of the Southern 

Ocean from 1980 onwards. 

In isopycnal coordinates we see a pattern very similar to that observed by Boning et al. (2009), 

with warming/salinisation of AAIW/UCDW and LCDW ( 27.3 — 28kgm -3) from the southern 

edge of the ACC to around 1.6 dynm, and strong cooling/freshening of the SAMW north of 1.3 

dynm (roughly the central SAF) (Figures 4.9c,4.9f,4.9i). This signal agrees with the 'fingerprint' 

of anthropogenic warming (Banks and Bindoff, 2003; Aoki et al., 2005a) .  and is consistent with 
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Figure 4.9: Trend in salinity (left panels) and (center and right panels) temperature residuals to the 
mean GEM field by time for observations from a),b),c) 1950-2006, d),e),f) 1980-2006 and g),h),i) 
1992-2006. Trends not significantly different from zero at the 95% confidence level are left blank. 
The left and center panels are given on pressure coordinates with mean -yn  contours and the right 
panels are on ^yri  surfaces with mean pressure contours. Units are psu y-1  and °Cy-I  . 
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observations (Bindoff and Church, 1992; Bryden et al., 2003; Wong et al., 1999) and model 

studies (Banks and Bindoff, 2003). There is also a clear cooling/freshening trend centered in 

the LCDW south of 0.8 dynm (approximately the sPF), and extending to the AABW where the 

trend is around -0.01 °Cy- I and 0.002 psu y -I , which supports the observational evidence of 

cooling and freshening bottom waters (Aoki et al., 2005b; Rintoul, 2007). However, because of the 

spatiotemporal irregularity of the sampling, only the Indo-Pacific region is sufficiently sampled to 

identify a trend in AABW, so warming trends observed in the Atlantic in other studies (Meredith 

et al., 2008; Johnson and Doney, 2006) cannot be commented on. The warming/salinisation trend 

in the .UCDW/AAIW is reversed at the northern end of the section, and we see cooling/freshening 

at all densities from 1.6 dynm northwards. This is in contrast to Boning et al. (2009) who see 

warming/salinification in these density classes as far north at 40 °S. This difference is possibly 

because Boning et al. (2009) uses a Eulerian coordinate frame, and so measures change due to 

both diabatic and adiabatic (i.e. frontal shifts) causes, while the trend observed in the residuals 

to the GEM field are purely diabatic. The fact that this difference occurs in the deeper layers 

near the SAF supports this hypothesis, as there are strong T-5 gradients along 77, surfaces at the 

SAF, and so an adiabatic southward frontal shift will induce an apparent warming/salinification 

on ryn, surfaces (see Figures 4.2c, 4.2d). A strong warming/salinification adiabatic component in 

the UCDW/AAIW may then obscure the diabatic cooling/freshening component if observed in 

Eulerian rather than synoptic dynamic height coordinates. 

4.2.3 Implied heat and freshwater fluxes 

In order to quantify the change in heat and freshwater driven by the diabatic trends we add the 

temporal diabatic trend to the time evolving satGEM fields and calculate the resulting change 

in heat and freshwater content. To accurately determine the diabatic trend (the binned linear 

regressions in Figure 4.9 do not necessarily conserve dynamic height) we construct two GEM 

fields; one using hydrography up to the Argo period (2002), and one using hydrography after 

this. These are created as two dimensional zonal means to increase the accuracy of the mean 

trend, as there is insufficient data density for three dimensional GEM fields in different temporal 

periods. The difference between these means (Figure 4.10) is analogous to the trends observed 

in Figures 4.9d,4.9e and 4.9f, with the temporal mean of the first field being approximately 1982, 

and the second 2006, hence the difference is the change since the 1980s. Only summer (Jan-

March) hydrography is used, to avoid seasonal biases, so the difference is not necessarily directly 



104  :1 

0 

-0 02 

0 03 

.03 

.02 

.01 

.01 	
a. 

-o 
-1000 

T. -1200 

-1600 

-00 

-1800

20  

1400 

-400 

200 

0 04 
1.6 1.8 06 	08 	1 	1.2 	1.4 

Dynamic height (dynm) 

(a) (b) 

4704 
282 	 28.2 

- - 
0.6 	0.8 	1 	12 	1.4 

Dynamic height (dynm) 

(C) 

1.6 1.8 06 	08 	1 	12 	1.4 
Dynamic Night (dyrni) 

26.4 

26.6 

26.8 

.03 

1.6 18 

264 

26.6 

26.8 

.01 	
27 

272 

'2 
27.4 

-0.01 
. 27.6 

27.8 	 -0.02 	27.8 

28 	 28 
-0.63 

(d) 

E 

272 

27.4 

27.6 

136 
	

Chapter 4: ACC  heat,  freshwater and transport variability 

comparable  to Figure 4.9, although they do show similar signals. 

Figure 4.10: (Left panels) Temperature and (right panels) salinity differences between GEMs with 
temporal means of 2006 and 1982 on a),b), pressure surfaces and c),d) neutral density surfaces. In 
c),d) the black line represents the temperature minimum,  the  blue line the salinity maximum, and 
the white line the salinity minimum. Units are °Cy -1  and psu 

The  total  heat  content (Q) of the satGEM domain is calculated at each timestep as 

Q=  fif rppO]dxdydz 	 (4.2) 
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• The total freshwater content is similarly defined as the volume integral of the negative salt 

anomaly 
S' — SO  

SO 
S (4.3) 

in place of 0, where S' is the in situ salinity and So is a reference salinity (35 psu). At each 

timestep in the satGEM the linear trend is incrementally added to the satGEM T-S profiles at the 

appropriate depths and dynamic height. Note that because the later mean GEM was created using 

Argo data, the trend only extends to 2000 dbar, so the volume integrals including the trend are 

probably underestimates of the true values. 

The resultant Eulerian trends in heat and freshwater content over the altimetric period are shown 

in Figure 4.11 and their linear regressions are given in Table 4.1. The major influence on heat 

content variability is the changing volumetric extent of each dynamic height bin. This is largely 

driven by the seasonal signal and higher frequency mesoscale activity (shown at one standard 

deviation), but there is still an unambiguous trend towards increasing heat in both the purely 

adiabatic heat content, and the adiabatic+diabatic trend. The increase in adiabatic heat content is 

driven by the southward movement of the frontal positions from 1992-2006 (Sokolov and Rintoul, 

2009). The increase in the purely adiabatic heat content is 0.056 ± 0.004 PW, while the diabatic 

contribution to this (concentrated largely in the AAIW, SAMW and AABW) is a net cooling of 

—0.029 ± 0.006 PW, combining to an overall warming of 0.027 ± 0.004 PW. In contrast there is a 

clear difference between the adiabatic and adiabatic+diabatic trend freshwater content. Although 

the high frequency variability is large in comparison to the adiabatic freshwater volume mean 

trend (0.086 ± 0.001 Sv), the contribution by the diabatic flux is much larger (0.044 ± 0.002 Sv). 

This result demonstrates that although the movement of water masses is slightly increasing the 

Southern Ocean freshwater content, there is a relatively large input of freshwater to the region that 

dominates the adiabatic contribution. Both the heat and freshwater trends also have an interannual 

perturbation between 1996-2001, the cause of which is discussed in Section 4.4.2. 

The differences in the diabatic/adiabatic trends explain the inconsistencies between the adiabatic 

trends on pressure coordinates and the in situ observations discussed in Section 4.2.1. The mean 

adiabatic warming trend is 1.22 ± 0.09 Wm-2 , approximately twice that estimated by Gille (2008) 

once the discrepancy in observational areas is accounted for. Similarly it is 2-3 times greater than 

the global estimates of Bindoff and Coauthors (2007) (0.5 ± 0.18Wm -2) and Levitus et al. (2005) 

(0.42 ± 0.18Wm-2) for the period 1993-2003. Once the diabatic cooling trend is added to the 
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Figure 4.11: Total volume integrals of a) heat and b) freshwater over the satGEM domain by time 
(one year running mean). The trend for the (black) adiabatic satGEM alone and (blue) adiabatic 
satGEM with diabatic GEM residual trend are given for both heat and freshwater. Coloured areas 
denote one standard deviation. 
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Table 4.1: Volume integrated heat and freshwater trends for the satGEM from 1992-2006 over the 
whole Southern Ocean. Trends are given for purely adiabatic changes, as well as diabatic and the 
sum of the two component. Trends normalised by area use the satGEM domain area of 4.617* 10 13 
m2 . Errors give one standard deviation 

Heat trend (PW) Heat trend (Wm2) Freshwater trend (Sv) Freshwater trend (mmy —lm -2 ) 
Diabatic —0.029 ± 0.006 —0.628 ± 0.129 0.044 ± 0.002 30.27 ± 0.70 

Adiabatic 0.056 ± 0.004 1.219 ± 0.089 0.009 ± 0.001 5.85 ± 0.16 
Combined 0.027 ± 0.004 0.591 ± 0.093 0.053 ± 0.001 36.12 ± 0.68 

adiabatic trend, however, there is a much closer agreement between the mean heating trend and 

these other studies. The net adiabatic freshwater trend has a domain mean of only 5.50 ± 2.16 

mmy-1 m-2 . This small value is largely due to the near balance between salinification of the SAMW 

and AAIW, and freshening below and to the south of these water masses in the satGEM fields. 

This result in the adiabatic satGEM based estimates does not agree with observational evidence 

for freshening over the Southern Ocean (Boyer et al., 2005; Helm et al., 2009; B8ning et al., 

2009). The diabatic trend obtained from the time evolving residuals from GEM, however, accounts 

for this discrepancy, driving a strong increase in the volume of freshwater. This is equivalent 

to an additional increase in freshwater from internal convergence or changed surface fluxes of 

approximately 0.044 ± 0.002 Sv (30.27 ± 0.70 mmy -1  m-2). This agrees with the estimates of 

Helm et al. (2009) and Boyer et al. (2005) much more closely. Additionally, this freshening occurs 

primarily in the AAIW and SAMW north of the PF on pressure surfaces, largely cancelling out 

the adiabatic salinification from the satGEM estimates due to frontal shift and thus bringing the 

Eulerian trend into agreement with the estimate by Boning et al. (2009). 

4.2.4 satGEM heat, freshwater and volume change 

In this section we examine the spatial distribution of trends in heat and freshwater content of the 

satGEM over the altimetric period. As demonstrated in the previous section the dominant influence 

on the heat content is adiabatic movements of water masses, while for freshwater these are small in 

comparison to the diabatic input of freshwater into the region. We remove the linear diabatic trend 

so as to observe the variability both regionally and overall that is driven by adiabatic changes in the 

wind driven circulation or mesoscale activity. We also examine the changes in volume occupied 

by the major water masses in the Southern Ocean in the satGEM. 
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satGEM heat and freshwater content change 

The mean trend in heat and freshwater content (Figure 4.12) shows an increase in heat and 

freshwater over most of the Southern Ocean, consistent  with  the warming and freshening trends 

observed in Section 4.2.1 and the general increase in  SSH.  The general structure of increasing 

temperature towards the north means that positive SSH trends translate to an increase in heat, 

while decreasing SSH leads to cooling. Thus we see a strong agreement between the heat and 

SSH trend. The more complicated meridional structure  of  freshwater and its lower impact on 

dynamic height means that this relationship does not hold as strongly for freshwater trends. There 

is strong salinification in the north of the ACC around  the  SAF, and broader freshening south of 

this front.  The greatest changes in heat (up to 10 Wm -2) and freshwater (up to 380 mmy - I  m-2 ) 

content occur in the frontal regions, due to the greatest heat and salinity gradients in these regions. 

As these changes are due to adiabatic water mass movement the trends are not indicative of air/sea 

fluxes, but rather advective divergence/convergence. 

18oNv 
(a) 

leew 
(b) 

Figure 4.12: Trends in depth integrated a) heat and b) freshwater content over the satGEM period. 
Trends are averaged over 676 1 year differences between 1992-2006. Contours are mean dynamic 
height (relative to 2000 dbar) approximately associated  with,  from the south, the sACCF, sPF, 
nPF,  sSAF, cSAF, nSAF and northern edge of the ACC. Trends that are not significant at the 95% 
confidence level are left blank. Units are a) Wm-2  and b)  mmy- I  m-2 . 
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Water mass volume change 

The observed trends of increasing heat and freshwater content in the satGEM between 1992- 

2006 indicates that the water masses in the domain become increasingly less dense over this 

period. The southward movement of dynamic height contours, and hence water masses, pushes 

outcropping neutral density surfaces southward. This southward movement of SSH contours 

appears as a deepening of isopycnals in Eulerian space (Figure 4.13). The southward movement 

of SSH contours is an horizontal example of 'pure heave' (Bindoff and McDougall, 1994), as 

the water masses have changed adiabatically, but at a Eulerian point there are temperature and 

salinity changes on density surfaces that appear as some combination of 'pure warming' and 'pure 

freshening'. The greatest changes occurs where the horizontal gradient of the density surfaces is 

largest, notably in the upper water column at fronts and the outcropping regions at the southern 

edge of the ACC where there is a maximum in the negative trend of around 0.005 kgm -3y-1 . In 

the deep water column away from these areas, there is a weaker trend towards lighter densities of 

approximately 0.001 kgm-3y-1 . These trends in -yn, occur roughly along the lines of mean -yn , and 

indicate a uniform deepening of density surfaces with no obvious change in tilt. This is consistent 

With uniform southward frontal movement, as well as the observations by Boning et al. (2009) and 

suggest there has been no trend in the ACC baroclinic transport over this period. 

These trends translate to a significant change in the thickness of water masses with time (Figure 

4.14). The average thickness of the lightest water masses (AASW, SAMW, AAIW) increase 

significantly with time, with the greatest increases (9-15 dbar y 1 ) occurring at the southern edge of 

each water mass. From the AAIW layer (27.1 < ry n, < 27.4) and below we see reduced thicknesses 

at the northern edge of the ACC as they are displaced by the lighter water masses above, and for 

LCDW and denser water masses there is a coherent reduction in layer thickness over almost all of 

the domain as these water masses are replaced by the less dense water masses. Notable exceptions 

to this trend occur in the eastern Pacific in the UCDW layer (27.4 < ry n, < 28) where the density 

class has a coherent increase in thickness of 5-10 dbar y -1  and between 30-60 °E south of 50 °S 

where the sACCF is moving slightly north, where all water mass classes are reduced in thicicnesS, 

except the AABW ('(a > 28.2) which increases by 5-15 dbar y -1 . 

The deepening of the neutral density surfaces drives a clear trend in the total volume of each class 

of water mass over the satGEM domain (Figure 4.15). Each water mass has significant seasonal 
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Figure 4.13: Neutral density change averaged over 676  1  year differences between 1992-2006 
averaged zonally along the regions defined by dynamic height bins of 0.05 dytun. Contours are 
the position of mean neutral density surfaces. Trends that are not significant at 95% confidence 
level are left blank. Units are kgm -3y-I  . 

variability, particularly in the upper three layers (AASW, SAMW and AAIW). This seasonal 

variability results from the seasonal surface layer added  to  the satGEM temperature and salinity 

fields to simulate the mixed layer. The upper two layers (AASW, SAMW) increase in southward 

extent and hence volume in austral summer, displacing the AAIW immediately below, which 

consequently has a seasonal signal 1800  out of phase with the surface layers. Below the AAIW 

the seasonal signal becomes less clear as the outcropping layers most effected by the surface 

changes become smaller relative to the total volume of the water masses, and the high frequency 

signal is instead dominated by mesoscale processes such as frontal meanders and eddy formation. 

The net volume trends reflect the regional volume changes in Figure 4.14, and the upper four 

layers all increase in volume, heat and freshwater content over the altimetric period, with trends 
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Figure 4.14: Mean layer thickness change for ry„ layers. a) AASW 	< 26kgm-3 ), b) SAMW 
(26 < ry„ < 27.1kgm -3), c) AAIW (27.1 < ryn, < 27.4kgm -3), d) UCDW (27.4 < y, < 
28kgm-3), e) LCDW (28 < eyn, < 28.2kgm -3) and 0 AABW (28.2 < -ynkgm-3). Layers are 
averaged over 676 1 year differences between 1992-2006. Contours are mean dynamic height 
contours (relative to 2000 dbar) approximately associated with, from the south, the sACCF, sPF, 
nPF, sSAF, cSAF, nSAF and northern edge of the ACC. Trends that are not significant at the 95% 
confidence level are left blank. Units are dbar y-1. 
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of between 0.79 ± 0.16 * 10 13  m3y-I  and 2.32 ± 0.13 * 10 13  m3y-I  (Table 4.2). The AAIW 

(Figure 4.15c) has the smallest trend, largely due to its thinning in the eastern Pacific. UCDW 

(Figure 4.15d) has the greatest positive trend, being approximately as large as the upper three 

levels combined, while the LCDW (Figure 4.15e) and AABW (Figure 4.150 compensate for the 

expansion of the upper levels by having negative volume trends. The bottom layer, AABW, has 

the largest negative trend, as it is most constrained by the bottom, and cannot shift deeper but is 

instead moved out of the domain by the lightening of the upper layers. The trends in heat and 

freshwater content broadly follow the volume, with warming and freshening in the upper layers, 

and cooling/salinification in the LCDW and AABW. The SAMW (Figure 4.15b) undergoes the 

greatest heating in the region, despite having a smaller volume trend than the UCDW, increasing 

by 1.07 ± 0.47* 1021  .13/1  due to the greater temperature gradients in the upper ocean, particularly 

near fronts. Conversely the relatively small temperature and salinity gradients in the deep ocean 

mean that despite AABW having the greatest change in volume by far, its heat content actually 

increases marginally, and its freshwater change is small in comparison to the other water masses. 

The more complicated meridional structure of salinity means that the trends in freshwater content 

are much less well defined than for heat, and only the layers below the AAIW fresh tongue have 

trends that are statistically significant at the 95% level. 

Table 4.2: Mean volume, heat and freshwater trends and 95% error bars for the volume integral 
of each density class in the satGEM region from 1992-2006. Units for volume are m 3 y-I  , for heat 
.1y-1  and for freshwater M3 31-I  . 

Water mass Volume trend 2a Heat trend 2a Freshwater trend 2a 
AASW 7. < 26 1.68* 10 ±0.69 * 10" 0.13* 1021  ±0.16 * 1021 0.55 * 10 1  +0.66 * 10 
SAMW 26 <y, < 27.1 2.32 * 10 13  ±0.26 * 10 13  1.07* 1021  ±0.94 * 1021  4.54 * 10 11  ±4.96 * 10 11  
AAIW 27.1 < -y, <27.4 0.79 * 10 13  ±0.32 *10 13  0.18 * 1021  +0.11 *1021  0.81 *10 11  ±2.30 * 10 11  
UCDW 27.4 < -yn  < 28 4.23* 10 13  ±0.47 * 10 13  0.73* 1021  ±0.16 * 1021  5.60 * 10 11  ±2.86 * 10 11  
LCDW 28 <-y, < 28.2 -0.90 * 10 13  ±0.23 * 10 13  -0.03* 10 21  ±0.03 * 1021  -2.75 * 10 11  ±0.33 * 10 11  
AABW 28.2 < "rn -7.92 * 1013  ±0.61 * 10 13  0.004* 1021  +0.002 * 1021  -0.72 * 10 11  ±0.44 * 10 11  
Total 0.2* 10" +1.14 * 10" . 2.08* 1021  ±0.97 * 1021  8.03 * 10 11  +6.23 * 10 11  

As well as the high frequency signal and the linear trend, there are interannual signals present in 

each of the water masses. There is clearly a shift in the trend direction at each depth below the 

surface layer at 1997 and 2001. In 1997 the trend in the SAMW, AAIW and UCDW shifts from 

increasing in volume to decreasing, and in 2001 this reverses again to an increasing trend. The 

bottom two layers, LCDW and AABW have the opposite trend, changing from negative to positive 

at 1997 and back again at 2001, balancing the change in the upper layers. Interestingly the UCDW 

has the opposite trend to the AABW between 1993 and 1996, while at other dates it has a similar 
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Figure 4.15: Mean layer volume (fine line) integrated over the whole satGEM domain for 77, 
layers a) AASW < 26kgm -3 ), b) SAMW (26 <'y < 27.1kgm-3), c) AAIW (27.1 < < 
27.4kgm -3 ), d) UCDW (27.4 < -yn  < 28kgm-3 ), e) LCDW (28 < -yn  < 28.2kgm-3) and 0 
AABW (28.2 < -y20kgm-3). Bold line is low pass filtered with a cut off frequency of 2 years. 
Units are rri-3 . 
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shape. This may suggest different regional responses to the mechanisms driving the large scale 

variability at these depths. The time series is too short to determine if these signals are periodic 

or not, but we examine the relationship of these trends to the main Southern Ocean atmospheric 

modes (the SAM and ENSO) in Section 4.4 to determine if these modes can drive the observed 

water mass variability over the satGEM domain, and on what timescales. 
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4.3 Transport variability 

The substantial trends in the subsurface density structure of the ACC satGEM suggests that we 

may expect changes to the ACC velocity, and hence transport, fields. The nature of this change is 

the subject of ongoing debate on the mechanisms of Southern Ocean transport time variability and 

its response to atmospheric forcing, as discussed in Section 4.1. This section addresses the mean 

change in the satGEM total (baroclinic+barotropic) transport from 1992-2006, both the trend in 

the zonal volume transport, and the change in eddy heat and freshwater transport across the main 

ACC fronts. 

4.3.1 Zonal transport variability 

The mean trend in depth integrated zonal volume transport (Figure 4.16) is highly fillamentarly and 

spatially variable. Increases in transport at one latitude are compensated by decreases to the north 

and south. This pattern suggests shifts in the position of high velocity fronts over the altimetric 

period, agreeing with the generally observed increase in dynamic height over the domain. . 

Although there are clear trends in the zonal velocities, caused by movement of the frontal systems, 

we see little overall change in the total zonal transport, at any longitude (Figure 4.17). The trends 

are statistically insignificant at the 95% level, and vary in sign with longitude, implying that over 

the altimetric period, there has been no long term trend in the zonal transport despite the coherent 

southward shift of the fronts. This should be interpreted with caution however, as outside of Drake 

Passage the satGEM has open boundaries to the north and south due to its limited spatial coverage. 

This means that it is impossible to say with certainty that there is no trend in transport outside 

Drake Passage, just that there is no trend in the ACC region defined by the satGEM. However, 

given that the satGEM does capture the full transport through Drake Passage, and that there is no 

significant trend there, it does seem likely based on the conservation of mass that there has been 

no significant zonal transport trend in the ACC over the satGEM time period. 

Despite the lack of trend, however, two examples of chokepoint transport south of Australia at 5R3 

(Figure 4.17b) and at Drake Passage SRI (Figure 4.17c) demonstrate that there is still significant 

temporal variability in the zonal transport. Much of this variability is driven by mesoscale features, 

which can modify the zonal transport at any one time by as much as 50 Sv. The extreme size of 
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Figure 4.16: Mean satGEM depth integrated eastward transport trend over the satGEM period. 
Trends are averaged over 676 1 year differences between 1992-2006. Contours are mean dynamic 
height (relative to 2000 dbar) approximately associated with, from the south, the sACCF, sPF, 
nPF, sSAF, cSAF, nSAF and northern edge of the ACC. Trends that are not significant at the 95% 
confidence level are left blank. Units are Svm - * 

this variability is largely an artifact caused by the satGEM spatial coverage, with open northern 

and southern boundaries, meaning that fronts can meander  into  the measured section, dramatically 

increasing the zonal transport, and then meander out again, thus reducing the transport. This 

is clearly evident in the larger variability of the total transport across the SR3 section (standard 

deviation of 24.3 Sv, see Chapter 3) than across the meridionally bounded SR 1 section (standard 

deviation 14 Sv). Eddy resolving models such as the MESO meodel (Hallberg and Gnanadesikan, 
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Figure 4.17: satGEM depth integrated total eastward transport a) trend by longitude, b) transport 
across 145 °E and c) transport across Drake passage. d) and e) give the power spectra of the 
complete time series of transport across 145 °E and Drake passage respectively. The trend in a) is 
averaged over 676 1 year differences between 1992-2006 while the remaining panels are for the 
full time series. Fine lines in a) are 95% confidence limits. Units are a) Svy -1 , b),c) Sv. 
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2006) also produce very large weekly variability (up to 30 Sv peak to peak) even in the absence 

of varying wind stress, suggesting the variability observed here is not unrealistic., As well as 

the mesoscale noise, there are longer term trends in the time series. For example there is a 

clear increase in transport across 145 °E from 1997-2000, and an increase between 2000 to 2005. 

Drake Passage does not have as obvious a long term trend, possibly due to its closed meridional 

boundaries, but fluctuates on interannual time scales. The power spectrums support this, and are 

both red, with higher power found at periods of greater than four to five years at SR3 (Figure 

4.17d) and about two to three years at Drake Passage (Figure 4.17e). There is weak evidence for 

a secondary peak in the spectra of the section south of Australia at around 10 weeks. This is not 

observed at Drake Passage, and so supports the assertion that mesoscale features are important 

to the variability at the unbounded SR3 section but do not influence the bounded sections at 

Drake Passage as dramatically. We will explore the forcing effects driving this transport variability 

further in the next Section. 

4.3.2 Eddy variability 

We now examine trends in the satGEM meridional transport of heat and freshwater over the 

altimetric period estimated using the satGEM. The net depth integrated heat transport across a 

circumpolar contour is defined as 

f Cppv0dxdz = f f [Cpp(ri# + 110 + r)0' + v i0')]dxdz 	 (4.4) 

where 0 is the temperature at a point, v is the northward cross stream component of velocity, 

an overbar is the temporal mean and 'the instantaneous anomaly to this mean. The last three 

terms of the right hand side of the equation give the temporally varying component of the heat 

transport. If a temporal mean is taken it is possible to eliminate the middle two terms (as in 

Chapter 4), but for instantaneous transports the system is not in a steady state and they are left in. 

The northward freshwater transport can be calculated by substituting the freshwater anomaly S, 

defined in equation 4.3, for 0. 

The mean trend of the temporally varying heat and freshwater components (Figures 4.18a, 4.18c) 

shows that there is no mean trend in heat and freshwater transports across dynamic height contours 

at the 95% confidence level. The trends suggest that there may be enhanced southward (northward) 
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eddy heat (freshwater) fluxes in the SAP north of 1.4 dynm, and opposite trends south of this, but 

there is substantial temporal variability and so these trends are not statistically significant. Chapter 

3.5.2 details a separate method for establishing the eddy heat and freshwater fluxes across dynamic 

height contours in the satGEM. This is done by explicitly tracking closed dynamic height rings 

(eddies) in the altimetry data and inferring the heat and freshwater transferred from one side of the 

dynamic height contour (representing a front) to the other when the eddy decays. Figures 4.18b 

and 4.18d show that the eddy heat and freshwater transport trends using this method are of similar 

magnitude and direction to the statistical method but the temporal variability is even greater, and 

there is no statistically significant trend in heat and freshwater transport. It is worth noting that 

these two methods do not measure the same transports across exactly the same points, as the 

statistical method is taken across fixed mean dynamic heights and includes large scale meanders, 

while the tracking method is across instantaneous contours and only includes mesoscale rings. 

The metrics of the mesoscale variability driving the eddy transport, eddy kinetic energy (EKE), 

given by the zonal mean 

EKE =-<u'v' 	> 	 (4.5) 

of the surface velocity components in the statistical method, and the number of eddies crossing 

dynamic height contours for the explicit method, display a similar lack of statistically significant 

trends (Figures 4.18e,4.180. The temporal variability of these metrics are smaller than for the 

tracer transport, however, and there is evidence for a decreases in EKE and eddy numbers at 1.4- 

1.5 dynm, and an increases south of this in the nPF/sSAF region, at the 68% confidence level. 

4.4 The role of atmospheric forcing in driving variability 

The correlation between frontal movement and the SAM and ENSO indices demonstrated by 

Sallee et al. (2008), leads us to expect responses in the satGEM fields to these atmospheric modes, 

with associated changes in the heat, freshwater and water mass distribution. In this section we link 

the changes in the satGEM to the primary modes of atmospheric variability in the Southern Ocean, 

and establish the timescale and magnitude of the oceanic responses. We also show that there is a 

lagged response of the eddy activity and heat and freshwater transport to changes in SAM, with a 

timescale of two to three years, and quantify the resulting transports. 
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Figure 4.18: Eddy northward transport trends across mean dynamic height contours for a), b) heat 
transport and c),d) freshwater transport. The left column has trends calculated using the statistical 
method (see Chapter 3.5.1) and the right column uses explicit eddy tracking (see Chapter 3.5.2). 
e) is the trend of EKE and 0 is the trend in number of eddies. Fine and dashed lines in 0 give the 
trend for warm and cool core eddies respectively. 

4.4.1 Temperature and salinity response to SAM/ENSO 

The regression of temperature onto the SAM index (Figure 4.19) on neutral density surfaces shows 

that the satGEM response to changes in the wind field driven by the SAM are very regionally 
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coherent. In the upper density layers (SAMW and AAIW, Figures 4.19a and 4.19b) an increase in 

the SAM index of one leads to temperature increases of up to 0.1 °C in the Indian Ocean sector 

between 30-120 °E. The opposite occurs in the central Pacific (90-130 °W), where these layers 

cool by up to 0.1 °C, particularly around the SAF and PF (heights 1-1.35 dynm). Between these 

two distinct regions there are more variable responses, but the Atlantic sector generally appears 

to warm, while in the Indo-Pacific (120 °E-130 °W) there is more cooling. These spatial patterns 

hold in the deeper layers, although the magnitude of the response is much diminished. The spatial 

variability in the Indo-Pacific is reduced somewhat, and it has a broader cooling response in the 

deep layers, particularly at their southern limits where the density surfaces may cool by up to 

0.025 °C for an increase of one in the SAM index. Interestingly the changes on the UDCW and 

LDCW density surfaces in the Pacific Ocean east of 120 °W are anti-correlated with the changes 

in the SAMW and AAIW north of about 1.35 dynm where the waters extend towards the Pacific 

subtropical gyre. Note that these changes are on density surfaces, and so a warming (cooling) 

trend is also associated with a increase (decrease) in the salinity on the neutral density surface. It 

also demonstrates the variability on deep density surfaces in response to water mass movements 

that was suggested as a source of observational aliasing in Section 4.2.1. For some sense of the 

scale of these changes, it is worth noting that they are one to two orders of magnitude greater than 

the annual temperature trends, but occur over much shorter timescales, of the order of days to 

weeks. 

The response of the satGEM temperature fields to the ENSO index (Figure 4.20) is less coherent 

than the SAM index, and there is a coherent trend only in the central and eastern Pacific where there 

is warming and cooling respectively, particularly in the upper layers (SAMW/AAIW). Elsewhere 

around the ACC there are patchy regions where the temperature is strongly correlated or anti-

correlated with the ENSO index. Despite this the trend in these regions seems generally towards 

cooling on density surfaces in response to an increase in the ENSO index. Exceptions to this 

exist at around 30 °E where there is warming on all density surfaces for positive ENSO. The deep 

layers (UCDW and LCDW) generally have similar trends to the upper layers, although they are 

more sensitive to changes further to the south, as was the case for changes in the SAM index. The 

less coherent response to the ENSO index possibly reflects the relatively short record of only 15 

years that only contains a few strong El Niiio and La Nina events, while the SAM index fluctuates 

with a higher frequency. 
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Figure 4.19: Coefficient of temperature regressed against the SAM index on neutral density 
surfaces ry„ a) 26.9 kgm -3 , b) 27.4 kgm-3 , c) 27.9 kgm -3  and d) 28.1 kgm -3  between 
1992-2006. Contours are mean dynamic height contours (relative to 2000 dbar) approximately 
associated with, from the south, the sACCF, sPF, nPF, sSAF, cSAF, nSAF and northern edge of 
the ACC. Trends not significant at the 95% confidence level are left blank. Units are °C per index 
value. 

The response of the satGEM temperature fields to changes in the atmospheric forcing agrees 

with the response of the SSH to SAM and ENSO, as described by Sallee et al. (2008). What 

is of note here is that the magnitudes of the responses  to  the SAM and ENSO fields have a 
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Figure 4.20: Coefficient of temperature regressed against the ENSO index  on  neutral density 
surfaces 77, a) 26.9 kgm -3 , b) 27.4 kgm -3 , c) 27.9 kgm -3  and d)  28.1  kgm-3  between 
1992-2006. Contours are mean dynamic height contours (relative to 2000 dbar) approximately 
associated with, from the south, the sACCF, sPF, nPF, sSAF, cSAF, nSAF and northern edge of 
the ACC. Trends not significant at the 95% confidence level are left blank. Units are °C per index 
value. 

different distribution to that of the response by the SSH field. The gradients  of  the temperature 

and salinity fields with dynamic height drive this difference, and so on neutral density surfaces 

changes in the SAM and ENSO fields will produce proportionally greater changes in temperature 
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and salinity where there are strong gradients on the surface, such as at fronts, or outcropping 

regions. This drives the strong response of the deep layers at their poleward edge, while changes 

in the atmospheric modes further north have little influence on the properties on the deep density 

surfaces. 

4.4.2 Heat and freshwater content response to SAM/ENSO 

The T-S changes in response to the SAM and ENSO indices drive variability in the net heat and 

freshwater content of the satGEM domain. The correlation coefficient at zero lag for the total heat 

with SAM is 0.12, and with ENSO it is 0.15 (Figure 4.21). Both are significant at the 99% level, 

but neither explain very much of the variance of the heat trend. For freshwater the correlation with 

the SAM index is insignificant at zero lag, while the relation with ENSO is significant and has a 

value of 0.16. The insignificant correlation between ENSO and the heat and freshwater content at 

frequencies of less than three months and any amount of lag demonstrates that this atmospheric 

mode drives Southern Ocean variability on longer time scales (over one year). This is supported 

by the agreement between the low frequency (periods greater than two years) and all frequency 

components of both heat and freshwater content for ENSO at all lags, when spurious seasonal 

correlations driven by the seasonal surface layer model are ignored. At zero lag these values 

are statistically significant and relatively large (over 0.3 for freshwater). Conversely, the high 

frequency component of heat and freshwater has a correlation with the SAM index comparable to 

the all frequency component. Although it generally is not statistically significant this suggests that 

the ocean responds to the high frequency variability in the SAM to a much greater degree than the 

ENSO, although only significantly at zero lag. 

When the heat and freshwater content is compared against the lagged SAM and ENSO indices 

it is apparent that there are significant delayed oceanic responses to atmospheric changes. Both 

the low frequency and all frequency components of the correlation of heat and freshwater with 

SAM have significant peaks in the 4-5 year lagged range after an initial zero lag response, with 

heat content increasing and freshwater decreasing, consistent with a southward movement of the 

ACC fronts. This result agrees with the observations of Roemmich et al. (2007) who observe a 

lag of identical size between peak SAM forcing and the spinup of the Pacific subtropical gyre, 

immediately *north of the ACC. The lagged response of the heat and freshwater content to the 

ENSO mode is more complicated. Near zero lag there is a strong positive correlation for heat 



2000 1800 1600 1400 1200 1000 800 	600 	400 	200 
Days lagging SAM 

(b) 

0.4 0.4 

0.3 

0.1 

2000 1800 1600 1400 1200 1000 800 	600 400 200 	0 
Days lagging ENSO 

(c) 

2000 1000 1600 1400 1200 1000 NO 000 400 200 	0 
Days lagging ENSO 

(d) 

-03 -0.5 

03 

0.2 

5 0.1 - 

-01- 

-0.2 - 

V 

(a) 

2000 1800 1600 1400 1200 1000 800 
Days lagging SAM 

4.4. THE ROLE OF ATMOSPHERIC FORCING IN DRIVING VARIABILITY 	157 

Figure 4.21: Lagged correlation between total Southern Ocean (left panels) heat content, (right 
panels) freshwater content and the (top panels) SAM and (bottom panels) ENSO indices. Blue 
line give correlation at all frequencies, black for frequencies greater than two years, and red for 
frequencies greater than three months. Bold lines indicate where the correlation is statistically 
significant at the 99% limit. 

and freshwater, which becomes a strong anti-correlation of 0.2 at 2.5-3 years, with freshwater 

lagging heat slightly. There are significant correlations again at around 5 years, strongly positive 

in freshwater, and weakly negative with heat. These timescales probably reflect the frequency 

of occurrence of El Nifio and La Nifia in the timeseries from 1987-2006, with strong El Nifios 
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occurring in 1997/8 and 2002/03 separated from La Nifias by 2-3 years. 

Although the SAM and ENSO are the strongest modes driving global wind stress variability over 

the Southern Ocean, the correlations between these modes and the volume integral of Southern 

Ocean heat and freshwater are relatively weak (except for ENSO and freshwater content). The 

strong zonal variation in response to changes in the atmospheric modes demonstrated in Section 

4.4.1, however, leads us to examine this relationship by longitude, as strong local responses may 

cancel out or confuse the signal when integrated zonally. Figure 4.22 shows that the regional heat 

and freshwater contents are effected by the SAM and ENSO modes much more strongly at zero 

lag than the total integral of the heat and freshwater. The SAM and ENSO modes clearly have 

anti-correlated effects on the meridionally integrated heat and freshwater content and generally 

where a positive (negative) SAM drives an increase (decrease) in heat a positive (negative) ENSO 

is correlated with a decrease (increase). The strongest feature zonally is in the central Pacific, 

where the correlation of heat content with the ENSO index is over 0.6, explaining almost 40% of 

the variance in heat content in the region. Almost everywhere outside the central Pacific ENSO 

is anti-correlated with the regional heat content, although over the Indian and Indo-Pacific basins 

(30-180 °E) the correlation is not always statistically significant. This anti-correlation agrees with 

the regional study by Morrow et al. (2008) who found cooling in the south Tasman Sea in response 

to a positive ENSO index. The SAM index is well correlated (up to r=0.37) with the heat content 

in the Indian/Atlantic ocean sector from 30 °W to 110 °E, with Peaks at 60 °E and 100 °E. In the 

central Pacific it is anti-correlated, and in the Indo-Pacific (110 °E-130 °W) there is weak to no 

correlation between the heat content and SAM. Again the frequency decomposition indicates that 

ENSO affects the Southern Ocean on scales of over a year while correlation with the SAM index is 

slightly weakened at low frequencies, but strong at frequencies of less than three months (Figures 

4.22e), particularly in the Indian basin. 

The correlation of the atmospheric modes with the freshwater content by longitude and its 

decomposition by frequency (Figures 4.22b,4.22d and 4.22f) is similar to that of the heat content. 

Again there is a strong correlation (r=0.6) in the Pacific, with increased freshwater content for 

larger values of ENSO.In contrast to heat content where there is a strong correlation only in 

the central Pacific, this strong positive correlation occurs over the entire Pacific and as far west at 

150 °E. The increased correlation of freshwater with the atmospheric indices in the western Pacific 

also holds for SAM, where there is a significant decrease in freshwater content with increasing 
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Figure 4.22: Correlation coefficient of (black lines) SAM and (blue lines)  ENSO  indices with the 
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Figure 4.23: West to east cumulative zonal sum of meridionally integrated low frequency (period 
> 1 year) a) heat and b) freshwater temporal anomalies  by  time. Units are a) J * 1022  and b) 
M3  * 1012. 
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SAM. 

These figures demonstrate that the Pacific is clearly an important region in defining the overall 

Southern Ocean heat and freshwater content. The ocean response to the SAM and ENSO 

indices are strongly anti-correlated, indicating that perhaps the reason for the relatively small 

correlation coefficients observed (even regionally) is due to the confounding effects of the 

opposing atmospheric modes. In the Pacific however, particularly the central Pacific, the ENSO 

is clearly dominant over SAM in influencing the local heat and freshwater variability. The 

importance of this disparity in setting the total heat and freshwater content is apparent when 

viewing the cumulative zonal contribution to the heat and freshwater content anomalies by time 

(Figure 4.23). The zonal structure is highly banded, and between the years of 1997-2004 it is 

apparent that most of the structure is defined at around 130 °W, in the central Pacific at the peak of 

the ENSO temperature/freshwater correlation. When the generally greater latitUdinal extent, and 

hence heat content, of the Pacific sector is accounted for using a meridional mean heat content, the 

general pattern does not change (not shown). These years contained a particularly strong El Nirio 

in 1997/98, followed by several years of La Nina, in 1998/99 and 2000/01, and another El Nino 

in 2002/03. These correlate well with the observed heat and freshwater anomalies, with increases 

in 1997 and 2002, and decreases between 1998 and 2001, consistent with the correlation in this 

sector (Figure 4.22). The contribution to the total heat and freshwater anomalies in these years 

outside of the central Pacific is small. In contrast ENSO is weak in the years at the start and end 

of the study period, and there is a more uniform zonal contribution to the heat and freshwater 

anomalies. The contribution of SAM to these trends is not obvious in these figures. 

4.4.3 Transport response to SANUENSO 

The impact of the changes in wind stress on the regional heat and freshwater content of the 

Southern Ocean suggests that there will be substantial changes in the density structure, and hence 

velocities in response to variability of the SAM and ENSO indices. This section examines the 

correlation between the atmospheric modes and the ACC zonal transport and the cross frontal 

transport of heat and freshwater by transient eddies. 

ACC zonal transport 

The high spatial variability of the trend in depth integrated zonal mass transport discussed 

in Section 4.3.1 is also apparent in the correlation of this transport variability with the SAM 
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and ENSO indices (Figure 4.24). There are clear bands of positive and negative correlation 

interspersed meridionally with each other for both the SAM and ENSO indices. This is consistent 

with the idea of regions of high velocity, such as frontal jets, being shifted north or south by the 

wind stress associated with the atmospheric modes. Generally regions positively correlated with 

SAM are negatively correlated with the ENSO index, in agreement with similar anti-correlations 

observed in the heat and freshwater budgets (Section 4.4.2). 

0 0 

05 .4  

Figure 4.24: Correlation coefficients between zonal eastwards transport and a) SAM and b) ENSO. 
Correlations not statistically significant at the 95% confidence level are left blank. 

As was the case with the transport trends, it is difficult to infer coherent regional responses from 

these figures, so we instead examine the correlation of the regional meridionally integrated zonal 

transports with the SAM and ENSO indices (Figure 4.25). Examining the response the SAM 

first, we see that generally there is only a relatively weak correlation between the total zonal 

transport and the SAM index of around 0.1-0.2, though it is generally significant at the 95% level 

and evenly distributed circumpolarly. Section 4.3 demonstrated that at short periods the temporal 

transport variability outside of meridionally bounded sections (i.e. Drake Passage) is dominated 

by short lived mesoscale features due to the meridionally open ended nature of the satGEM, so it 

is perhaps unsurprising that there is a generally low correlation between the total zonal transport 

and SAM index. Although small, the correlation is positive over almost all of the ACC, indicating 

increased eastwards transport for higher SAM indices. This correlation holds when looking at 

interannual transport variability, and we see that much of the all frequency correlation is observed 
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on timescales greater than a year, suggesting that interannual changes in the SAM index are also 

observed in the ACC transport, as observed by Meredith et al. (2004). At frequencies of greater 

than three months, however, there is little significant correlation anywhere except in the Indo-

Pacific. This agrees with the hypothesis put forward by Sallee et al. (2008) who proposed that 

for a positive SAM the ACC should shift polewards in the Indian Ocean, and northwards in 

the central and eastern Pacific. This should occur with little change to the SSH gradient and 

consequently little change in zonal transport. In the Indo-Pacific they suggested that the frontal 

response is an intensification rather than shift. Our observations support this, with increasing 

zonal transport in the Indo-Pacific for positive SAM and little change in the total heat content of 

the region. Our results suggest that this happens mainly for high frequency SAM forcing, and that 

low frequency changes affect the ACC in a more circumpolar fashion. The regression of zonal 

transport onto SAM (Figure 4.25b) shows that increases in SAM force only small changes in the 

ACC of 2-6 Sv, so the maximum SAM indices of ±2 should drive zonally uniform ACC transport 

changes of around 5% of the mean ACC transport, in agreement with Meredith et al. (2004). This 

disparate response to wind stress forcing is comparable with the idealised model study by Olbers 

and Lettrnann (2008) who observe only an 8.2% change in ACC transport in response to a greater 

than 25% increase in zonal wind stress, and that these changes occur over interannual and longer 

timescales. They note that with more realistic eddy representation this transport response may be 

even weaker. 

The ENSO index has a comparatively greater correlation with the ACC zonal transport than the 

SAM index, with correlation values of up to 0.4. It is also much more zonally irregular than 

the SAM index, with a wavenumber 3 pattern around the ACC, with positive correlations with the 

zonal transport in the Atlantic, east Indian and west Pacific basins, and strong negative correlations 

in the central Pacific, western Indian and Indo-Pacific. The fact that there are strong zonally 

irregular changes in the ACC transport in response to the ENSO index does not necessarily violate 

conservation of mass, as the northern and southern boundaries of the domain are open and the 

shift of a front across one of these boundaries at a given longitude may result in a significant 

decrease/increase in transport at that longitude. This does not account for the change in the sign 

of the correlation with longitude however, as it has been shown that positive ENSO is correlated 

with a northward frontal movement of both the SAF and PP at all longitudes except in the central 

Pacific (Sallee et al., 2008). Confounding physical effects such as the propagation of coastally 

trapped Kelvin waves or topographic Rossby waves triggered by ENSO events (e.g. see Hughes 
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Figure 4.25: Correlation (left panels) and regression (right panels) of the SAM (black lines) and 
ENSO (blue lines) with the eastwards ACC transport by longitude. The relations are split by 
frequency for a), b) all, c), d) low (> lyear), and e), 0 high (< 3 months) frequencies. Bold lines 
show correlation at greater than 95% significance. Units of regression are Sv per index value. 
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and Meredith (2006)) that dominate SSH variability in the north of Drake Passage may lead to 

some of these zonal irregularities. These changes drive the satGEM zonal transport variability at 

periods of longer than one year, and ENSO has little impact on the high frequency variability of 

the ACC transport (Figure 4.25e). The ENSO signal drives ACC transport anomalies of similar 

magnitude to the SAM, i.e. variability of up to 15 Sv. 

Eddy heat and freshwater transport 

Recent studies have suggested that the the ACC is in an 'eddy saturated' state, and that increases 

in the zonal wind stress will not result in dramatically increased zonal transports, but rather the 

additional zonal momentum will increase the baroclinic instability of the ACC and gradually be 

released as transient eddies. As the satGEM resolves eddies and responds to synoptic forcing, it 

provides an interesting quasi-observational way of observing this eddy activity and the consequent 

change in cross frontal heat an.  d freshwater transport. We have utilised two methods of observing 

the eddy transport; a classical statistical approach integrating the time varying heat transport Qi(t) 

terms 

Q'(t) = f f Cpp(v' 0 +TO' + v'0')dzdx 	 (4.6) 

across mean dynamic height contours (see Section 4.3.2), and the explicit tracking of coherent 

ring structures in the altimetry and using the satGEM T,S fields to calculate the heat/freshwater 

moved across a given dynamic height contour inside these rings (see Chapter 3 for details of this 

method). 

Hogg et al. (2008) and Screen et al. (2009) observe in their models that the maximum eddy activity 

lags the maximum in wind stress, as indicated by the SAM index, by two to three years, so here 

we examine the lagged correlation between surface EKE, the total number of eddies (using the 

tracking method) and the SAM index (Figure 4.26). Between zero and around 600 days across 

all dynamic heights there is either no significant response, or a weak decrease in the average 

circumpolar EKE on all dynamic heights. Similarly, there is little correlation with the number 

of eddies observed. Between 600 and 1200 days (1.6-3.2 years) lag, however, there is a strong 

meridionally coherent correlation with the lagged SAM index in the EKE (r > 0.2, significant 

at 95%), and the number of eddies observed similarly increases 1.6-3 years after the zonal wind 

increases. Interestingly the strongest mean EKE response is in the SAF between 1.2-1.8 dynm, 

while there is a slightly stronger increase in the number of eddies observed further south at around 
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0.7-1.3 dymn. After this period there is no significant correlation between the eddy number or 

kinetic energy and the SAM index. No similar strong zonal correlation is found in response to 

ENSO events. This is probably due to the much stronger zonal asymmetry in the ACC response 

to the ENSO. 
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Figure 4.26: Lagged correlation by dynamic height between a) mean EKE on mean dynamic 
height contours (cm2 s -2) and SAM and b) the same  for  the total number of eddies crossing 
dynamic height contours. Correlations not significant at the 95% confidence level are left blank. 

The cross-contour heat and freshwater transport associated with the lagged increase in eddy 
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activity following an increase in SAM presents a less obvious signal. There is little significant 

correlation in the lagged correlations for any dynamic height for either the statistical or tracking 

methods at the 95% confidence limit. At lower confidence limits (80%) the regression of the heat 

and freshwater onto the SAM index (Figure 4.27) have more coherent signals, though still not as 

clear as the EKE or eddy numbers. At lags of 0 to 400 days for the statistical tracking technique 

(Figure 4.27a) there is generally northward eddy heat transport (or reduced southward transport, 

as the mean eddy flux is southward) associated with increased SAM. This probably represents 

the heat transported by a northward Elunan flux induced by the enhanced zonal wind stress. At 

lags of greater than around 400 days there are large periods of southward heat transport at most 

dynamic heights associated with a positive SAM. These are strongest (> 0.1 PW southward for an 

increase in SAM of one) and most coherent north of 1.2 dynm, where the correlation of the EKE 

with the lagged SAM is greatest. South of this there is a mixture of northward and southward 

eddy heat transport. This period of enhanced eddy heat transport ends north of 1.2 dyrun at 

approximately 3 years lag, and after this there is no coherent transport signals. The heat transport 

estimated using the eddy tracking method (Figure 4.27c) has a similar pattern to the statistical 

method. The northward transport early in the signal is not present using this technique, supporting 

the assumption that it is due to an Ekman flux, as this does not produce coherent eddy rings. 

Between 600-1100 days lag (1.6-3 years) there is enhanced southward eddy heat transport over 

most dynamic heights. This occurs perferentially south of 1.3 dynm, although there are isolated 

periods of stronger southward heat transport in the north (> 0.04 PW for a SAM anomaly of one). 

At lags of greater than 1200 days there is generally no significant trends, or very weak positive 

ones. An exception to this occurs at 1.3-1.5 dymn where there is strong southward heat transport. 

The lagged response of the cross frontal eddy freshwater transport to changes in the SAM is less 

coherent than for heat transport (Figures 4.27b and 4.27d). The strong northward initial response to 

a positive SAM is again present in the statistical method but not the tracking method, supporting 

the idea that it is related to Ekman transport. After this coherent meridional response there are 

periods of freshwater transport correlation with lagged wind stress at various dynamic heights, 

but of both signs. Generally there is northward freshwater transport at around 1.2-1.4 dynm and 

southward transport north and south of this. There are larger regions of no significant correlation 

than in the heat transport case, and the meridional response between 400-1200 days lag is not 

apparent. 
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The eddy tracking method is similarly patchy with less of a meridionally coherent response in the 

enhanced period of eddy activity than is the case for heat transport. It is stronger than the statistical 

freshwater transport, however, and generally there is more northward freshwater transport in 

response to an increased SAM at 600-1200 days lag across all dynamic heights. Before and after 

this time there is a mixture of northward and southward transport responses to an increased SAM 

at various dynamic height, with no obvious pattern. 
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Figure 4.27: Lagged regression by dynamic height of (left panels) eddy heat and (right panels) 
freshwater onto the SAM index. a),b) give northward eddy transport using the statistical method 
(see text) and c),d) use explicit eddy tracking. Correlations not significant at the 80% confidence 
level are left blank. Units are (left panels) W per index value and (right panels) m 3  per index value. 
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4.5 Discussion and conclusions 

The mean trends of the major properties of the satGEM were investigated in this Chapter, and their 

responses to the variability of the two major Southern Ocean atmospheric modes, the SAM and 

ENSO were established. 

4.5.1 Separation of diabatic and adiabatic ACC changes 

The heat and freshwater trends in the ACC are composed of two components; an adiabatic part 

caused by water mass movements, and a diabatic component that represents heat or freshwater 

being added/subtracted from the domain by advection or air-sea interaction. The satGEM allows 

us, for the first time, to quantify the contribution of these two components. We find that there 

is a clear adiabatic warming signal over almost all of the ACC at all depths between 1992- 

2006. The satGEM trends are due entirely to the meridional displacement of the mean GEM 

temperature profiles associated with the poleward shift in frontal positions, and the associated 

increase in dynamic height. This adiabatic change in temperature and its spatial distribution agrees 

qualitatively in sign and spatial distribution with in situ observations, but is uniformly too great by 

around a factor of two. Additionally there is a mean salinification of the SAMW and AAIW on 

pressure surfaces not present in in situ observations, and the T-S trends on neutral density surfaces 

do not agree well with other studies. Although these inconsistencies with observations may be 

caused by an acceleration of the southward frontal shift in recent years, or disparate analyses in 

time, it appears likely that a pure adiabatic shift of the ACC fronts caused by the observed frontal 

displacement produces a warming signal that is too great and haline trends that are in the wrong 

sense in the intermediate water masses when compared to observations. 

This implies that there must be a substantial diabatic component of the heat and freshwater 

trends to compensate the adiabatic component. We use the residuals between the mean GEM 

and historical hydrography to construct the diabatic contribution, and find a consistent trend with 

time, distributed over all space points. These trends suggest that there has been a cooling/freshing 

of the AABW at the southern edge of the ACC, a strong diabatic cooling and freshening of the 

SAMW/AAIW on density surfaces, and a warming/salinification of the UCDW/LCDW south of 

the central SAF. This UCDW change appears as a warming and freshening in the upper 200 

dbar on pressure surfaces (Figure 4.10), consistent with Aoki et al. (2005a), due to the non-

intuitive changes on neutral density surfaces when compared with pressure surfaces (Bindoff and 
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McDougall, 1994). The other trends noted here largely appear on both pressure and neutral density 

surfaces for the indicated water masses, although with slightly different magnitudes (Figure 4.10). 

Note that the use of dynamic height coordinates in calculating the diabatic trends introduces a 

horizontal confounding influence similar to the vertical one noted by Bindoff and McDougall 

(1994). For example, in dynamic height space a profile that warms only in the upper layers requires 

that there be an apparent cooling at depth to conserve dynamic height. However, the agreement 

between this quasi-Lagrangian study and others undertaken in Eulerian coordinate systems (Banks 

and Bindoff, 2003; Aoki et al., 2005a; Boning et al., 2009) implies that this confounding influence 

due to the coordinate system is small and supports Banks and Bindoff (2003) 'fingerprint' of 

anthropogenic climate change in the Southern Ocean. Comparing different eras of data indicates 

that this trend appears to be accelerating (from 0.005 °Cy -1  from 1950-2006, to up to 0.015 °Cy -I  
between 1992-2006), in agreement with other observations (Boning et al., 2009). By adding these 

diabatic heat and freshwater trends to the adiabatic satGEM we establish the relative contributions 

of the two components to the total change in the Southern Ocean over the altimetric period. There 

has been a net warming and freshening over the ACC from 1992-2006, but the magnitude of the 

warming has been reduced by around half by diabatic cooling (-0.028 ± 0.006PW), concentrated 

largely in the AAIW and SAMW. The strong diabatic increase in freshwater content is also 

consistent with observations (Boning et al., 2009; Bindoff and McDougall, 1994; Wong et al., 

2001), although the net value of 36.12 ± 0.68 is smaller than that observed by Helm et al. (2009) 

between 1970-2005, who suggests the increase is due to an enhanced hydrological cycle and melt 

from Antarctica. Note that the value determined here is likely to be an underestimate of the true 

value as only the surface 2000 dbar are included. 

The cause of this diabatic cooling is difficult to ascertain, as the spatial distribution of changes does 

not rule out either of the two most likely causes; increased precipitation or increased sea-ice/glacial 

melt. Both effects will freshen the surface layers around Antarctica and be transported northward 

by Elcman transport, subducting and freshening the SAMW and AAIW layers. Increased air/sea 

heat loss could drive increased cooling, particularly in the well mixed SAMW, as the frontal 

systems penetrate further south. Sokolov and Rintoul (2009) show, however, that the mean 

southward displacement of the fronts is only around 100 km since 1992, so it seems unlikely that 

this shift would be sufficient to drive large enough changes in ocean/atmosphere fluxes to produce 

the observed cooling. An increase in precipitation caused by an increased southward penetration of 

warm moist air due to a positive SAM (Hall and Visbeck, 2002) would drive enhanced freshwater 
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fluxes at the surface and in the subducting AAIW and SAMW as observed, but does not explain 

the observed diabatic cooling (of around 0.9 ± 0.18 Wm -2) in the SAMW/AAIW outcropping 

layers, nor the cooling and freshening of AABW. 

Fyfe and Saenko (2007) show in a coupled ocean-sea ice model that Antarctic ice melt may be 

advected north via Ekman fluxes and cool the upper ocean layers. Enhanced ice melt is also 

consistent with the cooling and freshening of AABW, something that is observed both in situ 

(Rintoul, 2007; Aoki et al., 2005a) as well as in this study. The additional melt required to produce 

the observed freshening in this study is around 1387 ± 63 Gty -I  . This is of a similar magnitude to 

the contribution by basal melting of Antarctic ice shelves (896 Gty -I  , Hellmer (2004)) and iceberg 

calving (2016 Gty-I  , Jacobs et al. (1992)), although these estimates are subject to considerable 

uncertainty. The mechanism by which increased melt may occur, i.e. enhanced warm CDW 

upwelling in response to a positive SAM (Hall and Visbeck, 2002; Jacobs, 2006) is consistent with 

the observed diabatic and adiabatic warming of the CDW south of the PF. It seems likely then that 

the cooling and freshening of the AABW is due to increased ice melt around Antarctica, and this 

may also drive the cooling/freshening of the AAIW/SAMW through Ekman advection, although 

a contribution to the AAIW/SAMW freshening by increased precipitation cannot be ruled out. 

An interesting implication of the satGEM trends is the demonstrated ability of adiabatic frontal 

movements to produce trends on density surfaces in fronts and outcropping regions when viewed 

in a Eulerian coordinate system. This is clear when the adiabatic and diabatic components of 

the satGEM temperature trend and their sum are compared with the in situ observational trend 

in Eulerian coordinates by Boning et al. (2009) in Figure 4.28. While the satGEM diabatic 

component (Figure 4.28a) appears qualitatively similar to the in situ study (Figure 4.28d), the 

diabatic warming trend in the CDW south of the PF has a magnitude of only half of what is 

observed, while the diabatic cooling and freshening of the AAIW and SAMW (gamman, < 27.4 

kgm-3 ) in the SAF is substantially greater than in observations. In a similar vain the in situ 

warming trend at 27.75 kgm-3  north of 50 °S does not appear in the satGEM diabatic component. 

These differences are due to the adiabatic warming driven by frontal movement that is captured 

in the Eularian observations but not present in the purely diabatic case. The addition of the 

adiabatic component (Figure 4.28b) to the diabatic component gives an overall trend (Figure 

4.28c) quantitatively in agreement with the in situ observations due to the increased warming 

in the surface outcropping layers above 500 dbar, particularly south of 54 °S, and in the SAF near 
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50 °S down to around 1000 dbar. 

(c) 
	

(d) 

Figure 4.28: Mean annual temperature trend on neutral density surfaces for the a) diabatic b) 
adiabatic and c) diabatic+adiabatic satGEM components. The mean trend in Eularian space from 
observations, d), is adapted from Boning et al. (2009). Units are °C per decade. 

This comparison illustrates that while observing trends on isopycnal surfaces at fixed geographic 

locations reduces the effect of adiabatic water mass movement, it will not remove it all together. 
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Therefore adiabatic movement should be considered as a factor when estimating heat/freshwater 

changes in regions where there are strong T-S gradients on isopycnals, particularly where water 

masses outcrop, and care should be taken not to attribute all observed changes to diabatic causes. 

4.5.2 Changes in ACC transport 1992-2006 

Despite the clear trend in the heat and freshwater content of the ACC, the mean southward frontal 

movement, and the increase in the volume of the lighter water masses, Particularly in the north, 

there is no statistically significant trend in either the total (baroclinic+barotropic) ACC zonal 

transport through the meridionally bounded Drake Passage, nor the meridional eddy heat and 

freshwater transports. This result supports the theory that the ACC is in an eddy saturated state 

(Hallberg and Gnanadesikan, 2001; Hogg and Blundell, 2006). The lack of any obvious trend 

in the eddy transport is perhaps counter intuitive, as it has been cited in model studies (Screen 

et al., 2009; Hogg et al., 2008; Fyfe and Saenko, 2007) as a possible cause of the increase in 

Southern Ocean heat, a result observed in the satGEM. This may be because the satGEM does not 

resolving short wave eddy transport when using the statistical eddy transport estimation method 

(see Chapter 3), but we see similarly inconclusive evidence for eddy transport using.the explicit 

eddy tracking method as well, which does resolve mesoscale features. A possible physical reason 

for this lack of eddy transport may be because the increase in eddy flux may not have occurred 

during the satGEM period and so will not be observed. A further possibility is that because the 

cross frontal eddy heat and freshwater transport variability in the satGEM is extremely high, in 

agreement with modelling studies, the trends in the eddy fluxes do occur but are obscured by the 

short term variability. Although an increase in the heat content of the ACC is consistent with an 

increase in the eddy heat transport, the observed increase in freshwater is not, as eddies tend to 

export freshwater from the Southern Ocean ((Meijers et al., 2007), Chapter 3.6). No decrease in 

eddy transport is observed, so this suggests that for freshwater at least, eddies do not dominate the 

balance and the trend is set by some other influence, such as increased ice melt or an increase in 

the hydrological cycle. Finally it is worth noting that the flux imbalances implied by the increasing 

heat and freshwater budgets are well inside the observational uncertainties for these values (Gille, 

2003), so do not preclude changes in the cross frontal eddy transport driving the Southern Ocean 

trends. Obviously these results are inconclusive at this stage and merit further examination. 
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4.5.3 ACC heat and freshwater response to SAM and ENSO variability 

While there is no statistically significant trend in either the net zonal transport of the ACC through 

Drake Passage or the net eddy EKE and associated heat and freshwater transport, there are obvious 

signals at shorter periods in the zonal volume and eddy heat and freshwater transports. To establish 

the relationship of these changes with the changes in the surface wind stress, we compare and 

correlate the variability of temperature, salinity, heat, freshwater and transport with the SAM 

and ENSO indices. These are the strongest modes of surface.  pressure variability, and have been 

shown in many studies to strongly influence the oceanic circulation e.g. (Hall and Visbeck, 2002; 

Meredith et al., 2004; Sallee et al., 2008). 

We find that there are clear and statistically significant changes in the temperature and salinity 

on neutral density surfaces, even at depth, that are caused by adiabatic water mass movement 

driven by the SAM and ENSO modes, and that these have clear geographic distributions and 

influence on the regional heat and freshwater content. Unsurprisingly the ENSO signal is most 

significant in the Pacific sector and drives a southward displacement of the ACC, and consequent 

increases in the heat and freshwater content, with correlation coefficients of over 0.6, at 95% 

confidence. At other longitudes its influence is weaker (r=0.1-0.2) and tends to displace the fronts 

northwards, decreasing heat and freshwater content. It was also found to primarily drive variability 

on timescales of over a year, with little high frequency influence, in agreement with the findings 

of Sallee et al. (2008). The influence of the SAM is generally anti-correlated with the ENSO, and 

shifts the ACC to the south in the Pacific, north over the Atlantic and Indian Oceans, and has little 

influence on the heat content in the Indo-Pacific. The correlation of the SAM with the regional heat 

and freshwater content is statistically significant at 95% over most of the ACC, with correlation 

coefficients of between 0.1-0.3. It also drives variability on much shorter timescales than the 

ENSO, and is significantly correlated with variability in the central Pacific and Indian Ocean at 

periods of less than three months. It is worth noting here that the temperature changes in the upper 

ocean observed here due to adiabatic frontal movement in response to the SAM and ENSO modes 

has an extremely similar spatial pattern to the SST response to the SAM and ENSO modes noted 

by Verdy et al. (2006). While that study attributed the changes to diabatic air/sea heat fluxes and 

Ekman transport in response to the atmospheric modes, the satGEM demonstrates that adiabatic 

frontal movement may instead be responsible for SST change. Further comparison of these two 

mechanisms with observed SST data is recommended to determine their relative importance. 
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The mechanism by which the ACC fronts are displaced by the SAM and ENSO appears to be 

the influence of these modes on the wind stress curl (Figure 4.29). A positive curl will drive 

local convergence and downwelling, causing the isopycnals to deepen and raise the steric sea 

level, while a negative wind stress curl will have the opposite effect. As the frontal positions 

are defined by their dynamic height, a raised (lowered) height will move the fronts southward 

(northwards), and induce a adiabatic warming (cooling) in the satGEM. The spatial pattern of 

correlation between the wind stress curl and the SAM (Figure 4.29a) looks broadly similar to 

the correlation between temperature on isopycnals and SAM (Figure 4.19). The ACC, denoted 

by the mean position of dynamic height contours, generally remains inside the region of positive 

wind stress curl in response to a positive SAM along its circumpolar path. This indicates that 

for a positive SAM we expect downwelling and southward frontal shifts, with resultant warming. 

This is broadly the case and there is warming over the Indian and Atlantic sectors in response 

to a positive SAM. Over the Indo-Pacific and particularly the central Pacific, the ACC intersects 

regions of negative wind stress curl for a positive SAM, and in these sectors we see cooling on 

isopycnals in response to a positive SAM. The wind stress curl also appears to drive the ACC 

frontal response to the ENSO (Figure 4.29b). In the central Pacific a positive ENSO drives a 

positive wind stress curl over the ACC, and we also observe a warming in• the same region driven 

by southward frontal displacement (Figure 4.20). In the Atlantic there is a region of negative wind 

stress curl for a positive ENSO, and this agrees well with the region of cooling correlated with a 

positive ENSO in Figure 4.20. 

Despite the general basin scale agreement between the wind stress curl correlation with he 

atmospheric modes, and the correlation of the temperature with the modes, there is evidence 

to suggest that the relation between frontal movement and wind stress curl is not as simple as 

.suggested here. The spatial correlation pattern of warming/cooling with SAM and ENSO has a 

much higher spatial frequency than the corrleation between wind stress curl and the atmospheric 

modes, suggesting the local water mass structure is important in determining the frontal response 

to changed wind stress. Additionally there are some regions that cool where there is postive 

wind stress curl and warm when there is negative, such as immediately west of Drake Passage, 

suggesting there is some other, unknown, factor at work dictating the frontal movement in response 

to changes in the wind stress. Some of these discrepancies, notably the lack of high spatial 

frequency noise, may be explained by the failure of the reanalysis winds to resolve small scale 

wind stress structures driven by SST feedback around oceanic fronts (Chelton et al., 2004). Overall 
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Figure 4.29: Correlation coefficient of wind stress curl (calculated from the NCEP reanalysis) with 
the a) SAM and b) ENSO indices. Correlations not significant at the 80% confidence level are left 
blank. 

however, it does appear that to the first order changes in the wind stress curl in response to 

changes in the SAM and ENSO drive the ACC frontal shifts, and consequently links the subsurface 

temperature and  salinity  variability  to these atmospheric  modes. 

It  is worth noting here  that  although there are strong correlations between the SAM and ENSO 

indices and heat content  in the  Pacific, elsewhere the correlation coefficients are relatively small, 

and the variance explained by SAM and ENSO (< 10%  outside  the Pacific) is substantially smaller 

than the atmospheric surface pressure variability explained by SAM and ENSO (< 39%) (Hall and 

Visbeck, 2002). Small correlations were also observed by Sallee et  al.  (2008). This then begs the 

question; if the primary atmospheric modes of variability do not explain most of the water mass 

movement variability in  the  Southern Ocean, what does?  At  present the answer is unclear, but 

the  high mesoscale activity driven by the baroclinic  instability  of the ACC, particularly at fronts, 

would  seem to be an important factor. The baroclinic instability  will  not immediately respond 

to  wind stress forcing  (Hogg  and Blundell, 2006), but  will  cause dramatic water mass change 

in  Eulerian space near  fronts,  and may dominate the  T-S  variability at a point. Separating the 

variability that is driven  by  baroclinic instability from  that  driven by changes in the wind stress 

forcing  should be the focus of future analysis. 
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Because of these relatively weak regional correlations we find that the total heat content of the 

Southern Ocean is also only weakly correlated with the SAM index. In contrast, the changes of 

the total heat and freshwater content are more obviously related to the influence of the ENSO. 

In particular the 1997/98 and 2002/03 El Nifios and the La Nifias between these two events have 

a clear influence on the total Southern Ocean heat budget, primarily through their effects on the 

Pacific sector. The positive events drive an increasing heat content trend, while the negative have 

a cooling effect through the adiabatic movement of fronts northwards. These Southern Ocean 

changes due to the ENSO also appear in the global heat budget/SSH compiled by Domingues 

et al. (2008). The decrease in heat and freshwater content in the satGEM between 1997-2001, 

and the increases before and after this period are consistent with their global reconstruction of 

heat budgets and SSH. The reason for the decreasing heat content between 1997-2001, which is 

not correlated with volcanic activity, as are other multi year decreases in their record, is likely to 

be driven by the strong ENSO events of this period (pers.coms. Domingues 2008), a conclusion 

supported by Bindoff and Coauthors (2007) who find that ENSO related variability acCounts for 

the greatest global variance in spatial patterns of thermosteric sea level. 

While the ENSO Pacific events have a clear correlation with the changes in the total heat and 

freshwater content, the ENSO index does not appear to control the strong increases in these 

properties at the start (1992-1995) and end (2004-2006) of the satGEM period. At zero lag there 

is only weak correlation between these trends and the SAM index as well, but we find that at 

increasing lags between the low frequency heat content and the SAM index there is an increasing 

positive correlation. This peaks at greater than 0.2 (significant at 99%) at a lag of 4-5 years 

and sharply drops after this. This correlation appears to be associated with the strong positive 

phase of the SAM index in the late 1980s-1991 (Figure 4.1) that correlates with the increase in 

the heat content in the early satGEM years prior to the 1997/98 El Nifio. Similarly there is a 

strong SAM peak between 1997-2002 that leads the general increase in heat content from 2002 

until the end of the satGEM timeseries by around 5 years. Roemmich et al. (2007) note the the 

SAM index leads the south Pacific Gyre SSH response by a similar amount of time, and suggests 

that this lag may be partially due to the propagation of the forcing signal across the Pacific by 

baroclinic Rossby 'waves, although Qiu and Chen (2006) notes that this is a fairly weak signal 

and can be obscured by mesoscale variability. The spin up, deep warming and southward shift 

of the Indian Gyre is similarly noted to be related to an increase in the SAM by Alory et al. 

(2007), while model studies by Cai et al. (2005) and Saenko et al. (2005) also demonstrate the 
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importance of the association between subtropical gyres and the southward displacement of the 

ACC. Further research is required to quantify this link. These studies, however, do not address 

the lag between changes in the SAM and resultant forcing, and examination of the mechanisms 

driving the response of the southern limb of the sub-tropical gyres to the SAM is clearly needed 

to determine if such a lag does play an important role in controling the poleward movement of the 

gyres, particularly in basins other than the Pacific. 

4.5.4 ACC transport response to SAM and ENSO variability 

The rapid initial response of the ACC to changes in the SAM index, followed by a lagged change 

was also demonstrated in the ACC transports. While there was no apparent trend in the ACC zonal 

transport over the whole time series, there was a clear response in both the position of the frontal 

jets and the net zonal volume transport on short periods. Increases in the SAM resulted in increases 

in the zonal transport of around 5%, in a relatively uniform pattern circumpolarly. Outside of 

Drake Passage this result should be treated with caution, as the satGEM domain is meridonally 

unbounded, and so there could be transport through choke points not resolved by the satGEM. 

However, the small satGEM transport response to SAM variability at Drake Passage agrees with 

estimates made at the same location by Meredith et al. (2004) and the uniform circumpolar change 

is supported by tide gauge measurements around the ACC by Aoki (2002). We also observe that 

the high frequency (< 3 months) response of the ACC transport to the SAM is significant in the 

Indo-Pacific region, where Sallee et al. (2008) predicted that the ACC fronts would intensify in 

response to a positive SAM, rather than shift north or south. This is further supported by the 

relative lack of Change in the Indo-Pacific heat and freshwater content in response to the SAM, 

consistent with no frontal shift. The response to the ENSO is more complicated, with alternating 

regions by longitude of positive and negative transport correlations. This is is probably due to the 

zonally asymetric sea surface pressure changes that define the ENSO (Karoly, 1989), but there is 

no clear correlation between the regions of high pressure and low pressure with the northward and 

southward responses of the zonal transport. 

These transport responses to the SAM and ENSO modes do not translate into a trend over the 

satGEM period, unlike for heat and freshwater. This suggests that the ACC is in, or close to, an 

eddy saturated state (Hallberg and Gnanadesikan, 2001; Hogg and Blundell, 2006) and that the 

zonal momentum imparted to-the ACC by the increased zonal wind stress is released as increased 
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EKE with a lag of 2-3 years. The lag is due to a feedback between the mean flow, its stability 

and the production eddies (Hogg and Blundell, 2006). We observe that the zonal mean EKE 

and number of eddies is strongly correlated with the SAM index between 1.6-3.2 years at all 

dynamic heights, although there is a stronger EKE response in the northern ACC, and a greater 

number of eddies to the south. At longer and shorter lags about this period there is little or no 

statistically significant relationship between these variables and the SAM index. Despite the clear 

mesoscale response; the resultant eddy heat and freshwater transport has a less obvious signal. 

This is probably due to the extremely high temporal variability of the heat and freshwater transport 

(also observed by Hogg et al. (2008)). There is still some evidence for a response however, and 

we see some indication that an increase in the SAM index of one will drive an increased eddy 

heat transport south across most dynamic height contours of approximately 0.01-0.1 PW, and a 

northward freshwater flux of around 0.01-0.1 Sv. Neither method gives an unambiguous signal, 

particularly for freshwater transport, but there is a general increase in the eddy transport of heat 

and freshwater at 2-3 years lag, with less coherent signals before and after this period. The present 

study provides some observational support for eddy resolving modelling studies demonstrating 

enhanced eddy transport lagging after increased wind stresses (Hogg et al., 2008; Screen et al., 

2009; Fyfe and Saenko, 2007), but merits further investigation. 

The size of these eddy heat and freshwater transport anomalies, although they are marginal results, 

is certainly large enough to account for observed trends in the Southern Ocean heat and freshwater 

content, although as noted before no trend in these transports is observed over the satGEM period. 

This does not preclude a pre-existing flux imbalance due to increased eddy transports that does not 

change during the satGEM period, but an increased circumpolar cross frontal eddy flux, tending to 

increase poleward heat and salt transport would be of the wrong sign to account for the observed 

diabatic cooling and freshening. Obviously a sufficient external flux from other factors, such as 

ice melt or increased precipitation, could mask increased eddy poleward transport, as modelled by 

Fyfe and Saenko (2007), and further work on the Southern Ocean heat and freshwater budgets and 

the role of eddies is clearly needed. 
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Chapter 

5 	Conclusions 

5.1 Summary and main findings 

This thesis has demonstrated that the first order temperature, salinity and velocity structure of 

the ACC can be accurately described in four dimensions using a relatively simple empirical 

relationship between the subsurface temperature and salinity profiles and the SSH at the surface. 

The remarkable vertical coherence of the ACC temperature and salinity profiles, their equivalent 

barotropic nature and the monotonic increase of dynamic height across the ACC allows us to 

order historical hydrographic profiles by their dynamic height and longitude into three dimensional 

GEM fields of temperature and salinity. These fields dramatically reduce the spatial and temporal 

variability of the ACC and describe 90% and 96% of the salinity and temperature variability to 

within a priori errors respectively. We demonstrate that by combining these static GEM fields with 

gridded altimetric SSH fields between 1992-2006 it is possible to recreate the full depth synoptic 

structure of the ACC for this period, with relatively high spatial and temporal resolution. The time 

evolving density fields facilitate the calculation of velocity fields through the geostrophic relation, 

and the addition of surface velocities based on altimetric SSH plus the barotropic + baroclinic 

Rio05 mean dynamic topography allows us to estimate the absolute velocities at all depths of the 

ACC. The high spatial resolution of the Southern Ocean GEM improves on the more limited 300 

windowed version originally created by Sun and Watts (2001), and the use of satellite altimetry to 

time evolve the GEM over the whole Southern Ocean is the logical extension of the more restricted 

GEM evolution demonstrated by Watts et al. (2001) in the SAF south of Australia using inverted 

echo sounder data. 

These fields represent a new and valuable dataset. They resolve the fillamentary multi-frontal 

nature of the ACC and its active mesoscale eddy field, and represent a quasi-observational, high- 

resolution synoptic view of the Southern Ocean that has not previously been available outside of 
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OGCMs and certain data assimilation products. These fields have rms differences with in situ 

hydrography that are approximately 40-60% smaller than climatologies and reproduce frontal 

features more accurately. They accurately recreate hydrographic sections along ship tracks, 

particularly with regard to sharp frontal features and mesoscale eddies. The satGEM fields allow 

the investigation of ACC transport and variability, aspects of the role of the mesoscale eddy field 

in transporting heat and freshwater across fronts, the changes in subsurface water mass properties 

and the response of these variables to the surface wind stress forcing. 

It is also worth remembering that while the satGEM fields provide excellent spatial and temporal 

resolution in the Southern Ocean, they are not perfect representations of in situ conditions. They 

are reliant on the assumption that the ACC is in an equivalent barotropic state, and that baroclinic 

SSH variability dominates barotropic changes. Additionally they break down where there is not 

a one to one mapping of vertical water mass structure onto dynamic height, and hence are invalid 

south of the ACC southern boundary and north of the STF. Finally they do not capture well higher 

_order features of the circulation. These may be dynamically important effects that cannot be 

recreated without additional information, such as eddy tilt (see Chapter 3.5.1), or water mass 

changes such as localised mixing or the formation of deep seasonal mixed layers that are only 

broadly recreated by the GEM fields rather than in a true synoptic sense. However, as noted by 

Watts et -  al. (2001) the GEM 'works' well because while errors of the sort noted above certainly 

exist, they are generally small compared to the first order variability that is well captured by the 

satGEM, and hence the temperature and salinity satGEM profiles provide a useful estimate of in 

situ conditions, and certainly of the large scale variability of the sort discussed in this study. 

5.1.1 ACC mean zonal and eddy transport 

The key findings of the investigation into the mean ACC zonal volume transport and cross frontal 

eddy heat and freshwater transports (Chapter 3) are listed below and discussed in this section. 

• Zonal absolute transport through Drake Passage is 143± 13 Sv. The variability is dominated 

by the baroclinic component (±9.7 Sv). The baroclinic transport variability at SR1 and SR3 

is 25-40% greater than in situ measurements, but the barotropic contribution is considerably 

smaller than the varied observational estimates. 
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• Only the rotational component of eddy property transport is recreated by the satGEM. 

Therefore when the cross frontal component of eddy property transport is integrated 

circumpolarly along lines of mean dynamic height the resulting mean eddy transport across 

the SAF is small (0.08 ± 0.01 PW heat southwards, 0.025 ± 0.01 Sv freshwater northward). 

• Explicitly tracking the heat and freshwater transported across fronts inside mesoscale eddies 

also produces small transports of 0.07 ± 0.01 PW of heat southwards and 0.015 ± 0.01 Sv 

of freshwater northwards across the SAF. As the two methods of eddy transport estimation 

operate at different length scales (> 1000 km using the statistical method and < 200 km 

for explicit eddy tracking) they can be combined to place a lower bound on southward eddy 

heat transport across the SAF of 0.14 ± 0.03 PW and northward freshwater transport of 

0.04 ± 0.03 Sv. 

• Both methods of estimating eddy transport demonstrate that the majority of eddy transport 

across the ACC occurs in a few key areas. For the SAF these are the southwest Atlantic, 

south of the Agulhas Retroflection, downstream of the Kerguelen and Campbell Plateaus and 

in the eastern Pacific. For the PP and sACCF the most important regions are downstream 

of Kerguelen Plateau and at around 30-50 °E where the Weddell Gyre meets the ACC. The 

regions of strong eddy transport correlate well with regions of higher eddy numbers. 

• Based on the estimates of eddy transport by other studies, both modelling and observational, 

and the transports observed here, we estimate that the eddy 'tilt' component carries 60-90% 

• of the total heat and freshwater transport across the ACC. 

The eddy resolving nature of the satGEM allows us to infer the subsurface properties of synoptic 

eddies over the whole Southern Ocean for the first time. Because the satGEM incorporates 

observational altimetry we find that it produces realistic surface EKEs that are around 40% greater 

than OGCMs of comparable resolution. Comparison of these velocity fields with in situ float 

data demonstrates that the synoptic satGEM geostrophic velocity field has a reasonable global 

correlation with Argo drift velocities (u correlation of r=0.60 and v component correlation of 

r=0.53). In the Atlantic and Indo-Pacific these correlations are generally greater than r=0.7. 

This indicates that the subsurface synoptic velocity fields are recreated well to the first order, 

and comparisons with current meters produce correlation coefficients as high as r=0.89, with rrns 

velocity errors that are small in comparison to current speeds. 
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While the accurate first order synthesis of both the synoptic property and velocity fields allows the 

calculation of heat and freshwater mesoscale eddy transports at a point in the manner of Phillips 

and Rintoul (2000) (Chapter 3.4) the zonal integrals are small in comparison to existing model 

(Jayne and Marotzke, 2002; Meijers et al., 2007; Treguier et al., 2007) and in situ estimates (Gille, 

2003) (Chapter 3.5.1). This stems from the inability of the satGEM, using only a single piece 

of SSH information at each point, to produce eddies that are non-symmetric around their spin 

axis. The dynamically important higher baroclinic modes are therefore not recreated and the 

cross frontal transports driven by the covariance of property and velocity anomalies largely cancel 

out when integrated zonally. This demonstrates that it is local departures of the ACC from the 

dominant equivalent barotropic vertical structure, that is eddy 'tilt', that drives meridional eddy 

heat and freshwater transport, carrying 60-90% of the total transient meridional transport, while 

large scale variations (with spatial wavelengths of over 1000 km) account for the remainder. 

The combination of relative high temporal resolution synoptic mesoscale features and subsurface 

properties in the satGEM allows the explicit tracking of eddies, and we expand on regional 

analyses of this type (Treguier et al., 2003; Morrow et al., 2004) to make a circumpolar estimate 

of the property transport by these features across ACC fronts for the first time (Section 3.5.2). 

Coherent eddy rings are found to transport a significant, but small (0.07±0.01 PW), amount of heat 

southward and export freshwater (0.015 ± 0.01 Sv) from the Southern Ocean. The relatively small 

size of these transports, when compared with estimates based on OGCMs or in situ data (0.05-0.9 

PW) suggests that other processes, such as property and velocity anomalies not associated with 

closed eddy rings, dominate the transport. Although both of the methods used here appear to 

underestimate transport, they operate at complementary length scales and so we combine the two 

to produce a 'minimum bound' on cross frontal transient eddy transport in the ACC. We estimate 

that a total of 0.14 ± 0.03 PW of heat is transported by transient eddies southward across the SAP 

and 0.04 ± 0.03 Sv of freshwater is exported northward. These values fall within the lower range 

of eddy transport estimates made using other methods, as compiled and discussed in Gille (2003). 

The explicit tracking of eddies also produces a comprehensive census of eddies in the Southern 

Ocean. There are generally more cool core than warm core eddies crossing all ACC fronts, and 

the greatest number of mesoscale eddies appear at the northern and southern boundaries of the 

ACC. The average eddy radii is 50 km at the SAP, reducing to 35 km at the sACCF. Southern 

Ocean eddies are also generally short lived, with approximately 95% existing for less than four 
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weeks. These statistics generally agree with the global study by Chelton et al. (2007), although 

the lifespans observed here are considerably shorter. This probably is a result of the inclusion in 

that study of relatively stable long-lived eddies in the subtropical gyres that are outside the scope 

of this Southern Ocean study. 

5.1.2 ACC property and transport variability 

The time varying nature of the satGEM, combined with its high spatial resolution, allows us to 

make the following observations of the variability of ACC properties and transports between 1992 

to 2006. The major findings are listed and then discussed in more detail below. 

• We separate quantitatively for the first time the contributions of the adiabatic and diabatic 

components of heat and freshwater change in the Southern Ocean. There is an adiabatic 

warming and freshening, particularly near the surface and deeper near major fronts, that is 

driven by the southward movement of fronts from 1992-2006. This results in net trends 

of 0.056 ± 0.004 PW and 0.009 ± 0.001 Sv respectively. There is a diabatic cooling and 

freshening of —0.029 ± 0.006 PW and 0.044 ± 0.002 Sv. The rate of diabatic cooling and 

freshening appears to be accelerating. 

• We observe no significant trend in either the zonal ACC volume transport or the EKE, 

number of eddies or the cross frontal transport of heat and freshwater by mesoscale eddies 

over the period 1992-2006. There is, however, significant temporal variability. 

• There are statistically significant correlations between the SAM and ENSO indices and the 

heat and freshwater content of the Southern Ocean. The strongest correlations (r=0.6) occur 

in the Pacific, with weaker values (r = 0.1 — 0.3) at other longitudes. A positive SAM tends 

to shift fronts southward and drive warming at all longitudes except the central Pacific, where 

a northward shift and cooling occurs, and in the Indo-Pacific, where there is little response. 

The frontal response to a positive ENSO index is the opposite of SAM, with warming in 

the Pacific, and cooling elsewhere. Changes in response to SAM occur on short time scales, 

while ENSO driven variability has periods of greater than one year. 

• The ACC zonal transport responds relatively uniformly circumpolarly to changes in the 

SAM, with an increased flow of up to 5% for an increase of one in the SAM index. The 

change of transport is small in comparison to the change in wind stress. 



186 	 Chapter 5: Conclusions 

• There is a significant (r---r0.2-0.4 at 95% confidence) and clear increase in both EKE and eddy 

numbers across the whole ACC in response to increases in the SAM index, but with a lag of 

2-3 years. 

• The weak increase of the zonal transport from 1992 to 2006 and the enhanced eddy energy, 

numbers and transport in response to increases in wind stress indicate that the ACC is in an 

eddy saturated state. 

The time invariant nature of the temperature and salinity structure of the GEM fields with respect 

to dynamic height means that any changes observed in the Eulerian temperature and salinity in 

the satGEM must by definition be adiabatic. The trends in the satGEM show that between 1992- 

2006 there has been a pronounced warming over most of the Southern Ocean over the full depth 

range, that is strongest in the upper 1000 dbar and near the SAF and PF. In general this agrees 

with observations (e.g. Gille (2002); Levitus et al. (2005); Gille (2008)) but the magnitude of the 

warming is around twice as strong as in these studies. 

This excess warming is partially an artefact of the assumption of the stability of the GEM. 

Although the Southern Ocean GEM structure is remarkably robust (Watts et al., 2001), we have 

shown in Chapter 4.2.2 that the GEM structure does change over time. Temporal trends in the 

residuals between historical hydrography and the mean GEM field show that the CDW has been 

warming and becoming more saline, while AAIW and SAMW have cooled considerably (-0.01 

°Cy-I ) and freshened (0.002 psuy -I  ) between the 1920s and the present. Additionally AABW 

appears to be cooling (-0.01 °Cy -I ) and freshening (0.002 psu y -I ), and these trends appear to be 

accelerating. These trends on neutral density surfaces agree with the 'fingerprint' of anthropogenic 

climate change proposed by Banks and Bindoff (2003) and observed by Aoki et al. (2005a). 

Because the GEM coordinate system follows the movement of the water column, trends in the 

residuals to the GEM represent diabatic changes in the water masses. Adding these long term 

diabatic trends to the satGEM allows us to estimate the strength of both adiabatic and diabatic 

influences. This produces a weaker Southern Ocean warming trend (0.591 + 0.093 Wm -2) and a 

much stronger freshening signal (36.12 ± 0.68 mmy-I m-2) that agree more closely with previous 

observations (Boning et al., 2009). The cause of these diabatic changes are not yet clear, but 

are likely to be due to some combination of an increase in the hydrological cycle and increased 

Antarctic ice melt (Helm et al., 2009). 
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As well as observing the long term trend in ACC property content, the satGEM allows us to 

observe the short period synoptic changes to the Southern Ocean forced by the wind stress curl 

associated with the two main atmospheric modes; the SAM and ENSO. The local frontal responses 

to changes in these modes (described above) are generally strongest in the Pacific, and are in 

agreement with the frontal position study by Sallee et al. (2008). We expand on that analysis 

and observe that the total Southern Ocean heat and freshwater content increased in response to 

the El Nino events of 1997/8 and 2002/3, and cooled during the La Nifias between these events. 

The SAM index is only weakly correlated with heat and freshwater change at zero lag, but much 

more strongly at lags of 4-5 years, with warming in response to a positive SAM. The delay in the 

response to an increased SAM is likely to due to a lag in the spin up of the subtropical gyres, as 

suggested by Roemmich et al. (2007). It is important to note that while the effects of the SAM and 

ENSO on the Southern Ocean structure are statistically significant, they only explain a maximum 

of 40% of the variability, and frequently less (as observed in Sallee et al. (2008)), meaning that the 

dynamical response of the region to wind stress forcing is only partially related to the SAM and 

ENSO and in need of further investigation. 

While the heat and freshwater content of the ACC respond significantly to changes in the SAM and 

ENSO, we find that the zonal transport only responds weakly to these two modes. The southward 

frontal movement does not appear to induce any change in the isopycnal tilt, agreeing with the 

study by Boning et al. (2009) and suggesting that there is no long term increase in zonal transport. 

Indeed this is the case, and we find no trend in the total ACC transport during 1992-2006 and only 

small (< 5%) changes in transport in response to changes in the SAM, agreeing with observational 

studies undertaken in Drake Passage (Meredith et al., 2004). There is also no apparent long term 

trend in the eddy heat and freshwater transport, EKE or number of eddies during this period, 

although variability is very high and may obscure small trends. There is, however, a clear response 

in the number and strength of mesoscale eddies to changes in the SAM, with a lag of 2-3 years, 

and an associated change in the eddy heat and freshwater transport by eddies across fronts at the 

same lag, although this result is more marginal. The weak response of the ACC zonal transport to 

changes in the SAM, and corresponding change in eddy activity provides observational evidence 

for the hypothesis put forward by Hallberg and Gnanadesikan (2001) and later Meredith and Hogg 

(2006), Hogg and Blundell (2006) and Hogg et al. (2008) that the ACC is in an eddy saturated 

state, whereby zonal momentum added to it through zonal wind stress is dissipated via baroclinic 

instability and does not result in increased zonal transport. 
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5.2 Closing thoughts and future work 

We have shown that to the first order the satGEM creates a very useful representation of the 

ACC, and have used it to diagnose many dynamically important features, such as zonal transport, 

adiabatic heat and freshwater change, and the kinematic response of the Southern Ocean to 

synoptic forcing. The satGEM allows us to accurately estimate the in situ subsurface temperature, 

salinity and velocity fields where ever there is satellite SSH data, whereas previously this was 

only possible where there was hydrography. These synoptic fields derived from observational data 

obviously have a great many future research applications. 

The satGEM is essentially a climatology. It is notable in that it extends the idea of a climatology 

created by the interpolation of historical hydrography to incorporate the synoptic SSH, allowing 

the resolution of the first order of variability in the Southern Ocean, namely frontal movement and 

eddy shedding. Because of the remarkable vertical coherence of the ACC the frontal variability 

and eddy formation is strongly projected in the SSH field and are well resolved in the satGEM. 

However, there are numerous second order effects that are dynamically important and interesting 

that are not well recreated by the satGEM. This is dearly demonstrated by the lack of any eddy 

tilt to drive the expected transient eddy transport (Chapter 3.5.1). 

Therefore it seems likely that the satGEM will find its greatest use as a climatology to be 

subtracted from in situ observations to produce residuals where dynamically interesting higher 

order properties may be revealed. Such an application was demonstrated in Chapter 4.2.2 where 

the GEM was subtracted from the historical hydrography to reveal diabatic temperature and 

salinity trends in dynamic height space, representing the addition of heat and freshwater to the 

Southern Ocean from an outside source. The distribution of spatial residuals may be used in a 

similar fashion to diagnose and possibly quantify regions of enhanced diapycnal mixing. The 

application of the satGEM velocity fields to in situ current meter observations may also reveal 

the degree and importance of the second baroclinic mode, the departure from the first order 

equivalent barotropic state, in inducing co-varying temperature and velocity anomalies and hence 

eddy heat transport. The differences already observed in this study between the satGEM vertical 

shear direction and the direction diagnosed using the AUSSAF current meter array (Chapter 3.4) 

suggests that this may be a fruitful direction to take. Linking the degree of vertical velocity rotation 

to SSH in this manner may also be useful in parametrising eddy transport in climate models. 
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Other future opportunities presented by this study include studies of the ACC momentum balance, 

notably interfacial form stress and the diapycnal transfer of imparted momentum to the sea floor 

through eddy formation. The satGEM spatiotemporal resolution means that this property may 

be observed over the whole ACC and regional momentum budgets calculated accordingly. Other 

responses of the ACC to wind stress forcing may also be observed, such as the response of the 

upper and lower cells of the meridional overturning circulation to increased wind stress. The 

synoptic satGEM may be a useful tool to investigate the dynamics of this system; determining 

whether there is enhanced deep overturning below the depth of the Drake Passage sill, or if the 

northward Ekman flux is returned south in the surface ocean via eddy bolus transport. The explicit 

tracking of property transport by mesoscale features is also an enticing development made possible 

using the satGEM, and the role of eddy size and longevity in cross frontal property transport 

and their regional characteristics appears to be a clear research goal here. Finally, it may prove 

instructive to use the GEM as a criterion in OGCM development. Clearly the equivalent barotropic 

nature of the ACC that makes the GEM structure so stable over time is a first order characteristic 

of the dynamics, and thus models, particularly eddy resolving ones, should be tested to see if they 

are capable of creating GEM fields with residuals approaching those observed in the real ocean. 

No doubt there are many further applications of this method, and I sincerely hope that the satGEM 

contributes to the future unravelling of the dynamics of the Southern Ocean. 
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Appendix 

A Argo sampling errors 

In order to test the hypothesis that the sampling frequency of the Argo floats aliases the velocity 

field, we create artificial drifter tracks using the satGEM velocity fields around Kerguelen Island. 

A single snapshot of velocity is used for simplicity, rather than a time evolving one. The drifter 

velocities and positions are calculated hourly and therefore closely approximate the 'true' path of 

Lagrangian particles moving through the velocity field. To simulate the Argo sampling regime, we 

also record the float positions at 9.5 day intervals, simulating the float surfacing to communicate 

its position. These positions are then used to calculate drift tracks and velocities using the same 

difference method employed by the YoMaHa'07 dataset. 

The resulting high and low frequency sampling drift tracks (Figure A.1a) clearly show that the 

lower frequency sampling regime misses much of the path structure, particularly in regions where 

there are meanders (such as near 76 °E,46 °S) or mesoscale eddies (Figure A. lb). The statistics 

(Table A.1) support this, and we see that the drifter paths in the satGEM velocity field are on 

average 40.8 km longer than is implied by lower frequency sampling for drifters at 400 dbar, 

and 12.1 km longer for floats at 2000 dbar. There are also large rms differences between the 

implied velocity fields, and the low frequency sampling regime has rms velocity errors of up to 

6.3 cms-1 . The correlation coefficient between u and v velocity components is lower for drifter 

tracks in shallower (faster flowing) depths (0.8), than at 2000 dbar (0.94), indicating that in regions 

of higher velocities the disparity between the actual drifter path and the path estimated using the 

Argo sampling frequency is increased. 
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Figure A.1: a) Artificial drifter tracks (red) at 1000 dbar sampled at hourly intervals in a satGEM 
velocity field around Kerguelen Plateau and the same tracks (blue lines) sampled at the mean Argo 
rate of 9.5 days. Black circles indicate the start position of each track and black lines indicate 
bathymetric contours. The boxed region near 62 °E, 54  °S  indicates b) a zoomed in example of 
two eddy trapped floats. 

Table A.1: Correlation coefficient (r), rms velocity component differences (cms -1 ) and rms path 
length difference (km) between 'actual' simulated drifter paths and the paths inferred by observing 
the drifter positions every 9.5 days. Data are separated for three drifter parking depths. 

Pressure (dbar) 400 1000 2000 
u correlation 0.82 0.89 0.92 
v correlation 0.82 0.89 0.94 

u rms diff 5.0 3.2 2.2 
v rms diff 8.0 4.4 2.7 

./v2  + u2  rms diff 6.3 3.9 2.7 
pathlength rtns diff 40.8 21.4 12.1 
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B Eddy tilt 

The smaller than expected values for the transient cross frontal eddy heat and freshwater transport 

is worthy of further examination. Roemmich and Gilson (2001) observe a net property transport 

across Pacific eddies due to their uniform vertical tilt towards the east with depth. This tilt leads 

to a depth dependent temperature, velocity anomaly covariance and hence meridional overturning 

and transport. The satGEM method however, to the first order, produces vertically symmetric 

eddies, as is shown in Figure B.1. These mean eddies were produced by identifying significant 

warm and cold core eddies by their SSH at each time interval along the position of the 1.35 dynm 

mean dynamic height contour. We selected eddies of dynamic height anomaly greater than 0.075 

dynm for large warm core eddies, and less than -0.075 dynm for large cool core eddies, and then 

interpolated the nearby along stream temperature and velocity values onto a regular grid. These 

eddies were then averaged along the contour.and by time, producing a mean that is a composite of 

several hundred individual eddies. Subsampling these eddies by time, space and dynamic height 

contour produced similar results to the overall mean, suggesting that the mean symmetry is not 

due to coincidental cancellation by eddies tilted in opposite directions. The mean eddies shown 

for 1.35 dynm are highly symmetric about their central axis, and there is no vertical tilt present, 

meaning that the satGEM field captures the rotational component of the eddies, but little of the 

divergent component. Some heat and freshwater transport may still occur however, as there are 

significant zonal gradients of temperature and salinity along the mean contour paths, meaning 

that there may still be gradients across eddies, and hence heat and freshwater transport at long 

wavelengths. 
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Figure B.1: Mean a) warm core eddy with dynamic height anomaly greater than 0.075 dynm and 
b) cool core eddy with anomaly less than -0.075 dynm on the mean 1.35 dynm contour. Eddies are 
composites of all eddies along the contour at each timestep. Dashed contours and colour indicate 
heat content in Wm -2  and solid contours are northward velocity in cms -I  . 
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