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Abstract

Satellite altimetry data show a strong increaseea level in various parts of the Southern
Ocean over the 1990s. In this paper we examinedhses of the observed sea level rise in
the region south of Australia, using 13 years q@eet hydrographic data from the WOCE-
SR3 sections, and the SURVOSTRAL XBT and surfatieisadata. The hydrographic data
show a poleward shift in the position of the Supital and the Subantarctic Fronts over the
period. In the Antarctic Zone, the Antarctic Suda&ater has become warmer and fresher,
and the Winter Water tongue has become warmehdreshinner and shallower. Increased
freshening south of the Polar Front is linked toréased precipitation over the 1990s.
Temperature changes over the upper 500 m accouwinfg part of the altimetric sea level
rise. The CTD sections show that the deeper legrerslso warmer and slightly saltier and the
observed sea level can be explained by steric exparover the upper 2000 m. ENSO
variability impacts on the northern part of thetget and a simple Sverdrup transport model
shows how large-scale changes in the wind-forciapted to the Southern Annular Mode,

may contribute to the deeper warming to the south.
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1. Introduction

Recent studies on global sea level rise based pexFBoseidon satellite altimetry data have
noted a strong increase in sea level in variouts mdithe Southern Ocean (Figure 1a) over the
period 1993-2003 (Lombard et al., 2005, Willis &t @004). The dynamical processes
governing the sea level rise are not well undest@fferent authors have calculated the
steric expansion in the upper 700 m from globaditn-data (Guinehut et al., 2004; Willis et
al., 2004; Ishii et al., 2005) and found that ipkmns only 50-60% of the observed global sea

level rise (Figure 1b). They attribute the other5@86 to ocean mass changes.

The difference between the TOPEX altimetric seallese and the steric expansion over the
upper 700 m depth is shown in Figure 1c. The ldrgédterences occur in the Southern
Ocean. The difference is sea level rise could leetduhe barotropic response to variations in

the wind forcing (e.g. Vivier et al., 1999), ori@rming or freshening at deeper levels.

Roemmich et al. (2006) have studied the dynamicatgsses which cause the strong sea
level rise over the last decade in the South Raseiiibtropical gyre, using altimetric data,
ARGO floats and a repeat WOCE hydrographic tranaketg 170°W. Altimetry shows that
sea level rises by 12 cm in the subtropical gyeatred around 40°S 170°W, between 1993
and 2004. The difference map (Figure 1c) indic#ttas the steric expansion in the upper 700
m explains only part of the observed signal. Thalysis of subsurface hydrographic data
indicates a deepening of the isopycnals to ~1800and the WOCE and ARGO float
trajectories confirm the gyre spin-up during th®@® Roemmich et al. (2006) suggest that
the gyre spin-up is related to the decadal intexadibn of wind-stress curl east of New
Zealand associated with the decadal increase iratim@sphere’s Southern Annular Mode
(SAM).

The principal mode of atmospheric forcing in theutbern Ocean is the Southern Annular
Mode. Positive values of the SAM index correspomé tpoleward shift and increase in the
westerly winds, which strengthens the sub-polartevBswinds and weakens the subtropical
westerlies (Thompson and Wallace, 2000). A positread in SAM has been noted since
1979 (Thompson et al. 2000), which tend to increésevind-stress curl and Ekman pumping
over the midlatitude ocean gyres, raising sea laseioted by Roemmich et al. (2006). There

is also stronger upwelling at higher latitudes e tAntarctic Divergence, leading to a



decrease in sea level here. Hall and Visbeck (2B8%2¢ used a coupled model to investigate
the Southern Ocean’s response to changes in SABY fiid that the strengthened westerlies
around 60°S increase the northward Ekman tranggaaing to anomalous upwelling of cold
water along the Antarctic margins (which decreasles sea level) and anomalous
downwelling around 45°S (increasing sea level).sTanomalous flow also increases the
vertical tilt of the isopycnals over the Southerce@n, so that a positive SAM is associated

with a stronger Antarctic Circumpolar Current (ACC)

As well as its long-term trend, the SAM index alsloows higher frequency variability
including distinct interannual changes. During 1#980s, the SAM index was mainly positive
with stronger events occurring during 1993-94 arg98t2000. After 2000, the index
oscillates around zero, with two negative eventaioing during 2000-2001 and 2002. These
interannual changes in the strength of the SAM malo modify the strength of the
convergence and divergence in the different ydaeging to interannual variations in sea

level.

The second mode of atmospheric variability affegtthe Southern Ocean is the El Nino
Southern Oscillation (ENSO). The largest impacENSO is predominantly felt in the South
Pacific and South Atlantic (Karoly, 1989), although oceanic response to ENSO is also
noted in the SW Pacific (Holbrook and Bindoff, 19@&d in the southern Indian (Park and
Gamberoni, 1995). Sallee et al. (2006) have shdwat the Southern Ocean’s sea level
anomaly response is strongly linked to both the Sahdl ENSO modes during the period
1992-2005. However, rather than a zonal respams®AM around the circumpolar belt as
predicted by the coupled models, the observedesasd fesponds in a different way in each
Southern Ocean basin. Sallee et al. (2006) find tthex regional response depends on the
relative strength of the ENSO and SAM modes indifferent basins, the bathymetry, and the
latitudinal variations in the path of the circumgaoturrent.

The higher latitudes of the Southern Ocean areachkenised by weaker stratification and
strong air-sea interactions. This means that interal changes in the climate forcing at the
surface can drive an energetic, deep-reaching thteahme circulation (Speer et al., 2000).
This will be detected by altimetric sea level obaéions, which respond to the vertically
integrated mass and density changes. Observingj@entifying these deep ocean changes is

difficult in the Southern Ocean due to the lackarfg-term repeat in-situ data. This situation



is being improved with the vast deployment of Afpats in the Southern Ocean since 2002
(http://www.argo.ucsd.edu). However, ARGO floatamat solve the problem of the lack of

long-term in-situ observations. Two long-term monitg sites do exist in the Southern

Ocean with high-density repeat CTDs and XBTs sihee1990s : at the WOCE SR1 site in
Drake Passage (Cunningham et al., 2003; Spri2@ll3) and at the WOCE SR3 site south of
Tasmania (Rintoul and Sokolov, 2001; Morrow et 2003).

The present paper aims to use the repeat hydragrapkervations in the sector south of
Australia to investigate the reasons behind theleea rise and its interannual variations in
this part of the Southern Ocean. Since 1992, ingg®mn between Tasmania and Terre Adélie
in Antarctica, we have available concurrent higbetetion satellite altimetry and sea surface
temperature (SST) data, 7 WOCE SR3 repeat hydrbgramansects and 76 high-resolution
repeat XBT sections and 103 surface salinity sestivom the SURVOSTRAL programme
(Figure 2). The satellite data and surface metegrol forcing data allows us to look at the
basin-scale structure of the sea level rise andassible forcing. The subsurface data allow
us to investigate whether the surface changes emgonding to variations in the surface
mixed layer or to deeper temperature and salirfignges, and whether meridional frontal
movements can contribute to the observed sea tese&lThe relation between the SAM and
ENSO climate forcing and the deeper hydrographangles will also be explored.

2. Data Sets
2.1 Altimetric sea level anomaly data

The altimeter products were produced by Ssalto/Buaud distributed by AVISO, with
support from CNES. The data set spans 12 years Jamary 1993 to December 2004 and
corresponds to sea level anomaly (SLA) relativeateeven year mean (January 1993 to
December 1999). Details of the mapping techniquezl us derive the 1/3° gridded data are
given by Le Traon and Dibarboure (1999), and audision of the aliased high-frequency
errors is given by Morrow et al. (2003). Globaltigis data set resolves wavelengths greater
than 150 km, with a temporal resolution of 20 déysicet et al., 2000). In the Southern
Ocean where the groundtracks converge, we canvee460 km wavelengths, and variations

at 50 km wavelength are present but reduced byiBQ8hergy.

2.2 CTD, XBT and thermosalinograph data



Five full depth repeat CTD sections are availabdenfthe WOCE (World Ocean Circulation
Experiment) SR3 line, collected between Tasmanih &arre Adélie (Antarctica) during
voyages of the research vessel RXMrora Australis These sections were made in March
1993; January 1994; January 1995; July 1995; Sdqmei©96. An additional CTD section
along the SR3 line was made in November 2001 asn#rilbution to the CLIVAR Repeat
Hydrography and Carbon Program (Rintoul and Sokd®@1). The station spacing for these
CTD sections is around 55km with more tightly gredpneasurements in the frontal regions.
The data processing steps are described in Roggabat. (1995). These data are precious
since they provide the only information on deep pgemture and salinity changes between

Australia and Antarctica over the 1990s.

As part of the SURVOSTRAL program (SURVeillanceld&céan auSTRAL), high-density
XBT and thermosalinograph measurements are obtdietdeen Tasmania and Terre Adélie
in Antarctica every austral summer. The French Atiasupply ship I'Astrolab€g’ was used

to obtain 6 XBT and 10 thermosalinograph (TSG)isastper year along the nearly-repeating
line from Hobart, Tasmania (43°S 147°E) to the EheAntarctic base Dumont D’Urville
(66°S, 140°E) (Figure 2). The first XBT and TSGtamc for each austral summer occurs at
the end of October, the final section is in mid tharThe time series starts in late 1992. We
are able to maintain high density XBT sampling tlu¢he presence of an onboard observer:
weather and faulty probes permitting, XBT measur@sare made every 35 km, and every
18 km in the frontal zone from 48°S-54°S (see FegR). Most observations attained 800 m
depth, but nearly all reached at least 500 m. AIMdata are carefully quality controlled by
the CSIRO Marine and Atmospheric Research (CMAR)b&it, Australia. The October
transects are not exactly repeating south of 6@8Sthe ship searches for clear sea routes
through the ice. So in the following analysis, ésmmmer mean” calculations are based on

the available December to March exactly repeatetgiens.

Continuous surface temperature and surface salm#ggsurements are available from the
thermosalinograph, with an average measuremeny dvérminutes (at least one per nautical

mile). Salinity data processing is described ini@h@au and Morrow (2001).
2.3 Surface Forcing data sets

Winds. Two different wind products will be used in thelldwing analysis : monthly
averaged winds computed from ERS gridded scattdmmaends are available on a 1.0° grid
for the period 1992-1999, and higher resolution thignQuickscat gridded winds on a 0.5°



grid for the period 1999-2005. Both wind data sets available from the IFREMER Cersat
(French Satellite Processing and Archiving FagiMbsite fittp://www.ifremer.fr/cersat

Heat Flux. We use the monthly NCEP reanalysis on a 2° gridstimate the air—sea heat
flux. These data are made available by the NOAAKSRClimate Diagnostic Center

(http://www.cdc.noaa.goy/

Evaporation and Precipitation. Following Reverdin et al., (2006) who comparededént
surface forcing products in the North Atlantic, have taken the evaporation fields from the
monthly reanalysis product ERA40 of ECMWF (Simmois]). and J.K. Gibson, 2000,

unpublished document available ewww.ecmwf.int/research/eya The precipitation field

comes from the 1° gridded CMAP blended satellitd emsitu product, available to August
2002 (Xie and Arkin, 1997).

Reynolds Sea Surface Temperaturel® resolution, weekly, optimally interpolated magfs

satellite and in-situ SST observations were ud#th:(/podaac.jpl.nasa.gov/reynoldsAn

analysis of this product is provided by Reynoldale{2002).

3. Temporal Evolution of the Surface Characteristis

The temporal evolution in sea level rise is of seumore complex than the simple trend
depicted in Figure la. Figure 3a shows altimetre&a devel anomalies along the
SURVOSTRAL line from Tasmania (44°S) to Dumont Diille (66°S) from January 1993
to December 2004. The data have been low-paseetilto remove signals less than 90 day

period.

Three main zones are apparent on this map:

1) A region of high mesoscale variability betwe&i2 and 54°S associated with eddies and
meanders of the main dynamical fronts: the SubetitaFront (SAF) between 49-52°S and
the Polar Front (PF) between 51-54°S. This bankednter Polar Frontal Zone. Although the
data have been filtered at 90-days, the annuairdechnnual variations of the mesoscale field
are still apparent. This region shows a strongeiase in sea level in 2000 and 2001 which is
associated with a large increase in eddy kinetergyn(Morrow et al., 2003).

2) North of the SAF is the Subantarctic Zone (SAZ)egion of deep winter mixed layers
where Subantarctic Mode waters form (Rintoul andlT2001).



3) South of the PF is the Antarctic Zone (AZ), gioa with fairly homogenous surface
properties characterised by a low salinity (~33@p to sea ice melt and a subsurface
temperature minimum layer of “Winter Water” (Chaggm et al., 2004).

The boundaries between the different zones arended by the variable front positions. The
SAF can be defined as the maximum temperature ggratietween 3 and 8°C at 300 m depth
(Belkin and Gordon, 1996). The 3 and 8° isotherimgs are shown in bold in Figure 3b. The
maximum temperature gradient occurring within thisit is deep-reaching, and coincides
with a maximum meridional sea level gradient (Sokoand Rintoul, 2002; 2006). Recent
studies have shown that the frontal positions ¢sm lae monitored using absolute sea surface
height contours (Sokolov and Rintoul, 2002; 2008lje® et al. (2006)). In the present study
we use the SAF definition of Sallee et al (200@¥(line, Figure 3b). This corresponds to the
southern and most energetic branch of the SAF,isdéfined as the 1.20 m contour of sea
surface height relative to 1500 dB (SSd¢dgp. In Figure 3b, we note that our SAF definition
is relatively stable over time, whereas the 8°Ghisom varies over a much larger latitudinal
extent. The 8°C isotherm is frequently pushed noftlzold-core eddies which detach just
north of the SAF within the SAZ (Rintoul et al., 98 Morrow et al. 2004). The main frontal
gradient remains to the south, as depicted byatidime.

The PF is defined as the northern limit of the etinivater tongue, with temperatures cooler
than 2°C at 200 m depth (Belkin and Gordon, 1986xhown in Figure 3c. Again, we use the
Sallee et al (2006) definition for the PF, whichtlie 1.0 m contour of SSkboge Which
corresponds to the northern PF position as defime8okolov and Rintoul (2006). We note
the good correspondence between the 2°C cont@@Cain depth and the altimetric definition
of the PF in Figure 3c.

This satellite-derived technique allows us to mamévery week the time-varying positions of
the SAF and PF, and the SAZ and AZ limits, during &ltimetric period 1992-2005. This is
even possible for periods with no subsurface hydyolgc data. In the following section, we
will examine the surface forcing and the oceanaasp along the SURVOSTRAL line, using
these variable zone limits. The SAZ is defined leetw47°S and the Sallee et al. (2006) SAF
position. The AZ is defined between Sallee et 2006) PF position and 58°S. Annual and
summer means are presented where available. Sumesar values are calculated from mid

December to mid March.



In the SAZ

Sea level rises to a maximum in 2000 in the SAGFe 3a, Figure 4a), and falls thereafter in
both the summer mean and annual mean values. Tim@eumean wind stress curl is mainly
positive during the 10-year period (Figure 4b), egyating downwelling in the SAZ. The
annual mean wind stress curl is near zero, strengtho positive values in 1997-1999 and
shows a larger negative anomaly in 2004. The iserea downwelling favourable annual
winds during 1997-1999 preceedes, and may congéritatthe peak in SLA in 2000.

The sea surface temperature (SST) and salinity)(&&8ution is shown in Figures 4c and 4e,
respectively. The summer mean values of SST am the combined SURVOSTRAL XBT
data, and the summer WOCE SR3 sections (blue [iff&.summer (red) and annual mean
SST (cyan) values are also shown, based on thedRsySST product. The summer mean
SSS values are from the TSG data and available WORE sections. The SST and SSS
values are highly correlated (r=0.75), with cookeesher surface waters in the summers of
1993, 1998-99 and 2003-2004 with warmer, saltieievgain 2001-2002. There is no apparent
correlation (r=-0.2) between the SST signature thedNCEP surface heat flux on a summer
or annual mean (Figure 4d), nor between the SS&alsignd the biannual variations in
evaporation — precipitation (E-P) data (Figure 4f).

The periods with cooler SST in the SAZ (during 19989 and 2003-2004) are periods with
more summertime cold-core eddies just north of SA¢-, and consistent cool temperatures
over the upper 300 m (see Figures 3b and c). léxtect the altimetric sea level anomalies
at the exact space-time location as the XBT measemes, we find a good correlation

between the warm/cold eddies and positive/negasiea level anomalies, as expected.
However, the summer-mean averages do not alwaysidei, and the differences are mainly
due to the in-situ data sampling which is not eyahstributed each summer. For example,
the peak in sea level during the summer of 200dues to the large positive anomaly in the
north of the SAZ, which is poorly sampled by the P&during December 1999 — January
2000. The mesoscale variations are reduced in audplin the summer mean calculated from
the Reynolds data, and absent from the annual i@8adnfrom Reynolds. This reinforces that
the SURVOSTRAL SST and SSS data in the SAZ candmeirthted by mesoscale events,

such as persistent eddies or front meandering.



In the AZ

A tighter relation exists between the local atm@sjhforcing and the surface characteristics
in the AZ, where the mesoscale eddy energy is we&ke\ rises over the decade (Figure 5a),
with sharper increases in 1995-1997 and 2001-2062se interannual sea level variations
appear out of phase with the SAZ, which has alsm lmeted from a 7-year time series at the
same location by Sokolov and Rintoul (2003).

Although there is no net trend in wind stress a@irlthese latitudes, there is a weak but
significant correlation (r=0.25) between interannsibA variations and local wind stress curl

changes (Figure 5b). Sea level rise occurs durangpgs with weaker Ekman suction. Periods
of stronger Ekman suction during 1998-2000 and 206rkases upwelling of denser water to
the surface, leading to a decrease in sea levehntu SST is also in phase with this

interannual cycle in SLA and Ekman suction, anchaigSLA is associated with higher SST
(Figure 5c). There is also a minor trend of inclega$SST. There is no apparent interannual
variation in the mean heat flux (Figure 5d), sugiggsthat the SST may reflect a dynamical

ocean response or remote forcing.

Interestingly, the SSS shows a net decrease ofpsli bver the period, which is accompanied
by an increase in precipitation of ~20 mm/monthw# assume this increase in freshwater
flux is completely mixed into the surface mixeddaywhich has an average depth of 55 m in
the AZ in summer, Chaigneau et al., 2004), thenpiteipitation increase is sufficient to
explain the drop in salinity.

4. Subsurface structure

WOCE SR3 subsurface temperature and salinity dadaagailable over the entire water
column and will be used to provide information be tleep temperature and salinity changes
over the 1990s. However, we will start by an analgé the summer mean SURVOSTRAL
repeat XBT data from mid December to mid March,clihare statistically more robust with

4-6 sections per year over the 13 years.

4.1 XBT temperature structure in the SAZ

10



Sokolov and Rintoul (2003) have shown that thei@ strong temperature correlation over the
upper 500 m in the SAZ due to the deep winter miegers and the fact that the region is
often subject to deep-reaching meandering frondisdmtached eddies. We can see the impact
of these deep reaching mesoscale eddies and meamken we plot the temporal evolution
of the summer temperature structure at differeqitldein the SAZ (Figure 6). From the
surface down to 500 m depth, the summer temperatmeture shows evidence of heaving
isotherms which are coherent over the upper 50@him, heaving occurs even within one
summer period (eg. January 1998). Part of theantaral change is due to the XBT sampling,
with incomplete coverage in the SAZ during the swersrof 1998, 2000 and 2001. Despite
these sampling anomalies, there is also a backdroend with temperatures increasing over
the upper 400 m. The maximum increase occurs ah &Gdth 0.047°C per year, yielding a
0.6°C temperature increase over the 13 years ateéhel. We note that the error bars on the
trend calculation are large, due to the strong swe signal in our summer observations,

and only the trend at 80 m depth is statisticatipigicant.

The background trend over the upper 500 m is etgnvao a 0.02°C increase per year,
leading to a steric sea level rise of 1.6 mm/yaasiiming a constant salinity of 34.5 over the
upper ocean). This is in the right sense to erpla¢ SL rise in the SAZ but explains only
one third of the total observed sea level rise ofrb/ year from 1993-2003 (Figures 1a, 4a).

4.2 XBT temperature structure in the AZ

Figure 7 shows the summer mean temperature ewvolinidhe AZ, along different depth
levels from O to 500 m depth for the period 1992004. Linear temperature trends are
superimposed at each depth level. During this pesiodecadal sea level rise, temperatures
increase in the surface summer mixed layer (0-4@epth) by 0.8 °C over 12 years. Below
the summer mixed layer we have the “Winter Wat®\y) layer characterised by a tongue
of low temperature water < 2°C. Within this winteater layer, temperatures show a slight
decrease from 80-120m, and then increase again X&0¥250 m depth. Below 300 m we are
in the upper circumpolar deep water layer, andéhgeratures show minor warming to ~400
m depth then cooling by < 0.05° in the deepestriay&he warming trend in the surface
mixed layer, and at 150 m depth is statisticalgngicant, although the smaller temperature
changes in the winter water layer and deeper tB8m2 are not significant with the precision
and sampling of the XBT data.
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The temperature signals at 80 m and 150 m depthmasly out of phase ... the large
increase in temperatures at 80 m in January 1998cc®mpanied by a rapid drop in
temperature at 150 m depth, whereas the temperdiffeeence is minimal around January
2001. A large temperature gradient occurs betw@n 850 m depth when there is a thinner

core winter water layer, and vice versa.

This vision of alternative layers warming and coglican be more clearly explained if we
consider how the mean temperature structure oweselstion has changed between the later
high sea level years (2000-2004) and the earliarsy§1992-1996). Figure 8 shows the mean
temperature structure averaged a) over 1992-1996ydy 2000-2004 and c) their difference.
Firstly we note that the STF, which is defined faes position of the 11°C isotherm at 150 m
depth (Nagata et al. 1988) has shifted southwamth fd6° to 47°S during this period,
introducing a large warming over the upper 500 mtha northern part of the section.
Similarly, the northern branch of the SAF has abkdted southward from 50.5° to 51.5°S
again introducing a warming to depths greater %@ m. So part of the observed warming
and sea level rise in the SAZ may be due to a sarthshift in these fronts. The southward
shift in the PF has also been observed at thigitotay Sallee et al. (2006) in a circumpolar
analysis of the frontal positions (Figure 3c).

In the AZ the story is more complicated. Therendeied net warming in the surface mixed

layer, and we have seen from the SSS data thaisthiscompanied by a net freshening. It is
therefore unlikely that this layer is influenced aystronger Ekman transport which would

bring a larger volume of fresher but cooler watenf the south. The summer wind stress curl
is slightly stronger during 2000-2004 than durirg2-1996, which should introduce cooler

water into the surface layer. In the absence ddteheat flux trend, the reason for the surface
heating in the mixed layer is not yet understood.

The subsurface cooling and warming may be explainethe fact that the tongue of Winter
Water is shallower and not as thick at the endchefgeriod. This shift to shallower levels has
the effect of cooling the layers from 80-120 m b top of the tongue, and warming the
layers from 150-250 m at the base of the tongubpafjh we note that only the deeper
warming is statistically significant. The reasom fioe shallower winter water tongue may be

twofold. Firstly, both the summer mean and the ahmuean SST have warmed between the

12



two periods, meaning warmer winter conditions whiciuld reduce the winter mixed layer
depth. The stronger Ekman suction in summer atetiee of the period (2000, 2001, 2004)
may also “lift” the winter water tongue. Finallylose to the Antarctic continent, we also
observe a net cooling by nearly 1°C as the SoutBeumdary front appears to have shifted

northward, perhaps as a response to stronger upwealbng the Antarctic Continent.

4.3 CTD T-S structure

The adjacent WOCE SR3 CTD data provides valualftermation on the deeper water mass
changes, including the salinity changes. However,have fewer sections available. It is a
delicate task to interpret net T-S changes ovezcadial period based on a limited number of
sections, when seasonal modifications in the sarfaxed layer and the strong mesoscale
eddy signal can have a big impact on the obseraedtions. Bearing this in mind, we have
averaged together the 3 summer CTD sections alailabthe 1992-1996 period (March
1993, January 1994, January 1995), and comparedstimmer mean to the only transect
available in the period 2000-2004 (November 2001).

Figure 9 shows the evolution of temperature anshisalfrom these 4 WOCE SR3 sections
calculated in a similar way to Figure 8. The CTOctma of Nov 2001 shows strong
mesoscale eddy structures, including a very stomhdrcore eddy at 49.5°S which completely
perturbs the mean position of the SAF. Despite, ttie CTD difference maps (Figure 9c)
show similar features to the better-sampled XBTedénce maps (Figure 8c). There is a clear
southward shift in the STF, with maximum amplitugegar 100-200 m depth which tapers
away near 500 m depth. The CTD sections revealhiea¢ is additional sub-surface warming
between 700-1300 m, and the water is also saltier the upper 1500 m. This suggests a
southward meander or shift of the STF, probablp@sased with an increase in the Tasman
Sea outflow, which brings with it warmer, saltiemsian Sea waters over the upper 1500 m
(Rintoul and Sokolov, 2001). This replaces the endbwer salinity mode and intermediate
waters which extended north of 46°S during theyeE®B0s (Figure 9a).

Altimetry maps confirm the presence of two coldeceddies at 47°S and 49°S in November
2001; the CTD sections show these eddies havercaaker over the upper 1500 m which is
fresher than the surrounding waters in the upp80 1, and saltier from 1000-2000 m depth.
This T-S structure is characteristic of the watesmstructure south of the SAF (Figure 9).
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The detachment of cyclonic eddies from the SAmgparting Polar Frontal Zone waters into

the SAZ south of Tasmania, has been documenteddoyoM et al. (2004).

The surface mixed layer shows cooling in the CTHedince maps whereas the XBT
difference maps show a net warming. This is becawsare comparing different seasons ...
the Nov 2001 section is in late spring at the stdrthe summer heating cycle, and the
seasonal warming is only just reaching 58°S. Th&senal heating cycle is much stronger
than the trend in surface temperature. The surfaged layer extends down to ~100 m depth
in the AZ in the Nov 2001 section.

The CTD sections do help us understand the dynanfitse evolving Winter Water tongue

in the AZ. The CTD sections confirm that the Wmi&ater tongue appears to have
diminished ... the low salinity surface water stitends down to ~200 m depth in the AZ,
but the water between 100 — 200 m depth shows an&aband ... as seen in the XBT
profiles. This follows the tendency towards warmiesher winter conditions suggested
earlier. There is a pronounced mesoscale sign#tenAZ, evident in the November 2001

section. Warm anomalies, for example at 56°S, h#aésotherms and isohalines downward,
inducing warm fresh anomalies from 300-1000 m defitlthe base of the winter water layer
near 200 m depth there are patches of warmer, higgimity waters where the winter water

layer thickness has been locally reduced.

We have also repeated our difference calculatiorsopycnal surfaces to separate the effects
of eddy “heaving” from real warming/freshening a&pth. In the AZ, the same structure of
subsurface warming is present, although on isogysuréaces the anomalies are warmer and
slightly saltier. The southward movement of the S&mains both warmer and saltier. The
strong subsurface warming at the base of the WiWeater tongue and lesser warming
extending down to 1500 — 2000 m are also presettiarwinter SR3 sections made during
August 1995 and September 1996 (not shown).

The CTD sections allow us to make more precisenaséis of the steric height changes across
the ACC during this period. Figure 10 shows theisteeight calculated from the mean 1993-
1995 summer period, the November 2001 section, thed difference. Steric height is
calculated over the upper 500 dB, similar to thelXdata analysis, and also relative to 2000

dB. The mesoscale structure, in particular from é&oker 2001, is evident in the difference
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plot. Despite this, there is a net increase in200 dB steric height in the AZ between 54-
63°S of 1-4 cm. Leaving aside the two cyclonic eddn the SAZ, the southward movement
of the STF also increases 0/2000 dB steric height45 cm.

Unfortunately, November 2001 was an anomalous montthe AZ. Figure 3a shows the
temporal evolution of altimetric SLA at SURVOSTRAjust downstream of the SR3 line,
and we note the strong mesoscale activity in thedd@zng November 2001. Given the strong
mesoscale positive sea level anomalies, it isadiffito draw firm conclusions on the net sea
level rise over the period using these 4 CTD sastiddowever, the CTD sections clearly
show that the warming is not limited to the upp80 ™, and deeper warming does occur
down to 1500 — 2000 m depth. This deep warmingeaes the steric height rise over 0/2000
dB by a factor of 2-3, compared with the stericgheicalculated from 0/500 dB. This
reinforces that the steric height estimates caledlaver 0/700 dB for the global sea level rise
studies (Lombard et al., 2005; Willis et al., 20@hii et al., 2005) will be underestimating
the real steric sea level rise by at least a fauft@3 in this part of the Southern Ocean.

5. Relation with climate mode forcing : ENSO and SN

How might changes in the atmospheric forcing conte to the observed sea level rise? The
two main climate modes which effect the ocean tatoon south of Tasmania are the
Southern Annular Mode (SAM) and the El Niflo South@scillation (ENSO). Figure 11a
shows the MEI ENSO Index based on a weighted aeechghe main ENSO features (for
details see http://www.cdc.noaa.gov/ENSO/enso.meex.html). Positive values of the MEI
Index represent the El Nifio phase of ENSO, withmvag in the central and eastern Pacific,
and cool and dry conditions in the western Pacifidthough ENSO is a tropical coupled
system, its impact can be felt in the entire soe$twPacific, carried by the East Australian
Current (Holbrook and Bindoff, 1996). In our studggion, the positive MEI ENSO index
corresponds to cooler ocean conditions in the S®agdman Sea during 1997, the negative
MEI index corresponds to warming, which occurs ngiihe austral summers of 1996-1997
and 1999-2000.

The Southern Annular Mode (SAM) is defined as #aling principal component of the 850
mb height anomaly in the region south of 20°S (Teomand Wallace, 2000). The SAM
index is shown for the period 1992-2005 in Figudd,lwith a 3-month running average
applied. The SAM has been essentially positiverdutine 1990s, with stronger events during
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in 1993, 1998-1999, and 2001. The SAM had more thagavents in the 2000s, with
negative indices during 2000 and 2002-2003.

Studies over the circumpolar region have found thatENSO and SAM indices are often
anti-correlated (L'Heureux and Thompson, 2005).sTisi certainly the case for the strong
1999 La Nina event (Figure 11). When negative ENS@ssociated with a positive SAM
index, there is also a southward shift in the wiadd in the position of zero wind stress curl.
Rintoul and Sokolov (2001) have demonstrated thadlaward shift in the zero wind stress
curl is associated with a stronger Tasman outfloringing warmer, saltier water into the

northern part of the section. This would incredsedea level, as observed in 1999-2000.

We have regressed the SAM index and the ENSO indexaltimetric sea level anomalies in
the Southern Ocean (Figure 12). Negative ENSO sJenat to a positive sea level rise in the
SAZ, with a lesser impact in the AZ south of théaP&ront. Positive SAM events during the
1990s increased downwelling in the SAZ which insesh sea level, whereas there was
stronger upwelling in the Antarctic divergence whiends to decrease sea level in the AZ.
After 2000, when the SAM index becomes negative rédverse occurs, with sea level falling
in the SAZ and increasing in the AZ. Sallee et 2006) find that in the sector south of
Australia, ENSO dominates the sea level responsth md the SAF, and SAM dominates
south of the SAF.

Consider the impact of these two climate modesienSAZ. The SAM tendency for sea level
rise during the 1990s and a weak decrease aftér B0€vident in the sea level anomaly and
SST fields (Figure 4a, c). In addition, the positNSO forcing tends to reduce the sea level
at the beginning and end of the 13-year period, enftances the sea level rise during 1999-
2000. Interestingly, the strong positive El Ninepvvof 1997-1998 is associated with weaker
subsurface temperatures (Figure 6) and a northmarngement of the 8°C isotherm at 300 m
depth around the dominant cold-core eddies (Fi@me with a minor drop in SST (Figure
4c), but no influence on the mean SAZ sea levejUiiés 3a, 4a). It is possible that the shift to
a strong positive SAM index during this period megunteract the negative sea level
anomalies induced by the El Nino signal. The intgrpetween the ENSO and SAM forcing,
and its impact on the SAZ sea level, merits furtady. Unfortunately, the strong mesoscale

eddy signal, particularly in the period 1998-200@nfuses the climate mode response.
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In the AZ where the SAM forcing dominates, posit8AM events during the 1990s are
associated with stronger negative wind stress (cymvelling — Figure 5b) which effectively
reduces the sea level during these years, witleasong sea level during the negative SAM
years 2000-2003.

In addition to the sea level response, Sallee €2@06) have also examined how the mean
front positions (SAF and PF) respond to the wegterhd anomalies induced by positive or
negative SAM events. In the SURVOSTRAL region, pesiSAM events paradoxically tend
to generate a minor northward movement of the &oAtong the SURVOSTRAL line, the
position of the Southeast Indian Ridge partiallilmts the SAF frontal movement (Figure
3b). The fact that the SAM index changes from b@asjtive in the 1990s to mainly negative
after 2000, means that the front positions shdifrtheir northern, positive SAM position to
the south. This is observed in our in-situ hydrpbrea sections for the PF (Figure 3c), and the
northern branch of the SAF, indicated by the 8Wtherm in Figure 3b.

Although direct SAM forcing, shifting the wind ss® curl field, has an impact on the
observed interannual sea level changes, therdysaoneak trend in wind stress curl over the
period 1992-2005 (Figure 4b), yet there is a streag level rise. Why is this so? If we
consider the integrated response of the wind fgrere get a more complete picture. We have
calculated the Sverdrup transport based on the meatmtlite winds of ERS-1 (1991-1995)
and Quikscat (1999-2005), integrated over the SwatlOcean basins deeper than 2000 m.
Our model integrates the wind stress curl from &astest, starting from the 2000 m depth
contour along an eastern continental boundary bmeguged ridge (black points), up to the
western boundary (red points). Figure 13 showsritegrated Sverdrup transport for the ERS
period (top panel) and the Quikscat period (botanel), with a zoom over our region 70°-
170°E. In the northern section of our zoom, th&texa boundary is along the New Zealand -
Campbell Plateau or the coast of Tasmania. Soubb @, the eastern boundary lies along the
Falkland Ridge east of Drake Passage, or the Aitdeninsula further south.

During the ERS period (1991-1995) when the SAM inde mostly positive (Figure 11b),

there is an intense eastward circulation arounds6@iposed by the poleward shift and
intensification of the westerly winds. There iscaks noticeable westward current along the
Antarctic continent. This forms a cyclonic reciratibn gyre, including a westward coastal

current, and an eastward recirculation furthermot much weaker cyclonic gyre has been
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observed with CTD sections, ADCP currents and ithggbuoys during the BROKE campaign
in the summer of 1996 (Bindoff et al., 2000) — aiquk when the SAM index was close to
zero. Clearly during most of the 1990s, this cymayyre is more intense, implying a lower
sea level. More importantly, the western bounddryhis basin lies along the Kerguelen
Plateau around 80°E, and this cyclonic recircuativaws in cold, fresh Antarctic Slope
Current waters into the northward flowing westeoumdary current (Bindoff et al., 2000;
Speer and Forbes, 1994). Part of this flow origegeah the Weddell-Enderby Basin, passing
south of the Kerguelen Plateau via the Princesmabéith Trough (Wong et al., 1998). These
cool, fresh western boundary current waters are trensported eastward from 55-60°S by
the integrated Sverdrup flow in the upper 2000 ngyfe 13). Numerical model results
suggest that thes waters reach the SURVOSTRALdame 12-18 months later (S. Speich,

pers. comm.). Stronger cool-fresh flow implies awéo sea level in the early 1990s.

During the Quikscat period (1999-2005) when morgatige SAM events occurred, the
integrated Sverdrup flow has weakened across thRV@&STRAL line around 47°S. The
negative Sverdrup circulation in the SAZ duringstpieriod recirculates water from further
south in the Tasman Sea, and may contribute ttother subsurface temperatures in the later
years (Figure 3b, Figure 6) and lower sea levejufa 3a, 4a). More strikingly, the cyclonic
circulation south of the fronts from 55-65°S hasalened across the whole basin. This
implies a reduced transport of cool, fresh watartls®f the fronts, which is warmer and
saltier at depth, which would raise sea level dytime early 2000s, as observed (Figure 5a,

Figure 8, Figure 9).

6. Discussion and Conclusion

This study has investigated the causes of the vbdesea level rise in the Southern Ocean
south of Australia over the 1990s, by examiningwbrical temperature structure in the upper
ocean from available repeat in-situ data.

Fronts

One clear result of this work is that the positodrihe main fronts (STF, SAF, PF) show a net
shift to the south over the 10 year period. Thidaspite the fact that the SAF is bounded to
the south by the Southeast Indian Ridge. Salle¢(@006) have monitored the position of the
SAF and PF from 1992-2005 using a combination d¢imakry and in-situ data, and
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considered the effect of the main climate modesSBNSAM) on the frontal position. In the
region south of Tasmania, they find that the SAEdastrained by bathymetry, but the PF
shows a net southward shift over the 13 years.ir B%F/PF definition corresponds to the
SAF-S/N-PF-S definitions of Sokolov and Rintoul Q20 in the same region. The Sallee et al.
(2006) SAF-S and N-PF-S frontal positions are showhigures 3b, ¢ over the period 1992-
2005. We can see that during 1992-1996 the froete slightly north of their mean position,
and during 2000-2004 there is a minor shift todbeth. Thus the in-situ observations and the

altimetry-derived fronts are coherent.

Salinity in the AZ

Our observations suggest that salinity has decadeimsthe Winter Water tongue during this
decade, although salinity has slightly increasedopycnal surfaces in the deeper layers. The
few subsurface CTD salinity data over the decadkamr few spring SURVOSTRAL SSS
observations all show a decline in the AASW and Wa&linity. In addition, the annual E-P
trend follows the summer mean E-P trend (Figurevii) increasing precipitation over the
decade. The decrease in sea surface salinity snztine can be explained by the increased
precipitation. However, the near constant valueroiund 33.85 over the 10° latitude band
south of the PF is also due to its long advectioret Lagrangian studies of upper ocean
currents show that the WW along the SURVOSTRAL Isyérmed by winter convection in

a source region south of 60°S and near 80-100°E.ASW and WW layers then undergo
~12-18 months of ENE advection before they arnvihe SURVOSTRAL region (ie. at least
one complete seasonal heating/cooling cycle — ®icBppers. comm.). The increase in
precipitation at the SURVOSTRAL line (Figure 5)akso representative of a larger pattern
south of the PF in the Indo-Pacific sector (notvamo So the freshening may be related to
increased precipitation which occurred along thel@2month lagrangian drift (warmer and
fresher). We cannot rule out that increased seanelt may also contribute to the observed
salinity decrease, but that would imply cooler fnedher anomalies. Modelling studies would

help to elucidate this point.

Steric contribution to sea level rise

A trend of increasing XBT temperature in the SAZjiste coherent over the upper 500 m
during the 1990s, with a maximum in temperaturedase around 80-150 m and dropping to
near zero at 500 m. Assuming a constant salinit3sb over the upper ocean, we have

estimated that the steric sea level rise due teethemperature trends in the upper 500 m
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would account for 1.6 mm/yr in sea level rise otlee 12 years. This is only 1/3 of the
observed sea level rise from the altimeter data (Sgure 1a), but is in line with recent
analyses of global 0-700 m in-situ data produciguife 1b; Lombard et al., 2005; Ishii et al.,
2005). Our CTD sections show that even deeper wari»00-1500 m) may also contribute
to the observed sea level rise. The deeper sigagl lme due to an increased Tasman Sea
outflow, bringing warmer, saltier intermediate waéeross the northern part of the section,
which can extend to the sea floor (Rintoul and $mka2001). Clearly, our XBT sampling to
500 m depth will not be capturing all of this signa

The Antarctic Zone is where the difference betwd#enaltimeter sea level trend and the in-
situ steric trend is the largest (Figure 1c). Wil fdistinct changes in the AASW and Winter
Water characteristics, as well as deeper warmimgeat in the CTD sections. The XBT time
series show that the surface layer of Antarcticfé&ar water (AASW) has become warmer
and fresher over the last decade. This summercgunféxed layer is shallow, around 55 m +/-
10 m (Chaigneau et al., 2004), and so has a linmgdct on the observed sea level rise. We
estimate that the observed warming by 0.067°Chyd, faeshening by -0.0077 psu/yr would
contribute to a 0.6 mm/yr sea level rise, onlyaztion of the observed 4 mm/yr sea level rise
in Figure 5a. The subsurface temperature minimumt&viWater layer has also become
thinner and shallower, stocking less cold watahaperiod 2000-2004. The northern limit of
the winter water tongue, defined by the PF posjtltas also shifted south (Figure 3c). The
mean winter water depth from 8 years of XBT obsiowna (1992-2000) was 177 +/- 11 m
(Chaigneau et al., 2004), whereas in the 2000-2@@tions, the Winter Water layer is only
150 m deep (Figure 8). If we consider that the AASNd the WW layers have decreased in
salinity by -0.0077 psu/yr, and that the subsurfagers have followed the temperature trends
in Figure 7, then the upper ocean heat and salahignges would lead to a 1.5 mm/yr sea
level rise. Our CTD difference plots show a 4 ceerover the AZ, calculated relative to 2000
dB, over the period to November 2001, roughly egl@mt to the 4 mm/yr observed with
altimetry. Thus it is the deeper changes in thet@Ziperature-salinity structure which are

mainly contributing to the observed sea level rise.

Our CTD results are only indicative south of Tasimasince only one recent SR3 CTD
section is available. However, the steric heiglhtidated over 0-2000 dB is 2-3 times greater
than the 0/500 dB steric height, in the SAZ and AlZe This suggests that deeper ocean

warming below 500-700 m depth can explain the oleskaltimetric sea level rise, at least
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south of Tasmania. Part of this warming is cleabgociated with the southward frontal
movements and water mass redistribution, but wihethe water mass characteristics

themselves have also changed requires a separdte st

Response to climate modes

In the AZ, where the SAM forcing dominates, theee a direct relation between the
interannual sea level response and the wind strgsyariations. In the SAZ, the interannual
variations in sea level rise appear to respondth the SAM forcing and the negative ENSO
(La Nina) events. As the seat of SAMW formationisiimportant to understand the relation
between the climate forcing and the subsurfacemmagss characteristics. Unfortunately, it is
difficult to extract a subsurface large-scale clienaignal from the in-situ measurements,
when their sampling is dominated by the intenseasese eddy field in the SAZ, which
itself has strong interannual variability (Morrowas., 2003). Until we have better subsurface
observational coverage (e.g., ARGO), the spatrapt@al variability in the SAZ can only
captured by altimetry and numerical models.

Our simple Sverdrup transport model suggests bwavertically-integrated wind-driven flow

may be partly responsible for the deeper warmiagdiin the AZ, and may also act to reduce
the thickness of the Winter Water tongue. This $eampodel shows gyre-scale circulation
changes, in the right sense to explain the obsesgadevel rise south of the polar front. Our
simple model does not include bathymetry, which major constraint in the Southern Ocean,
and is also based on two different wind productsclvimay contribute to the differences.

More sophisticated models are needed to provide mrecise estimate of the circulation

changes over these 15 years.

The CTD sections, and the Sverdrup model results, bnderscore how important the deeper
ocean changes are in the Southern Ocean, andalbatating sea-level trends using only data

to 500-700 m will largely underestimate the oceae&ponse to climate changes.
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Figure Captions

Figure 1. Global distribution of sea level rise (in mm/yrpin (top panel) Topex-Poseidon
altimetric observations over 1993-2003; (middle gdaisea level rise over the upper 700 m
calculated from the ARMOR in-situ data projectidnGuinehut et al (2004); (bottom panel)
difference map Topex — ARMOR (after Lombard et2005). The study region is outlined in
black.

Figure 2. (left panel) Position of the WOCE SR3 CTD transe¢) and SURVOSTRAL
XBT and TSG transects (X) between Tasmania andrétita, overlaid on the bathymetry.
The 3000 m isobath is marked. The zoom represéetsniean frontal positions defined by
altimetry (Sokolov and Rintoul, 2002). The abbréwvias used are: SAF : Subantarctic Front;
N-PF : Northern Polar Front; S-PF : Southern Pdteont; N-SACCF and S-SACCF:
Northern and Southern branch of the Southern ACEEISB : Southern Boundary of the
ACC.

Figure 3. (a) Hovmdller diagram of altimetric sea level arabies along the SURVOSTRAL

line from Tasmania (44°S) to Dumont D’Urville (6§°8om January 1993 to December
2004. Altimetry data are low-pass filtered to remosignals less than 90 days. (b)
SURVOSTRAL XBT temperature at 300 m depth, with #8€ and 8°C isotherms in bold.
The SAF position is marked in red, after Salleale(2006). (c) XBT temperature at 200 m
depth, with the 11°C and 2°C isotherms in bold. Peposition from Sallee et al. (2006) is

in red.

Figure 4. Temporal evolution of the surface characteristiecsthe Subantarctic Zone,
averaged between 47°S and the SAF position froe&at al (2006), for the period 1992-
2005. In all plots, the annual mean is in greenh(wiamonds) and the summer mean in blue
(with stars). a) altimetric sea level anomalieswi)d stress curl from the ERS and Quickscat
scatterometers; ¢) summer mean SST from SURVOSTRBILs and WOCE SR3 summer
sections (blue). Also shown, Reynolds summer me&h (ed), Reynolds annual mean SST
(cyan). d) NCEP surface heat flux; €) summer mea@ fom SURVOSTRAL TSG data and
WOCE SR3 summer sections; f) surface E-P : evaipordtom ECMWF and precipitation

from Xie and Arkin monthly climatology.
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Figure 5. As for Figure 4, but for the Antarctic Zone a\ged between the Sallee et al (2006)
PF position and 58°S.

Figure 6. Temperature trends (°C/yr) in the SAZ, with a #indit to the summer mean
temperature data, along different depth levels ffbto 500 m depth for the period 1992 -
2004.

Figure 7. Temperature trends (°C/yr) in the AZ, with a lindd to the summer mean
temperature data, along different depth levels ffbto 500 m depth for the period 1992 -
2004. (top panel) temperature in the summer miagdrifrom 0 — 50 m depth; (second panel)
winter water layer from 80 — 250 m depth; (thirchel deep water layer from 300 — 500 m
depth.

Figure 8. Mean XBT temperature structure over 0-500 m deatleraged over the

summertime SURVOSTRAL sections for the period 822996, b) 2000-2004 and c) the
temperature difference between these two mean supeneds. The SAZ and AZ discussed
in the text are delimited by the vertical blackeln The position of the STF and SAF are

marked.

Figure 9. Left panels: a) Mean CTD temperature structurer @&2000 m depth averaged
over the summertime WOCE SR3 sections of Mar 1988,1994, Jan 1995, c) temperature
structure for the Nov 2001 section e) the tempeeatiifference between these two periods.

Right panels: b), d), f) : same for salinity.

Figure 10. a) Steric height calculated from 0/500 dB and0®dB based on the mean of the
WOCE SR3 CTD sections from March 1993, January ;188d January 1995, and compared
to the November 2001 section. B) Steric heightedéhce (Nov 2001 — Mean 93-94-95) for
0/500 dB and 0/2000 dB.

Figure 11. Temporal evolution of the a) MEI ENSO Index, lthea a weighted average of
the main ENSO features, and b) the SAM Index, Hergeriod 1992-2005.
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Figure 12. Altimetric SLA regressed onto a) the ENSO inder &) the SAM index for the
period 1993-2005 in the Southern Ocean. Only vafpeater than the 95% confidence level
are shown. The approx. position of the SURVOSTRAtasurements is shown by the bold

line.

Figure 13. Sverdrup transport (f0Sv/m) based on the a) mean ERS-1 winds (1991-1995)
and b) the mean Quikscat winds (1999-2005), intedraver the Southern Ocean basins
deeper than 2000 m. Within each basin, the modebiates wind stress curl from east to
west, starting from the 2000 m depth contour alamgeastern continental boundary or

submarine ridge, up to the western boundary oreridg
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Figure 1. Global distribution of sea level rise (in mm/yrpin (top panel) Topex-Poseidon

altimetric observations over 1993-2003; (middle gdaisea level rise over the upper 700 m
calculated from the ARMOR in-situ data projectidnGuinehut et al (2004); (bottom panel)
difference map Topex — ARMOR (after Lombard et2005). The study region is outlined in
black.
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Figure 2. (left panel) Position of the WOCE SR3 CTD transe¢) and SURVOSTRAL
XBT and TSG transects (x) between Tasmania andrétita, overlaid on the bathymetry.
The 3000 m isobath is marked. The zoom represéetsniean frontal positions defined by
altimetry (Sokolov and Rintoul, 2002). The abbréwias used are: SAF : Subantarctic Front;
N-PF : Northern Polar Front; S-PF : Southern Pdiaont; N-SACCF and S-SACCF:
Northern and Southern branch of the Southern ACEEISB : Southern Boundary of the

ACC.
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Figure 3. (a) Hovmodller diagram of altimetric sea level arabies along the SURVOSTRAL

line from Tasmania (44°S) to Dumont D’Urville (6§°8om January 1993 to December
2004. Altimetry data are low-pass filtered to remosignals less than 90 days. (b)
SURVOSTRAL XBT temperature at 300 m depth, with 81€ and 8°C isotherms in bold.
The SAF position is marked in red, after Salleale(2006). (c) XBT temperature at 200 m
depth, with the 11°C and 2°C isotherms in bold. Pieposition from Sallee et al. (2006) is
in red.
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Figure 4. Temporal evolution of the surface characterisiiecsthe Subantarctic Zone,
averaged between 47°S and the SAF position frofe&at al (2006), for the period 1992-
2005. In all plots, the annual mean is in greenh(wiamonds) and the summer mean in blue
(with stars). a) altimetric sea level anomalieswb)d stress curl from the ERS and Quickscat
scatterometers; ¢) summer mean SST from SURVOSTRBLs and WOCE SR3 summer
sections (blue). Also shown, Reynolds summer me&h (ed), Reynolds annual mean SST
(cyan). d) NCEP surface heat flux; €) summer mea® fom SURVOSTRAL TSG data and
WOCE SR3 summer sections; f) surface E-P : evaipordtom ECMWF and precipitation
from Xie and Arkin monthly climatology.
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Figure 5. As for Figure 4, but for the Antarctic Zone avged between the Sallee et al (2006)
PF position and 58°S.
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Figure 6. Temperature trends (°C/yr) in the SAZ, with a #indit to the summer mean
temperature data, along different depth levels fibto 500 m depth for the period 1992 -
2004.
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Figure 7. Temperature trends (°C/yr) in the AZ, with a lindd to the summer mean

temperature data, along different depth levels ffbto 500 m depth for the period 1992 -
2004. (top panel) temperature in the summer miagdrifrom 0 — 50 m depth; (second panel)
winter water layer from 80 — 250 m depth; (thirchel deep water layer from 300 — 500 m

depth.
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Figure 8. Mean XBT temperature structure over 0-500 m deatleraged over the
summertime SURVOSTRAL sections for the period é2:2996, b) 2000-2004 and c) the
temperature difference between these two mean supeneds. The SAZ and AZ discussed
in the text are delimited by the vertical blackeln The position of the STF and SAF are
marked.
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Figure 9. Left panels: a) Mean CTD temperature structurer @&2000 m depth averaged
over the summertime WOCE SR3 sections of Mar 1988,1994, Jan 1995, c) temperature
structure for the Nov 2001 section e) the tempeeatiifference between these two periods.

Right panels: b), d), f) : same for salinity.
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Figure 10. a) Steric height calculated from 0/500 dB and0®2dB based on the mean of the
WOCE SR3 CTD sections from March 1993, January ;188d January 1995, and compared
to the November 2001 section. B) Steric heightedéhce (Nov 2001 — Mean 93-94-95) for

0/500 dB and 0/2000 dB.
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Figure 11. Temporal evolution of the a) MEI ENSO Index, lthea a weighted average of
the main ENSO features, and b) the SAM Index, iergeriod 1992-2005.
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Figure 12. Altimetric SLA regressed onto a) the ENSO inder &) the SAM index for the
period 1993-2005 in the Southern Ocean. Only vafpeater than the 95% confidence level
are shown. The approx. position of the SURVOSTRAtasurements is shown by the bold

line.
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Figure 13. Sverdrup transport (f0Sv/m) based on the a) mean ERS-1 winds (1991-1995)
and b) the mean Quikscat winds (1999-2005), intedraver the Southern Ocean basins
deeper than 2000 m. Within each basin, the modebiates wind stress curl from east to
west, starting from the 2000 m depth contour alamgeastern continental boundary or
submarine ridge, up to the western boundary oreridg
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