Deep-Sea Research I 58 (2011) 1002-1018

journal homepage: www.elsevier.com/locate/dsri

.
Contents lists available at ScienceDirect Afiﬂﬂ'-SEMESEP:'::':

Y ::.-presh s Roasrch. Pasars

Deep-Sea Research |

Thermohaline variability and Antarctic bottom water formation at the Ross

Sea shelf break

Giorgio Budillon®*, Pasquale Castagno®P, Stefano Aliani¢, Giancarlo Spezie?, Laurie Padman

d

@ Universita degli Studi di Napoli “Parthenope”, Dipartimento di Scienze per '’Ambiente, Napoli, Italy
b Universita degli Studi di Siena, Scuola di Dottorato in Scienze Polari, Siena, Italy
¢ Consiglio Nazionale delle Ricerche, ISMAR, La Spezia, Italy

d Earth & Space Research, Corvallis, OR, USA

ARTICLE INFO

Article history:

Received 25 January 2011
Received in revised form

14 July 2011

Accepted 18 July 2011
Available online 3 August 2011

Keywords:

Ross Sea

Circulation
Interannual variability
ASF

AABW

HSSW

ISW

1. Introduction

ABSTRACT

We use hydrological and current meter data collected in the Ross Sea, Antarctica between 1995 and
2006 to describe the spatial and temporal variability of water masses involved in the production of
Antarctic Bottom Water (AABW). Data were collected in two regions of known outflows of dense shelf
water in this region; the Drygalski Trough (DT) and the Glomar-Challenger Trough (GCT). Dense shelf
water just inshore of the shelf break is dominated by High Salinity Shelf Water (HSSW) in the DT and
Ice Shelf Water (ISW) in the GCT. The HSSW in the northern DT freshened by ~0.06 in 11y, while the
ISW in the northern GCT freshened by ~0.04 in 8 y and warmed by ~0.04 °C in 11 y, dominated by a
rapid warming during austral summer 2001/02. The Antarctic Slope Front separating the warm
Circumpolar Deep Water (CDW) from the shelf waters is more stable near GCT than near DT, with
CDW and mixing products being found on the outer DT shelf but not on the outer GCT shelf. The
different source waters and mixing processes at the two sites lead to production of AABW with
different thermohaline characteristics in the central and western Ross Sea. Multi-year time series of
hydrography and currents at long-term moorings within 100 km of the shelf break in both troughs
confirm the interannual signals in the dense shelf water and reveal the seasonal cycle of water mass
properties. Near the DT the HSSW salinities experienced maxima in March/April and minima in
September/October. The ISW in the GCT is warmest in March/April and coolest between August and
October. Mooring data also demonstrate significant high-frequency variability associated with tides
and other processes. Wavelet analysis of near-bottom moored sensors sampling the dense water
cascade over the continental slope west of the GCT shows intermittent energetic pulses of cold, dense
water with periods from ~32 h to ~5 days.

© 2011 Elsevier Ltd. All rights reserved.

of major AABW outflows (Robertson et al., 2002; Jacobs, 2004;
Smedsrud, 2005; Aoki et al., 2005; Rintoul, 2007; Ozaki et al., 2009).

The production of Antarctic Bottom Water (AABW) plays a major
role in determining the strength of the global meridional overturning
circulation and, therefore, is an important element in the ocean’s
contribution to global climate (Orsi et al., 2001; Jacobs, 2004;
Johnson, 2008). The total production rate of AABW is estimated at
~8 Sv (Orsi et al., 2002), with about 50% coming from the Weddell
Sea, 25% from the Ross Sea, and the remainder from smaller sources
including the Adélie Land coast and Prydz Bay. Recent observations
along the Antarctic continental shelves, while discontinuous and
sparse, show that AABW has declined in salinity in recent decades,
highlighting the importance of continuously monitoring the regions
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The production of AABW is the end result of a complex sequence
of processes; see, e.g., Stacey and Bowen (1988), Baines and Condie
(1998) and Shapiro et al. (2003). First, dense water is formed on the
shelf through cooling and salinization during sea ice formation and
accumulates as exchange with the deep ocean is impeded by
potential vorticity constraints and the presence of a strong density
front (the Antarctic Slope Front, or ASF) near the continental shelf
break. Second, dense water that does reach north of the shelf break
accelerates rapidly downslope under the influence of gravity,
possibly aided by thermobaricity. Third, the density flow turns left
(in the Southern Hemisphere) due to Coriolis, roughly following the
isobaths along the continental slope but still with a significant
downslope component; see, e.g., Killworth (1977). Entrainment of
the surrounding ocean into the turbulent benthic outflow of dense
water during these three stages can significantly change the
thermohaline characteristics and density of the outflow. Finally,
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the descending water spreads along isopycnals off the slope, or
along the seabed if the outflow is still sufficiently dense. For a
general overview of density outflow dynamics and a broader view
of global dense water outflows, see Legg et al. (2009).

Along the Antarctic continental shelves the characteristics of
water masses involved in each of these stages vary considerably
from one location to another, being modified by factors such as
the residence time of shelf waters, contributions from basal
melting of ice shelves, tidal forcing, flow interactions with
bathymetry, nonlinear equation-of-state effects such as thermo-
baricity, and the properties and stability of the ASF, if present
(see, e.g., Gordon, 1974; Gordon et al., 2009a; Shapiro and Hill,
1997; Shapiro et al., 2003; Whitworth et al., 1998; Whitworth
and Orsi, 2006; Fahrbach et al., 2001; Ivanov et al., 2004; Jacobs,
2004; Padman et al., 2009). This complexity explains the hetero-
geneous production of AABW around Antarctica which, in turn,
complicates attempts to represent Antarctica’s influence on the
global ocean.

While we now have a reasonable conceptual understanding of
AABW production, further progress is hampered by a paucity of
data due, in part, to the wide range of time and space scales of the
relevant phenomena. Temporal scales vary from tidal (Whitworth
and Orsi, 2006; Padman et al., 2009) to interdecadal (e.g., Jacobs
et al., 2002; Jacobs and Guilivi, 2010). Spatial scales vary from less
than the Rossby radius (Ro~ 5 km in the Ross Sea) - see, e.g.,
Muench et al. (2009b) - to the regional scales over which HSSW
and ISW are produced. Progress is also hampered by the logistic
difficulty of accessing many sites where high AABW production
occurs.

Studies over the last decade in the Ross Sea, however, have
provided significant new insights into AABW formation from
investigations of source water production and variability to the
dynamics of dense outflows. The Ross Sea is an excellent place to
study these phenomena because areas with all the relevant
characteristics can be relatively easily accessed, and there is
now a significant database of hydrographic and tracer data from
the Ross Sea continental shelf. These data are sufficient to
demonstrate significant temporal variability in properties of the
water masses in the southern Ross Sea region from 1960 to 2000,
with the HSSW freshening by > 0.1 during this period (Jacobs
et al., 2002). Using a shorter data set acquired at the end of the
1990s, Budillon and Spezie (2000) found a similar rate of
freshening in the deep water in the Terra Nova Bay (TNB) Polynya
in the western Ross Sea, where the densest HSSW is formed
through intense air/sea interaction. Smethie and Jacobs (2005)
also found variability of ISW outflow from the Ross Ice Shelf,
based on hydrographic and tracer chemistry data along the Ross
Ice Shelf front during three cruises between 1984 and 2000.

Detailed studies in the northwest Ross Sea during the U.S.
Antarctic Slope (“AnSlope”) and Italian “CLIMA” programs
(Gordon et al., 2009b) have also demonstrated the sensitivity of
AABW properties and volume flux to processes acting at short
time and space scales. It is now clear that tidal mixing and
advection play critical roles in AABW formation (Whitworth and
Orsi, 2006; Muench et al., 2009a; Padman et al., 2009; Wang et al.,
2010), while processes associated with small-scale bathymetric
features assist the injection of AABW into the deep ocean
(Muench et al., 2009b; Padman et al., 2009). These and compar-
able studies in the AABW density outflow from the Filchner
Trough in the southern Weddell Sea (Foldvik et al., 2004;
Darelius et al., 2009; Wang et al., 2009) point to a need to better
understand the small-scale processes acting near the shelf break.

The studies discussed above motivate our investigation of
factors influencing variability of AABW production in the Ross
Sea. In this paper we use data collected during five CLIMA austral
summer cruises and multi-year time series from moored sensors to

describe the variability of thermohaline structure and currents near
the shelf break in the western and central Ross Sea between the
1994/95 and 2005/06 austral summers. This data set allows us to
extend the previous AnSlope analyses by providing a much longer
time series for investigating seasonal and interannual variability,
and allowing a detailed comparison of the source waters and
outflows from two major troughs with distinct characteristics.

2. General physical and hydrographic setting

The Ross Sea includes the Ross Ice Shelf (RIS: south of ~78°S), a
broad continental shelf north of the RIS ice front, and the adjacent
deeper ocean. A practical definition of the boundary of the deep
Ross Sea is that it encompasses the region extending eastward
with the Ross Sea gyre and northward at least to the winter
ice edge (Budillon, 2007). The continental shelf (Fig. 1) occupies
an area of ~5x 10°km? excluding the far southern portion
covered by the RIS (also ~5 x 10° km?). The average depth of the
continental shelf is ~500 m. The deep water offshore of the
continental slope exceeds 3000 m depth (Davey and Nitsche, 2005).

The continental shelf is characterized by several fairly shallow
banks, separated by depressions down to ~1200 m depth; some of
these are deeper than the continental shelf break. Most of these
banks and depressions (Drygalski, Joides and Glomar-Challenger
troughs; denoted DT, JT and GCT, respectively) have a characteristic
SSW/NNE orientation (Fig. 1). The troughs are preferred pathways
for warm water masses flowing onto the continental shelf (see, e.g.,
Dinniman et al., 2003) and for cold, dense water heading towards
the shelf break from source regions further south. The most recent
CLIMA survey reported herein (austral summer 2005/06) sampled
both DT and GCT areas. Transects over the Ross Sea shelf were
made perpendicular to the expected flow of water parallel to the
banks and troughs. Transects at the shelf break were made
perpendicular to isobaths to resolve the ASF and the dense water
outflows moving westward after exiting the troughs.

In this work we take advantage of previous studies that
defined the hydrographic ranges of the principal water masses
in the Ross Sea. We use the definitions recently proposed by Orsi
and Wiederwohl (2009), who made a new volumetric census of
Ross Sea water masses using both traditional thermohaline
parameters (potential temperature 6, and salinity S) and neutral
density y" (Jackett and McDougall, 1997).

Antarctic Surface Water (AASW; 7"<28.00kgm3, and
S < 34.30) occupies the upper ocean and is strongly modified by
atmospheric forcing, sea ice formation and melting, and mixing
with the waters below the AASW.

Shelf Water (SW) is defined by 7y">28.27kgm 3 and 0<
—1.85 °C: SW is found below AASW on the shelf, preferentially in
the deep troughs. The AABW is defined by y" > 28.27 kg m~> and
0 > —1.85 °C. This threshold of y" excludes lighter water that can
traverse the sill of the Drake Passage; see, e.g., Orsi et al. (1999,
2002) and Jacobs (2004). Water with the same properties of
AABW is called Modified Shelf Water (MSW) when it is found at
depths <700 m.

High Salinity Shelf Water (HSSW; defined as y" > 28.27 kg m~3,
0 =~ —1.85 °C; S > 34.7) is mainly formed in the TNB Polynya by salt
release during sea ice formation. From this primary source, HSSW
spreads along the seabed, filling the depressions of the Ross Sea
(Jacobs et al., 1985; Budillon and Spezie, 2000; Budillon et al., 2003).
One branch moves northward along the DT where it reaches the
shelf break to contribute to AABW formation through mixing (Jacobs
et al., 1985; Rintoul, 1998; Bergamasco et al., 2004; Gordon et al.,
2004, 2009a; Budillon et al., 2006). Another branch moves south-
ward under the Ross Ice Shelf. Incorporation of meltwater from
the ice shelf base produces water that is potentially supercooled;
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Fig. 1. (a) General map of the Ross Sea with bottom topography in meters and locations of moorings G, H1 and H3 discussed in text. Locations of geographic features
discussed in the text are indicated: Terra Nova Bay (TNB), Ross Ice Shelf (RIS), Cape Adare (CA), Drygalski Trough (DT), Glomar-Challenger Trough (GCT), Joides Trough (JT),
Mawson Bank (MB) and Crary Bank (CB). CTD/LADCP casts (1994/95 Green, 1997/1998 blue, 1999/2000 black, 2000/01 cyan, 2002/03 yellow, 2003/04 magenta, 2005/06
red) in (b) Drygalski Trough (DT) and (c) Glomar-Challenger Trough (GCT). (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

i.e., having temperature less than the surface freezing point for the
given salinity. This Ice Shelf Water (ISW, 0 < —1.93 °C) exits the
sub-ice-shelf cavity near the dateline meridian (Smethie and Jacobs,
2005; their Fig. 3) and moves northward along the GCT, reaching the
shelf break near 75°S just to the east of the dateline (Jacobs et al.,
1985; Trumbore et al., 1991; Holland et al., 2003; Bergamasco et al.,
2002a; Budillon et al., 2002a, 2002b; Rubino et al., 2003).

A large volume of Low Salinity Shelf Water (LSSW, defined as
y">2827kgm 3, 0~ —1.80°C; S~34.47) is present at inter-
mediate depths in the central eastern Ross Sea (Jacobs et al.,
1985; Locarnini, 1994; Russo, 1999; Budillon et al., 2003). Its
formation appears to be due to the interaction between AASW
and colder waters in the subsurface layers, after several freezing
(melting) cycles of the surface water (Jacobs et al., 1985).

Modification of incoming Circumpolar Deep Water (CDW;
y">28.00kgm~3, 0>1.2°C) produces Modified Circumpolar
Deep Water (MCDW; 28.00 < 7" < 28.27 kg m—2). Inflow of MCDW
across the continental shelf is the primary source of heat and salt
(Jacobs et al., 1985; Budillon et al., 2000b) and nutrients (Smith
et al.,, 2006) to the Ross Sea continental shelf. This inflow appears
to be strongly influenced by the topography of the banks and
troughs along the shelf break (Dinniman et al., 2003).

3. Data and methods
3.1. Mooring data

Four moorings were deployed near the Ross Sea shelf break for
various periods between 1995 and 2008; see Fig. 1 for mooring
locations and Fig. 2 for periods of operation. Mooring G
(72.39133°S, 173.05628°E) in the DT is close to one deployed for
~2 years from 1990 to 1992 (Jaeger et al., 1996). Moorings H1

(75.96158°S, 182.69368°E) and H3 (75.04243°S, 183.51665°E) were
deployed in the northern GCT and on the adjacent continental
slope, respectively. The fourth mooring, H2, was deployed between
H1 and H3 but is not discussed in this paper. The moorings were
equipped with current meters, temperature and conductivity
sensors, sediment traps and turbidity meters. Aanderaa current
meters (models RCM7 and RCM9) were used. The accuracy of the
individual speed and direction measurements is +1cms~! and
+ 5°, respectively. Systematic errors may occur in the RCM7 time
series at very low speeds ( <1 cm s~ !); however, measured speeds
in the present data set were always well above this threshold level
and so we assume errors from this source are negligible. Thermo-
haline characteristics were measured by SBE-SeaCat 16 and 19
recorders at different depths; accuracy of these sensors was
checked against CTD casts before and after deployments.

3.2. Hydrographic data

Hydrographic profiles were collected during five basin-scale
surveys from 1994/5 to 2005/06. All surveys (1994/95, 1997/98,
2000/01, 2002/03 and 2005/06) collected data at the northern DT;
three surveys (1994/95, 1997/98, and 2005/06) also sampled the
northern GCT. Station locations are shown in Fig. 1.

Hydrographic profiles were obtained with a Sea-Bird Electronics
SBE 9/11+ coupled to a Carousel water sampler SBE 32 equipped
with 24 water-sample bottles of 12 1 each. The CTD was equipped
with dual temperature-conductivity sensors flushed by pump at a
constant rate. Calibrations were performed before and after the
cruises. Data were acquired at the maximum frequency (24 Hz)
using a PC running DOS/Windows Sea-Bird’s Seasave software.
Profiles typically reached down to 1-2 m above the seabed. The
CTD temperature calibration was checked during cruises with SIS
RTM4200 digital reversing platinum thermometers. At every station,
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Fig. 2. Operation periods for the moorings deployed in the western and central Ross Sea. The different gray lines indicate the instrument type (see legend, upper right).

several samples of water at different depths and salinity ranges were
collected and analyzed on board using an Autosal Guideline salin-
ometer. Typical errors were about + 0.003 °C for temperature and
+0.005 for salinity.

Hydrographic data were corrected and processed according to
international procedures (UNESCO, 1988). Standard algorithms
(UNESCO, 1983) were used to compute quantities such as 6, S and
potential density anomaly oy, while " was computed using the
Jackett and McDougall (1997) algorithm.

3.3. Velocity profile data

A Lowered Acoustic Doppler Current Profiler (LADCP) was
deployed with the CTD during the 2005/06 survey. Two RDI
Workhorse 300 kHz ADCP heads in deep pressure housings were
mounted on the SBE carousel, one looking upward and the other
downward. Both instruments were configured to ping simulta-
neously at the maximum rate, about three times per second. The
bottom-tracking option was also used. Velocity profiles were
calculated following the methodology described by Visbeck
(2001), using shear estimates from both instruments. For the
purposes of this paper we decompose the LADCP current vectors
into cross-slope (vx) and along-slope (v,) components.

3.4. Wavelet analysis

Oceanographers have traditionally used the Fourier transform
to partition the energy of a time series into resolvable frequency
bands. However, this approach is appropriate only for stationary
signals where all frequencies have an essentially infinite coher-
ence time; e.g., the tidal component of sea surface height
variability. Consequently, Fourier analysis cannot detect tempo-
rally compact (intermittent or “event-like”) patterns. Since
gravity currents are known to be episodic, a different approach
is needed to study their temporal variability.

Wavelet analysis is a mathematical method introduced by
Morlet et al. (1982) and Morlet (1983) to overcome such
disadvantages. Wavelet theory and the application of wavelet
analysis to geophysical studies have been widely discussed (e.g.,
Meyers et al, 1993; Daubechies, 1994; Burrus et al., 1998;
Grinsted et al., 2004). The method we use here has been widely
used for both oceanographic and meteorological applications with
satisfactory results; see, e.g., Foufoula-Georgiou and Kumar
(1995). For this paper we use the well-known “Morlet” mother
wavelet function, which is defined by

Vo) = = 1/4 giwot o(1/2)?

where my is dimensionless frequency and 7 is dimensionless time.
When using wavelets for feature extraction purposes, the Morlet
wavelet with wo=6 is a good choice since it provides a satisfactory
balance between time-scale and temporal localization.

4. Results

The two largest sources of AABW leaving the Ross Sea are the
DT (western Ross Sea) and GCT (central Ross Sea), corresponding
to the pathways of the main outflows of HSSW and ISW,
respectively.

4.1. Thermohaline properties at the Drygalski and Glomar-
Challenger Troughs (CTD data)

Fig. 3 compares 0/S properties for CTD profiles close to the ASF
in the DT and GCT during the 2005/06 CLIMA cruise. The CDW is
present in both areas but its 0/S characteristics vary: the CDW
core is significantly warmer and has a broader range of salinity
near the GCT than in the vicinity of DT. The concavity of the 6/S
profiles at depths below the depth of the potential temperature
maximum (0,ax) near the DT indicates mixing between CDW and
HSSW on the outer shelf. In the GCT region, CDW interacts mainly
with ISW.

Comparisons of 0/S properties over the shelf (i.e., with water
depth <700 m) and in the adjacent deep water (Fig. 4) indicate a
clear difference between the water masses either side of the ASF
at the northern end of the GCT, highlighting the stability of the
ASF in this region. Much warmer water is found inshore of the
shelf break at the DT, with 0 up to ~+1 °C. For shelf water
masses ()" >28.27 kgm~3), there is a much broader range of
temperature in the DT than in the GCT. The large range
of temperature for MSW in the DT indicates significant
mixing between the shelf waters and the CDW inshore of the
shelf break.

As we will show in Section 4.3.2, regular intrusions of the
relatively warm and less oxygenated CDW occur well south of the
shelf break in the western sector around DT. These CDW intru-
sions provide a continuous source for the formation of MCDW
(28.00 <y"<28.27 kgm~3) and SW (y">28.27 kgm~3). In the
GCT, in the central sector, there is no clear evidence of intrusions
of CDW onto the outer shelf; consequently, the mixing in this
region mainly involves ISW and LSSW over the continental slope
(see Fig. 3a). (Table 1).

The stations sampled outside the continental shelf (Fig. 4b)
show significant differences in the characteristics of the AABW
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(water with 7" >28.27 kg m~3) between the two sectors: the
AABW in the western sector is much warmer, saltier and has
lower )" than in the GCT (see, also, Table 2). The AABW on the
slope outside the GCT is strongly influenced by the presence of
ISW, similar to the AABW outflow from the Filchner Trough in the
southern Weddell Sea (Foldvik et al., 2004; Darelius et al., 2009).
The ISW is apparent in Fig. 4b in two casts sampled outside the
shelf: cast # 61, bottom depth 760 m, 0=-1.922 °C at the
bottom; and cast # 60, bottom depth 1060 m, = —1.927 °C at
the bottom. In both profiles the benthic layer is nearly isothermal
over a wide range of salinity. Bergamasco et al. (2002b) docu-
mented a similar phenomenon in the same area from data
collected during the austral summer 1997/98. Although we
collected several CTD profiles on the slope north of the DT in
the five surveys, no profiles contained pure shelf water (HSSW),
with the coldest benthic water having 6 > —1 °C (Fig. 4b). Spora-
dic downslope flow events consisting of extremely cold,
pure HSSW have been measured by moorings on the slope north

Table 1

CLIMA cruises in the Ross Sea between 1994 and 2006, and number of CTD
stations (Ncrp).

Cruise Austral summer Ncrp
PNRA X 1994-1995 154
PNRA XI 1995-1996 38
PNRA XIII 1997-1998 216
PNRA XVI 2000-2001 129
PNRA XVIII 2002-2003 129
PNRA XXI 2005-2006 173

of the DT (Gordon et al., 2004; their Fig. 4) and Muench et al.
(2009a; their Fig. 11). However, the duration of each of these
events is only a few hours, making them difficult to sample in CTD
surveys.
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Table 2

Physical properties (potential temperature 0, salinity S and neutral density y™) of
Antarctic Bottom Water (AABW) formed at the continental slope of the Drygalski
Trough (DT) and at the Glomar-Challenger Trough (GCT).

AABW 0 (°C) s y" (kgm3)
DT ~0.75 3470 28.44
GCT ~1.59 34.63 28.50

The cross-frontal temperature-salinity characteristics of the ASF
were further examined using CTD transects perpendicular to the
slope during the austral summer 2005/06 CLIMA survey. Examples
of these transects for the DT and GCT are shown in Figs. 5 and 6,
respectively. Similar results were found for the other CTD transects
(not shown here) collected during the 2005/06 cruise. Although the
intensity of the ASF varied significantly between the two areas, its
location was remarkably constant for different years.
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Fig. 6. Vertical section across the continental slope at the Glomar-Challenger Trough: (a) transect position; (b) potential temperature 6 (°C); (c) neutral density "
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(g) LADCP velocity component normal to the isobaths u, (positive values directed offshore).

At the DT (Fig. 5) a quasi-homogeneous surface layer of AASW
was present along the entire section from the continental shelf to
the deep water. Over the shelf, MCDW is sandwiched between the
AASW and the modified HSSW that occupies the bottom layer; a

similar condition is also detected over the slope where a relatively
warm core (0 > 1 °C) identifies the presence of CDW at intermedi-
ate depth (250-600 m). Close to the bottom at water depths below
~1700 m there is a dense (7" > 28.27 kg m~3) and relatively cold
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layer indicating the presence of AABW that most likely was
formed by the outflow from the eastern basins (Joides Trough
and GCT; Gordon et al., 2009a) rather than locally in DT.

Over the shelf at the GCT (Fig. 6), AASW is present in the upper
water column and ISW is found close to the bottom. Outside the
shelf, the pycnocline separates the AASW from the warmer CDW.
Hydrographic measurements show a quasi-continuous benthic
layer with 0 < —1.3 °C down to the ~1500 m isobath (—0.4°C
at a depth of 2000 m). This layer is denser than y"=28.27 kg m~3;
i.e., within the range defining AABW (Orsi and Wiederwohl, 2009).

The cross-slope hydrography at GCT (Fig. 6) reveals the classic
“V” shaped density field of the ASF (e.g., Ainley and Jacobs, 1981) in
the upper ocean and the subsurface front centered over the upper
slope. In contrast, the front at DT (Fig. 5), if present at all, is inshore
of the shelf break and not sampled in this transect. From previous
studies we know that the ASF position is often located over the
shelf near the DT (Budillon et al., 2000a; Gordon et al., 2009a),
probably due to the large cross-slope displacement (> 10 km)
caused by strong tidal currents (Gordon et al., 2009a; Padman
et al.,, 2009).

4.2. LADCP cross-slope sections

Current measurements from the LADCP deployed during the
2005/06 CLIMA cruise in the DT reveal a flow moving roughly

a

westward from the shelf break (~600 m) to depths greater than
1800 m, with speeds >0.5ms~! (Fig. 5f). This flow has a
significant downslope component of flow over the continental
slope (Fig. 5g). However, this region is known to experience
significant changes in absolute flow associated with various
processes including tides and seasonal variability (Gordon et al.,
2009a; Muench et al., 2009a; Padman et al., 2009); thus this
single transect cannot be used to infer mean conditions.

A similar velocity transect at the GCT, also from the 2005/06
cruise, shows a cold and high-oxygen plume of ISW leaving the
GCT and spilling over the slope. The benthic layer of this energetic
gravity current reaches velocities close to 1.2 ms~! in the direc-
tion parallel to the isobaths (north-westward) and 0.6 ms~' in
the direction normal to the isobaths (north-eastward).

4.3. Seasonal and interannual thermohaline variability in Drygalski
and Glomar-Challenger Troughs

4.3.1. CID data

The CTD profiles at the outflow area of DT near the shelf break
were sorted by the year and water depth. Using S > 34.7 to define
the deeper layer of HSSW in contact with the bottom, we detected
a clear reduction in layer-averaged salinity from 1995 up to 2006
(Fig. 7). This value decreases by about 0.06 in these 11 years,
with a corresponding decrease in y" of ~0.2 kg m~>. We found
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anomalous salinity and density values in 2003 (Fig. 7, cyan bars),
as also reported by Gordon et al. (2009a); in Section 5 we discuss
this anomaly in terms of local forcing due to the temporary
presence of a large, tabular grounded iceberg and changes in
HSSW production in the TNB Polynya.

4.3.2. Moored time series

We compare the thermohaline data measured by the moored
sensors located on the outer continental shelf (locations shown in
Fig. 1) with results from analyses of the CTD data, focusing on
mooring G (2003-2006) in the DT and mooring H1 (1995-2006,
with several gaps) in the GCT. Moorings G and H1 were located
~50 and ~ 100 km, respectively, from the shelf break to measure
the thermohaline characteristics of the shelf water approaching
the shelf break before mixing with CDW/MCDW. Whereas the
CTD data described in the previous section necessarily represent
the thermohaline conditions only during the summer seasons
when the CLIMA cruises took place, mooring data provide
information throughout the year.

The deeper instrument of mooring G was about 10 m above
the bottom; the two year long record (2004-2006) of S at this
sensor is shown in Fig. 8. Salinity of the benthic layer fluctuates
significantly with different time scales from diurnal to seasonal.
The higher salinity values indicate a benthic layer occupied by
HSSW (Budillon et al., 2000a, 2000b), while the fresher values
indicate intrusions of MCDW southward into the DT. The MCDW
intrusions show variability on a fortnightly cycle, which previous
authors have attributed to the influence of spring/neap modula-
tion of tidal currents (Whitworth and Orsi, 2006; Padman et al.,
2009). There is no clear seasonal variability in the fortnightly
periodicity or minimum salinity of the MCDW intrusions;
however, there is a large pulse of very fresh (S~ 34.57) water in
late December 2004.

The low-passed time series of S for the same sensor data shows
strong seasonal variability (Fig. 8), with higher values in March-
April and minima in October. There is also significant interannual
variability, with much higher salinities in 2004. If we compare the
mooring results with Fig. 7a based on CTD, the high salinity in
early 2004 looks like the 2003 anomaly identified in CTD data (see
Section 4.3.1).

The CLIMA cruises were usually carried out during January-
February; i.e., roughly corresponding to the period of maximum
HSSW presence and maximum high-frequency variability of
benthic salinity in the northern Drygalski Basin (Fig. 8). The
associated sampling bias must be considered when estimating
thermohaline trends from cruise data.
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At mooring H1, ~100 km south of the shelf break in the GCT,
the benthic layer is primarily composed of ISW (temperature
below the surface freezing point) and HSSW. The former comes
from beneath the Ross Ice Shelf (Jacobs et al., 1985; Budillon et al.,
2002a, 2002b; Rubino et al., 2003; Smethie and Jacobs, 2005),
while the latter comes from the TNB Polynya following the
topographic depressions of the western Ross Sea (Jacobs et al.,
1985; Budillon et al., 2003). At mooring H1, where the salinity
contrast between MCDW and SW is much lower than in the DT
(see Fig. 4), temperature rather than salinity provides the clearest
discrimination between shelf waters and the CDW/MCDW from
the adjacent deep ocean. The potential temperature at the bottom
(0p) fluctuates significantly at diurnal, fortnightly and seasonal
scales (Fig. 9). The low-passed values of 6, indicate seasonal
variability with higher temperatures in May/June. There was an
abrupt change during the austral summer 2001/2002 when 6,
increased from —1.92°C to —1.90°C over ~6 months, after
which it remained at the higher level. We do not yet understand
the cause of this relatively rapid increase in 0.

The benthic shelf water in the GCT became warmer and fresher
from 1995 to 2006. The frequency plot of Fig. 10 reveals a
decrease of the maximum salinity, from 34.76 in 1998 to 34.72
in 2006. At the same time, the most common salinity values
recorded in the benthic layer declined from 34.75 in 1998 to
34.71 in 2005. Temperature values below the surface freezing
point (~ —1.93 °C, Fig. 11) reveal the presence of ISW in the
benthic layer; ISW was also observed in CTD data from cruises in
1995 and 1998. After 1998, the coldest water in the benthic layer
was ~—1.95°C (—1.92 °C in 2002).

The frequency plots of Figs. 10 and 11 clearly indicate a
continuous presence of HSSW in the benthic layer (high salinity
and relatively high temperature) in the GCT, and progressive
warming of the benthic layer, during the period discussed here.
The presence of HSSW in the GCT is strongly linked with the
polynya processes in the TNB (Budillon et al., 2003) and, during
the years 1995-2006, HSSW in the TNB Polynya (where is
formed) experienced both a freshening and an increase in the
transport (see Fusco et al. (2009); their Figs. 5 and 6). If the
warming of the benthic layer at mooring H1 in the GCT was due
to greater vertical mixing of ISW with LSSW in the intermediate
layer, we would expect the bottom layer salinity minimum to
change as well. Since it does not do so, we infer a substantial
decoupling between LSSW and HSSW in this area. We therefore
hypothesize that the warming of the benthic layer in the GCT is
related to the change in the properties of HSSW being delivered
from the TNB Polynya.
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at mooring G in the northern Drygalski Trough (see Fig. 1 for location): hourly (thin
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4.4. Gravity currents on the continental slope at the Glomar-
Challenger Trough

Mooring H3 was deployed on January 31, 2005 at the
continental slope outside the GCT at the depth of 1216 m just
east of the dateline at ~75°S (see Fig. 1 for location), along a
possible path followed by the cold benthic outflow (see Fig. 6).
The cross-slope CTD/LADCP section performed in this area (Fig. 6)
shows the presence of a cold and oxygenated layer of dense shelf
water flowing north-westward. Two Aanderaa RCM7 current
meters acquired data at 1157 and 1206 m depth (59 and 10 m,
respectively, above the bottom). Both instruments often recorded
the SW outflow (Fig. 12). Typically, SW was observed when the
water speed exceeded 0.5 m s~ ! towards the north or northwest.
These data are consistent with the ISW flowing over the shelf,
turning westward due to the Coriolis force, and moving along the

isobaths with a significant downslope benthic flux due to buoy-
ancy, friction and other effects such as thermobaricity.

The bottom current meter measured a mean flow of (u, v)
=(—11.7, +42.3)cm s~ !, which is roughly parallel to the iso-
baths. The mean temperature recorded by the Arctic-range sensor
was T=—0.592 °C. The lowest temperature bottom water corre-
sponds to periods of strong offshore flow while the warm
temperatures are found during the phases of slow flow. This
behavior is similar to that observed by Padman et al. (2009; their
Fig. 13) for a continental slope site near the DT; see, also, Gordon
et al. (2004) and Visbeck and Thurnherr (2009).

The upper current meter (~59 m from the bottom) measured a
mean flow of (u, v)=(—20.7, +44.2)cms~!; again, roughly
parallel to local isobaths. The mean temperature here was
T=—0.337 °C for the standard sensor. The cold (warm) tempera-
tures always occur when the v component (approximately
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perpendicular to the isobaths) reaches the maximum (minimum)
values. However, there is little correlation between T and the u
component, flowing roughly parallel to the isobaths. The analysis
of the time series clarifies that, at the mooring location, the 1200 m
isobath can be crossed by the undiluted cold water coming from
the shelf only when the v component exceeds ~0.6 ms~'.

Cold events at mooring H3 comprise a relatively small fraction of
the total data set. Observations of 0, < — 1.8 °C comprise only ~7%
of the total record, while for colder threshold values of —1.85 °C and
—1.92 °C, the fractions are 2.9% and 0.8%, respectively.

We analyzed the velocity time series from the bottom current
meter for tidal constituents using the T_tide Matlab® routines
(Pawlowicz et al., 2002), which are based on the methods
described by Foreman (1978). These analyses underline the
importance of the tide in this area; Table 3 gives the results for
the most important constituents. Diurnal tidal constituents K; and
0, dominate the tidal current signals, consistent with previous
studies for the Ross Sea (Erofeeva et al., 2005; Robertson, 2005;
Johnson and van Woert, 2006).

A qualitative correlation between tides and the presence of
ISW plumes in the benthic layer at mooring H3 can be seen in
Fig. 13. The time series of the fitted v component (roughly cross-
slope) of the tidal signal (Fig. 13b) shows the expected spring/
neap cycle. The residual current (Fig. 13c), determined by remov-
ing the fitted tidal signal from the measured data, still includes
periodic signals at tidal frequencies; this signal may indicate
nonlinearities in the tidal currents, associated with interactions
with the mean flow and gravity flow “events”; see, also, Padman
et al. (2009). The time series of 0, (Fig. 13d) is dominated by tidal
frequencies. A rapid decrease in 0, is always related to a sudden
increase in v, consistent with Fig. 12. Benthic temperature is
correlated with the phase of the spring/neap modulation. During
neap tides, 0, is usually below 0 °C, variability is relatively
low, and the low-passed temperature is also low (~ —1 °C). During
spring tides, variability of 0, is higher and low-passed temperature
is warmer, approaching 0 °C. Temperature sometimes exceeded

+0.5 °C during spring tides (cf. Fig. 11 in Muench et al., 2009a)
but was also frequently < —1.9 °C as almost pure SW was advected
past mooring H3 by offshore tidal flows.

Without additional information from above and below mooring
H3 on the slope, we cannot tell whether these changes represent
significant temporal variability in outflow properties or simply a
shift in the depth of the dense outflow as it flows westwards along
the continental slope past mooring H3. However, by comparison
with the modeling studies of Padman et al. (2009) and Wang et al.
(2010), we assume that tidal modulation of mixing and advection
at the slope near the GCT plays a similar role to that observed at
the DT, leading to a fortnightly modulation of AABW volume flux
and hydrographic properties.

To explore the relationship in time-frequency space of such
energetic cold episodes, we used wavelet analysis (Section 3.4).
To highlight the cold events at periods longer than the tidal
frequency we analyzed the residual current (see Fig. 13c). Despite
the detiding prior to wavelet analysis, energetic benthic flow
events occur at the fundamental tidal period (about 24 h),
modulated by the 14-day spring/neap cycle (Fig. 14). Less regular,
energetic signals are also found in the band between 1.5 and
2.4 days (about 32-64 h) and at longer time scales (4-5 days, or
~100 h). These time scales are reminiscent of variability in the
Filchner Trough outflow (Darelius et al., 2009), which has been
attributed to barotropic eddies associated with the density out-
flow (Wang et al., 2009).

In the period between early June and mid-July 2005, a
dominant period of about four days is evident. This period of
the year roughly corresponds to the beginning of the colder
phases that we detected each year at mooring H1 (about
100 km southward over the shelf) during 2000-2003 (Fig. 9).
Variability at periods greater than five days is not very well
resolved by this wavelet analysis; however, we can identify the
presence of energetic low-frequency peaks at the beginning of
March, late July and early August, at the beginning of September,
and at the beginning of October.
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Table 3

Coefficients for most energetic tidal harmonics for the bottom current meter (1392 m depth, 8 m above the bottom) at mooring H3 (75.04243°S, 183.51665°E) on the
continental slope north of Glomar-Challenger Trough, obtained with “T_Tide” Matlab toolbox (Pawlowicz et al., 2002). For each harmonic, columns show: frequency ®
(cycles per hour); major axis and error (Upmg; and &yqj; m s~ 1); minor axis and error (Upin and &min; ms~'); ellipse inclination (inc), ellipse phase G, and phase error £pha;
and signal-to-noise ratio (snr). MF is a fortnightly (long-period) tide; O,, P; and K; are diurnal harmonics; and K; is the only energetic semidiurnal harmonic.

Tide ) Unaj Emaj Unin &min inc einc Go €pha snr
MF 0.00305 0.038 0.003 0.013 0 98.21 4.42 47.82 5.48 130
0, 0.038731 0.066 0.002 0.036 0 23.37 3.78 352.81 3.73 860
Py 0.041553 0.05 0.002 0.042 0 21.57 15.24 290.04 14.13 480
Ky 0.041781 0.166 0.002 0.141 0 179.32 4.16 94.41 3.75 10,000
K, 0.083562 0.025 0.002 0.017 0 117.01 11.07 215.05 11.67 130
5. Discussion this section we relate this variability near the shelf break to what
is known about larger-scale changes in the Ross Sea.
The results described in the previous section show large The ASF is a slightly porous dynamic barrier between the
spatial and temporal variability of the characteristics of the ASF, warm intermediate water (CDW) of the deep ocean and the

shelf water masses, and the outflows leading to AABW input to colder, denser water found on the continental shelf. As we have
the global ocean along the continental margin of the Ross Sea. In shown, the ASF never moves inshore of the shelf break in the GCT,



1014 G. Budillon et al. / Deep-Sea Research I 58 (2011) 1002-1018
a
o Al b s LR A AR LT Ry R T1f
04 LU nﬂfﬁ'\ll VL RVEIEOE B L AU ALY ML
2 0o [ AU T VY LM R
030 35 40 45 50 55 60 65 70 75
b
04 P Y LA e r A PN N
"o 0-3 ”UU” VA aa A AR AN f\nnnu\/\vnunuﬂl\m\f\ M AAA
E oo v UUUUUUVVVUUUUUULUUVVU v VUV UV vy
04 35 40 45 50 55 60 65 70 75
C
! . I
% 0o e N T e e s
e o2 M.V. S ik A e LN AR
030 35 40 45 50 55 60 65 70 75
d
1
0 n”l " m e ﬂ I
SN I ANy | il PHHAREY N, o OH
0 L 0 il
30 35 40 45 50 55 60 65 70 75
Julian days
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but is frequently found south of the shelf break in the DT. This
difference in behavior appears to be related to the strength of
cross-slope tidal currents and the steepness of the continental
slope; as Muench et al. (2009a) and Padman et al. (2009) showed,
cross-slope advection of the ASF near the DT can be up to
~20 km, sufficient to carry water parcels between the outer shelf
and the central slope near the 1500 m isobath. Weaker tidal
currents and a less steep continental slope near GCT (see Padman
et al., 2009; their Fig. 3) reduce the impact of tidal advection in
that region. The weaker tides near the GCT also reduce the mixing
of the benthic layer of dense shelf water with adjacent water
masses (Whitworth and Orsi, 2006; Padman et al., 2009). Cold
shelf water (SW) flowing north along the GCT is, therefore,
relatively unmodified by the time it reaches the shelf break,
so that almost pure SW is fairly frequently found over the
continental slope. This also means that the initial mixing between

Aug Sep

m?/s) for the residual v component of the bottom current meter of mooring H3 (1206 m depth, 10 m above the bottom); i.e., time series

shelf water (mostly ISW) and CDW/MCDW required for AABW
formation occurs below the depth of the shelf break where the
CDW is cooler (~0.6 °C) than at the depth of 0y.x (~400m,
where 0 ~ 1.2 °C; see Fig. 6). In contrast, tidal advection bringing
the ASF inshore of the shelf break near the DT (see Fig. 5) allows
mixing to occur directly between the HSSW and the warmest
CDW (Fig. 4), before the dense shelf water begins to descend
the slope.

As Budillon et al. (2000a, 2000b) noted from their analyses of
CTD data collected between the ASF and the Italian base at Terra
Nova Bay, the intrusion of CDW and MCDW can reach ~74°S
following the eastern flank of the DT. Rusciano et al. (2008) found,
from mooring data from 1995 to 2006, evidence of MCDW within
the TNB Polynya itself. That is, tidal advection of the ASF across
the shelf break at the DT, followed by mixing and wind-forced
advection, appears to support direct ventilation of the primary
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HSSW source region (TNB) by MCDW. This two-way, direct
connection between TNB and the deep ocean north of DT implies
potential for rapid response of TNB hydrography to changes in the
larger-scale circulation of the Ross Gyre (Jacobs et al., 2002), and
of the global meridional overturning circulation to atmospheric
and other changes in TNB. For example, if the Drygalski Ice
Tongue that forms a sea ice “dam” on the southern edge of the
TNB Polynya was to break off, we would expect rapid changes in
HSSW formation to propagate rapidly throughout the Ross Sea.
Furthermore, since HSSW from TNB is the primary source water
circulating under Ross Ice Shelf (RIS), these interactions connect
ISW production (from basal melt under the RIS) to the deep ocean
north of the DT.

The dominance of tides in the across-slope velocity at the shelf
break and upper continental slope has implications for sampling
the ASF. During CLIMA cruises, transects across the slope typically
took several hours to complete; e.g., in creating Fig. 6, cast #64
near the 1800 m isobath was completed 7 h later than cast #59
over the outer shelf. In this time, tidal advection can move the ASF
several km across-slope (see Muench et al., 2009a; their Fig. 11) at
spring tides, so that the structure of the ASF mapped by the CTD
measurements could be biased by tidal advection. However, since
the tidal currents are significantly weaker at the GCT, we expect
less aliasing of tidal advection even at spring tides. Indeed, we
obtained similar results from several transects collected perpen-
dicular to the slope near the GCT at different times and different
tidal phases (not shown here).

While differences in cross-slope tidal advection along the shelf
break appear to be important to ventilating the continental slope
with warm CDW/MCDW, other mechanisms are also potentially
significant. Dinniman and Klinck (2004) used a numerical model
of CDW intrusions to show that CDW tends to cross the shelf
break in places where shelf break curvature is such that the
inertia of the along-slope current (ASF) tends to carry water
upslope. Both the strength of the current and the topographic
curvature play a role in determining the efficiency of this
mechanism. The onshore flux of CDW-derived heat in this manner
is modulated in time (Dinniman and Klinck, 2004) by instabilities
of the ASF and changes in the local and regional wind stress fields.
Unfortunately, wind stress variability is poorly known over
Antarctic coastal waters and the Southern Ocean because of a
paucity of direct observations for assimilation into global and
regional atmospheric models.

As we noted earlier when discussing the direct connections
between the deep water north of the DT and the TNB Polynya
(and, ultimately, to ISW production), the ability to rapidly
propagate an anomaly through the entire shelf system implies
that the dense water and sea ice production over the continental
shelf can change rapidly in response to variations in atmospheric
and oceanic variability north of the shelf break. Furthermore,
rapid changes in these processes over the shelf can be imposed
quickly on the world ocean through variations in the dense water
outflow fluxes and hydrographic properties.

Evidence for the ability of the Ross Sea system to respond
rapidly to changes comes from our measurements of variability in
the HSSW in the northern DT and ISW in the northern GCT
(Section 4.3, and Figs. 7-11). These data show a general freshen-
ing of the HSSW in the northern DT of about 0.06 (Fig. 7),
generally consistent with an earlier study of trends in water mass
properties in the Ross Sea (Jacobs et al., 2002). This freshening
trend was, however, interrupted by a very rapid increase in HSSW
salinity between 2001 and 2003 (Fig. 7) and the subsequent rapid
drop of ~0.08 by 2006. Gordon et al. (2009a) argued that the
increased HSSW salinity in 2003 was associated with the pre-
sence of the large grounded iceberg C-19 over the Mawson-Crary
Bank, through the effects of the temporary “island” modifying

ocean and sea ice circulation in this region. (See, also, a modeling
study by Dinniman et al. 2007 of the effect of grounded icebergs
in the Ross Sea.) However, Fusco et al. (2009) also reported a large
production of HSSW during 2003-2004 in the TNB Polynya,
regarded as the most important formation area for HSSW in the
Ross Sea. Considering the relatively short distance between this
formation area and Cape Adare (about 450 km) and a mean
velocity of 0.025ms~! (inferred by comparing the timing of
salinity maxima at TNB and northern DT), the anomaly in salinity
formed in TNB would reach the shelf break in a few months. This
speculation is supported by the analysis of the CFC contents in the
samples collected between the TNB Polynya and the shelf break at
the DT; the results showed that the HSSW takes less than one
year to reach the shelf break at the DT (Rivaro et al., 2003).
Regardless of the explanation for the change in HSSW character-
istics in the northern DT, it is clear that perturbations in one part
of the Ross Sea can be rapidly transmitted to other regions.

The observation, from mooring H3, that ISW can be found
intermittently near the 1200 m isobath near GCT (Section 4.4;
Figs. 4b, 12 and 13) implies that some process can advect pure
shelf water down from the shelf break without appreciable
mixing. Two dynamical reasons have been previously proposed
to explain similar observations in the Filchner Trough outflow in
the southern Weddell Sea (Foldvik et al., 2004; Darelius et al.,
2009). The thermobaric effect, which is the increase in in situ
density with increasing pressure (compressibility), is larger in
cold plumes than in the adjacent waters. Thus, as the plume
descends, the density step at the top of the plume increases,
suppressing mixing between the plume and the overlying warmer
water (Killworth, 1977). This effect is clearly revealed in our case
by comparing the 0/S diagram of Fig. 4b, where the density
contrast between the CDW and the bulk of the ISW increases
with depth. Second, supercritical flows lead to a strong reduction
in mixing behind irregularities in the bottom topography (Long,
1954). This process allows plumes of dense water to reach great
depths with little mixing and much reduced friction. We estimate
the phase speed at the ISW/CDW interface as

cp= (g/H)l/Z

where g’ is the reduced gravity (g'=gAp/p) and H is the thickness
of the plume. Flows with speeds > ¢, are supercritical. Consider-
ing the typical thickness (H=200 m) of the benthic plume based
on the CTD measurements performed in this area (Fig. 6), we
obtain ¢, ~ 0.4 ms~'. From the velocity time series collected at
mooring H3, the plume flow is often supercritical (|u| > cp) so
that mixing is negligible; the dense plume of ISW may, therefore,
reach considerable depths with substantially undiluted water.
The overflow of shelf waters at the continental slope may
initially reach supercritical speed as a result of flow convergence
due to vorticity conservation as the flow experiences converging
isobaths, and/or by the downslope buoyancy forcing aided by
thermobaricity (Killworth, 1977). Flow convergence should, how-
ever, accelerate the entire water column without discriminating
between water masses; that is, it will not increase the velocity
step at the top of the plume. In contrast, thermobaricity will act
most strongly on the cold plumes. The role of thermobaricity is
suggested in our data by the strong correlation between high
downslope speed and very cold bottom water (Figs. 12 and 13).
The sensitivity of outflow mixing to the properties of both the
shelf water and the “ambient” pool of CDW over the continental
slope suggests that the resultant AABW properties will change
significantly through fairly minor perturbations in the small band
of ocean either side of the shelf break. For example, a change in
wind stress that shifts the mean location of the ASF across the
slope will change the hydrographic characteristics adjacent to the
dense outflow, thus affecting the impact of thermobaricity.
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Changes in shelf water characteristics, whether through changes
in the rate of shelf water production or increased mixing, will
influence the thickness and density anomaly of the outflow
reaching the continental slope. These will modify the velocity
step at which the transition to supercritical flow occurs and, as for
thermobaricity, change the potential for dilution of the outflow by
entrainment of the ambient water along the outflow path.

6. Conclusions

Correctly representing the exchange of ocean heat and fresh
water across the Ross Sea continental slope and shelf break is
essential to accurately model the contribution of the Ross Sea to
total Antarctic Bottom Water (AABW) production. Changes in the
inflow of oceanic heat to the Ross Sea continental shelf will also
affect the net production of sea ice in the Ross Sea, and the
stability of the Ross Ice Shelf through changes in basal melt rate
and calving. The latter have potential impacts on the off-continent
flow of the buttressed ice streams and glaciers and, therefore,
influence global sea level.

Our measurements of hydrography and velocity collected by
CTD/LADCP profiling and from oceanographic moorings during
five Italian CLIMA expeditions carried out between 1995 and 2006
provide the first decade-length time series of variability near the
shelf break in the central and western Ross Sea. The data provide
information about regional differences in the structure of the
Antarctic Slope Front (ASF), interannual variability in the proper-
ties of the principal shelf water masses, and temporal variability
in the ASF and the AABW outflow on time scales from tidal
(<1 day) to interannual.

Comparison of hydrographic properties on the outer shelf at
the northern ends of the Drygalski and Glomar-Challenger
Troughs (DT and GCT, respectively) demonstrates that: (a) the
primary dense source water at the DT is HSSW, while ISW
dominates in the GCT; (b) the properties of each shelf water type
changed significantly during the decade; (c) the ASF position is
much more stable at the GCT than at the DT; and (d) significant
mixing occurs between the CDW and SW over the outer shelf of
the DT, but not over the outer shelf of the GCT.

Time series of hydrographic properties at moorings G and H1,
respectively, deployed ~50 and ~ 100 km south of the shelf break
in the western (DT) and central (GCT) sectors, showed clear
seasonal variability in the thermohaline characteristics of both
HSSW and ISW. The salinity of HSSW flowing toward the shelf
break in the DT is highest at the end of the austral summer
(March/April) and lowest in October/November. The ISW in the
GCT was coldest in August-October and warmest in March/April
(with a few exceptions). The timing of these extrema presumably
represent the combination of the annual cycle of forcing (HSSW
production in Terra Nova Bay Polynya and basal melting under
the Ross Ice Shelf) and advection times for these water masses to
arrive at the northern DT and GCT.

The ASF is frequently found well inshore of the shelf break at
the DT due to advection by energetic spring tides (Padman et al.,
2009). This allows CDW to mix directly with HSSW over the outer
shelf in a region of strong tidal mixing (Whitworth and Orsi,
2006; Padman et al., 2009) so that, in general, the dense water
reaching the shelf break is significantly warmer and less dense
than further south along the DT. (Occasional pulses of cold, dense
water are found, however, over the continental slope north of DT
under favorable tidal conditions; see Gordon et al, 2004 and
Muench et al., 2009a.) In contrast, the shelf water reaching the
shelf break at the GCT is fairly unmixed cold, dense water so that
most mixing leading to AABW formation occurs on the continen-
tal slope. This observation implies that production of AABW near

the DT involves mixing with warmer and saltier CDW than at the
GCT, since the initial mixing occurs higher in the water column
closer to the depth of 04,.x(CDW), ~400 m. As a result, the
distinct processes and different shelf water sources produce
different types of AABW in the western and central sectors, with
the former being much warmer, more saline and less dense than
the latter.

Outflows of dense shelf water can reach depths greater than
1500 m substantially unmixed, most frequently near the GCT but
occasionally also near the DT. The events near the DT were not
seen in our data sets but were observed during AnSlope (Gordon
et al., 2004, 2009a; Padman et al., 2009). The plume of dense
water at this depth can flow at speeds approaching 1ms~,
probably aided by thermobaricity, and implying that the flow is
occasionally supercritical; compare with observations from the
Filchner Trough outflow in the southern Weddell Sea (Foldvik
et al., 2004; Darelius et al., 2009). Analyses of time series collected
at mooring H3 positioned near the 1200 m isobath on the
continental slope just west of the GCT allowed us to characterize
the benthic plumes of ISW. Tides modulate the dense water
outflow, with energetic plumes of unmodified ISW being more
frequent during the spring tides (cf. Gordon et al., 2004);
however, the mean temperature of the outflow is lower during
neap tides (Fig. 13) due to fewer occurrences of CDW/MCDW.
That is, the ASF generally remains offshore of mooring H3 except
when spring tides advect the ASF into shallower water. Using
wavelet analysis we also detected several intermittent episodes of
energetic currents with characteristic time scales of 32-64 h, and
4-5 days. These time scales are reminiscent of recent work on the
Filchner Trough outflow in the Weddell Sea (Darelius et al., 2009;
Wang et al., 2009), where the time scales appear to be set by the
characteristics of barotropic eddies associated with the density
outflow.

The thermohaline characteristics of both shelf water types,
ISW in the GCT and HSSW in the DT, changed during the decade
1995-2006. In the central Ross Sea (GCT) the ISW freshened by
~0.04 during 1998-2006 and warmed about 0.04 °C between
1995 and 2006, with a rapid increase of the temperature during
the austral summer 2001/02 (Fig. 10). The HSSW at the western
shelf break (DT) freshened by ~0.06 from 1995 to 2006 (Fig. 7),
with consequences for the resulting AABW salinity and density
(e.g., Rintoul, 2007). The 2003 data collected in the western sector
of the Ross Sea recorded a saltier anomaly in the deep layers
(Figs. 7 and 8). As suggested by Gordon et al. (2009a), the
presence of the mega-iceberg C-19 may have had a significant
impact on the local circulation by changing the apparent regional
topography (see also, Dinniman et al., 2007). Alternatively, larger
production of HSSW in the same year in the TNB Polynya
produced by strong air-sea heat fluxes at that time (Fusco et al.,
2009) may have significantly increased the salinity of the HSSW
flowing north to the western shelf break along the DT.

This study highlights the importance of long-term sampling of
hydrography and currents in a region whose contributions to
AABW formation, sea ice production and fresh water flux to the
global ocean could change quite rapidly through the interaction of
several mechanisms operating on a wide range of time and space
scales. We still have a poor understanding of how the heat from the
offshore CDW crosses the ASF to the continental shelf and further
south to the ice shelf. Atmospherically-forced ocean models
reproduce some of this flux (Dinniman et al., 2003, 2007) but rely
on atmospheric models that are poorly constrained by in situ data.
Models are also sensitive to bathymetry, which is not well known
for many sectors of the outer continental shelf of the Ross Sea. At
long time scales, we do not yet have the measurements required to
determine the effects of large-scale iceberg calving from the Ross
Ice Shelf front, or the potential influence of the future loss of the
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Drygalski Ice Tongue that forms the southern boundary of the Terra
Nova Bay Polynya. The ultimate volume flux and hydrographic
properties of AABW from the Ross Sea sector also depends on
small-scale processes, including tidal advection and mixing,
generation of barotropic eddies in the dense water outflows and
interaction of the outflow and the ASF with small-scale bathy-
metric features such as seabed channels (Muench et al., 2009b) and
sharp bends in the continental slope (Padman et al., 2009; Wang
et al,, 2010). Improving our understanding of the entire Ross Sea
physical system and its interaction with the global ocean requires
further data acquisition and related modeling aimed at these
processes and their interactions.
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