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ABSTRACT

The Antarctic intermediate and deep water masses present in the Atlantic sector of the Southern Ocean
were quantified through the inverse method known as Optimum Multiparameter (OMP) analysis. The
method was applied to the Simple Ocean Data Assimilation (SODA) product, which assimilates real ob-
served ocean data into a hydrodynamic model. Results here show that the SODA dataset is able to capture
reasonably well the intermediate and deep water mass (i.e. Warm Deep Water, Weddell Sea Deep Water,
Weddell Sea Bottom Water, and Circumpolar Deep Water) regional distribution and contribution to the
total mixture in the Weddell Sea and Weddell-Scotia Confluence. Those regions are, respectively, the
main Antarctic Bottom Water source and export areas to the global ocean. We infer some aspects of the
ocean circulation from the water mass distribution obtained. However, some efforts are still needed to
better represent the deep salinity in these areas. The weak representation of this hydrographic parameter
could be associated with the model’s lack of important cryospheric processes directly involved with bottom
water formation.
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INTRODUCTION

Recent studies have drawn attention to the need for
more realistic representation of both oceanic pro-
cesses and their interactions with the cryosphere
(Timmermann et al. 2002, Russell et al. 2006, Goes
et al. 2008, Kerr et al. 2009a). These are import-
ant to identify and understand key questions related
to ocean variability and climate changes. The nu-
merical modeling significantly aids observational
oceanography because of the lack of both tempo-
ral gaps and poorly uncovered regions normally
present in observed hydrographic datasets. How-
ever, model results need to be extensively assessed
and compared with observational data in order to
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assess their good representation of the oceanic pro-
cesses and ocean characteristics. Moving towards
this objective, several projects such as the Global
Ocean Data Assimilation Experiment (GODAE),
the Simple Ocean Data Assimilation (SODA), the
National Centers for Environmental Prediction
(NCEP) Global Ocean Data Assimilation System
(GODAS) and others aim to assimilate observed
data such as satellite measurements and hydro-
graphic in situ data into geophysical numerical
models. The objective of this procedure is to im-
prove the numerical representation of the oceano-
graphic parameters and processes in order to ob-
tain a more realistic ocean.

Despite many efforts among all the world’s
oceans, the Southern Ocean is still not well rep-
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resented in some ocean and climate models due
to the lack of measurements and/or poor para-
meterizations of important interactions of coupled
ocean-atmosphere-cryosphere (e.g. ocean mixing,
sea ice, ice shelves) processes (Russell et al. 2006,
Kerr et al. 2009a, Renner et al. 2009). These cou-
pled processes are responsible for the production of
different water masses that spread throughout the
global ocean at intermediate and deep levels. The
deep ocean representation in many of these com-
plex geophysical models is even not ideal, espe-
cially around the Antarctic continent. It is worth
remembering that deep water mass formation is a
process of significant importance. For example,
deep and bottom water masses formed around the
Antarctic shelf-slope margins are excellent indic-
ators of changes in climate (e.g. Leffanue and
Tomczak 2004).

Several regional dense bottom waters are
formed around the Antarctic continental margins
(Gordon 1974), particularly near the coastal areas
of the Weddell and Ross Seas, and Adelie Coast
(Jacobs et al. 1970, Gill 1973, Orsi et al. 1999,
Bindoff et al. 2000). During their outflow from
source areas, those water masses mix with the over-
lying intermediate and deep waters and become
known as Antarctic Bottom Water (AABW). The
Weddell Sea is a region that contributes more sig-
nificantly than the rest of the Antarctic regional
seas to AABW formation and export (Carmack
1977, Orsi et al. 1999). The AABW then spreads
into the global ocean occupying the bottom layers
near the floor of all oceanic basins. This water
mass is part of the deep circulation cores of the
meridional overturning cells (Gordon et al. 2001,
Rahmstorf 2003). Any changes occurring during
its formation can reflect into the global circulation
via the overturning cell.

It is essential to identify how the reanalysis
products are representing the AABW properties
and dynamics in key source regions. The Antarctic
deep ocean representation in reanalysis products is
poorly known although changes in AABW produc-
tion rates directly impact the global ocean conveyor

Pesq Antart Bras (2012)5

belt. This study aims to characterize the deep wa-
ters in the Atlantic sector of the Southern Ocean
(Weddell Sea and Weddell-Scotia Confluence re-
gion; Fig. 1) using the SODA reanalysis product
and a water mass mixing inverse approach in or-
der to investigate how well this product represents
the real ocean in our study region. The regional
oceanography of the study region and the details
about the data and methodology used here are
presented in the next sections of this paper.

WEDDELL SEA AND WEDDELL-SCOTIA
CONFLUENCE HYDROGRAPHY

This study focuses in the Atlantic sector of the
Southern Ocean, which includes the areas of the
Weddell Sea and Weddell-Scotia Confluence. Four
meridional sections were chosen to be analyzed at
0°, 20°, 30°, and 40°W starting from 55°S to 70°S
at the Greenwich Meridian section and extending
to ~75°S in the other sections (Fig. 1). The meri-
dional sections at 30°W and 40°W include the zone
of the Weddell-Scotia Confluence north of 60°S.
The Filchner-Ronne Ice Shelf region that closes the
Weddell Sea to the south is not included in the sec-
tions. The sections were selected because they are
expected to allow the detection and the tracking of
the water masses distributed around the Weddell
Gyre and their outflow into Weddell-Scotia Con-
fluence region.

The Weddell-Scotia Confluence is the zone
separating the waters of the Weddell Sea from those
of the Scotia Sea (Patterson and Sievers 1980). It
extends from the northern end of the Antarctic
Peninsula (AP) to 22°W (Orsi et al. 1993; Fig. 1).
This zone is composed by water masses that cir-
culate within the Antarctic Circumpolar Current
(ACC) and arrive from the northern limb of the
Weddell Gyre. The main contribution from the
ACC in the Weddell-Scotia Confluence is the Cir-
cumpolar Deep Water (CDW). CDW is denser at
the north of the Weddell-Scotia Confluence. Meri-
dional density differences are associated with the
warmest and coldest temperature maxima of CDW
(Whitworth et al. 1998). For instance, over the
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Fig. 1 — Study area in the Weddell Sea (WS) and Weddell-Scotia Confluence region. The thicker white lines show the repeat

hydrographic sections selected to run OMP. The dashed white line shows de Southern Boundary of the ACC (as in Orsi et al. 1995).
The black line shows the 3000m isobaths. Antarctic Peninsula (AP), Drake Passage (DP), Enderby Basin (EB), Maud Rise (MR),

South Scotia Ridge (SSR), Weddell Basin (WB).

South Scotia Ridge (SSR; Fig. 1), the density range
of denser CDW is occupied by the Warm Deep
Water (WDW). This water mass is distinguishable
in this area by its reduced potential temperature
(0.2°C < 6 < 0.6°C) and salinity (S < 34.69)
(Naveira Garabato et al. 2002). The Weddell Sea
is an export region for both the WDW and the
Weddell Sea Deep Water (WSDW). The last is the
denser water mass found in Weddell-Scotia Conflu-
ence region (Naveira Garabato et al. 2002, Meredith
et al. 2008).

Considering the Weddell Sea region, the fol-
lowing deep water masses can be identified in
the observed potential temperature/salinity (6/S)
diagram obtained from the hydrographic stations
available in the World Ocean Database 2005
(Boyer et al. 2006; Fig. 2). WDW (0° < 6 < 1°C
and 34.6 < S < 34.75) is found occupying the in-
termediate water layer between 200 m and 1000 m.
This water mass is formed from the CDW that cir-

culates within the ACC around the continent en-
tering in Weddell Gyre near 20° — 30°E (Gouret-
sky and Danilov 1993). During CDW’s trajectory
towards the west, mixing with surface and shelf
waters occurs. CDW advection into the Weddell
Gyre results in a WDW relatively cooler and fresher
than its source water (Gordon 1982).

The Weddell Sea deep water column struc-
ture is filled with WSDW (-0.7° < 6 < 0°C and
34.62 < S < 34.68) and Weddell Sea Bottom Wa-
ter (WSBW; 6 < —0.7°C and 34.62 < S < 34.68).
WSBW is produced by distinct water mass inter-
actions at the southern and southwestern continen-
tal margins of the Weddell Sea (Carmack and Fos-
ter 1975, Foster and Carmack 1977). In the south-
western continental shelf-slope regions mixing oc-
curs between High Salinity Shelf Water (HSSW;
formed by brine rejection during sea ice produc-
tion), WDW and Winter Water (a remnant of the
surface mixed layer) to produce WSBW (Foster
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Fig. 2 — World Ocean Database 2005 potential temperature-salinity-dissolved oxygen diagram for Weddell Sea deep water masses

below 200 m of depth. The straight lines show potential density (og) surfaces and the dashed line marks the limit between Weddell

Sea and Antarctic Circumpolar Current (ACC) deep waters. Water mass limits (rectangles) of Weddell Sea and ACC regions are based

on Robertson et al. (2002) property definitions.

and Carmack 1976). In the southern regions,
mixing between Ice Shelf Water (ISW; a modified
form of HSSW due to its interactions with ice
shelves cavities) and WDW or modified-WDW
(MWDW,; a mixture between WDW and surface
waters) occurs near the continental margins around
the Filchner-Ronne Ice Shelves (Foldvik et al.
1985). Recently, Huhn et al. (2008) and Absy et
al. (2008) reported evidence agreeing with previ-
ous studies that the western Weddell Sea is also a
region of WSBW production, with a glacial water
mass contribution supplied by shelf water interac-
tions with the Larsen Ice Shelf located in the east-
ern Antarctic Peninsula.
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WSDW and WSBW are distinguished by dif-
ferent source water types and age. The bottom is
younger than the deep water. High dissolved oxy-
gen concentrations reported for WSBW (Fig. 2) in-
dicate that this water mass was recently present at
the ocean-atmosphere interface. WSDW is a mix-
ing product of WDW and/or MWDW with recent
WSBW, thus acquiring physical characteristics that
make it less dense than WSBW. The direct forma-
tion of WSDW is possible, but it depends on the
source water masses properties that can produce a
water mass that is not dense enough to reach the
deep ocean floor (Orsi et al. 1993, Weppernig et
al. 1996). As WSDW is less dense than WSBW,
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the direct outflow into the Weddell-Scotia Conflu-
ence region is facilitated through the deep passages
of the South Scotia Ridge (Locarnini et al. 1993,
Fahrbach et al. 1995, Orsi et al. 1999). On the other
hand, as WSBW is denser than WSDW, it is con-
fined in the Weddell Basin and recirculates along
with the Weddell Gyre, leaving the region only if
it mixes with WSDW above or at some particular
deep trenches of the South Scotia Ridge (Fahrbach
etal. 1995, Orsi et al. 1999).

OPTIMUM MULTIPARAMETER ANALYSIS

The inverse method for water mass analysis called
the Optimum Multiparameter analysis (OMP; Tom-
czak 1981, Tomczak and Large 1989) was applied
in this study to investigate how well the SODA
product represents the real Antarctic deep water
masses. The OMP technique is used to determi-
nate the relative contribution of each selected wa-
ter type to a particular water sample by solving an
over-determined system of linear equations for wa-
ter mass mixing. The technique uses several con-
servative and semi-conservative parameters such as
potential temperature, salinity, dissolved oxygen,
nutrients, and others water mass tracers as fully de-
scribed by Tomczak and Large (1989) and Kars-
tensen and Tomczak (1998). Several studies have
already applied this inverse modeling technique in
different regions around the world to identify one
or all of the following aspects: fractions of mixture,
water mass variability and distribution, and numer-
ical model performance (Karstensen and Tomczak
1997, 1998, Leffanue and Tomczak 2004, Kerr et al.
2009a, b). Here, the method was applied to finger-
print the distribution of the selected water masses
in the deep water column simulated by the SODA
reanalysis data. In addition, some aspects related
to water mass pathways could be inferred through
their distribution.

We follow Kerr et al. (2009a) to determine
a water type index based on the idea of using
the most pure water type adjusted for each spe-
cific dataset to represent the water masses. Briefly,

if we aim to distinguish the water mass by its spa-
tial distribution and relative contribution to the to-
tal mixture, a water type index is needed to rep-
resent the hydrographic characteristics of the cho-
sen water mass. In this study we used the potential
temperature () and salinity (S) as the tracing para-
meters. This approach restricted to three the num-
ber of water masses considered in the analysis.
Thus, we could not differentiate between waters
from Weddell Sea and Weddell-Scotia Confluence.
However, remembering that most of the sections
analyzed here are located in the Weddell Sea as
the source of the waters exported into the Weddell-
Scotia Confluence, the following three water masses
were analyzed here: (i) WDW, (ii)) WSDW and, (iii)
WSBW. Depth intervals for each water mass (Ta-
ble I) to calculate the water type indices are defined
based on current literature and Kerr (2006). After
that, the 6 and S mean values were estimated inside
the Weddell Sea at each considered depth interval
from the SODA data and used to represent the wa-
ter type indices applied here (Table I).

As highlighted by Kerr et al. (2009b), resolv-
ing water masses within a small range of parame-
ter values depends on correct weighting of the pa-
rameters (J. Karstensen personal communication).
Thus, as our interest is only on deep water mass
representation, we restricted the OMP analysis to
the deep ocean below 500 m, which encloses the
cores of the main deep waters in the study region
and reduces the errors associated with mixture of
surface waters. All hydrographical parameters are
weighted in the system, which means that the pa-
rameters with higher weight (here potential tem-
perature) are more influencing the determination of
water type final contribution. Two physical restric-
tions are imposed: (i) the water type contribution
cannot be negative and (ii) the mass conservation
must be preserved, which means that the sum of all
water types’ contribution must account to 100% —
in this case the maximum weight found between all
parameters used is allocated as the mass conserva-
tion weight. Here, the parameter weights applied
for each parameter to gauge the system were ob-

Pesq Antart Bras (2012)5



52 RODRIGO KERR, ILANA WAINER, MAURICIO M. MATA and CARLOS A.E. GARCIA

TABLE I
Water types and parameter weights used as OMP inputs.
Water Mass Depth range (m) | 6(°C) | Salinity
Warm Deep Water (WDW) 500-1000 0.4 34.674
Weddell Sea Deep Water (WSDW) 1500-3500 -0.3 34.672
Weddell Sea Bottom Water (WSBW) >4000 -0.9 34.661
Parameter weight 2.7 0.1

tained through the variance of both the water types
selected and the SODA data used to determine the
water types (Table I; see for details Tomczak and
Large 1989).

THE SODA DATASET

The SODA product provides an estimate of the
evolving physical state of the ocean (Carton and
Giese 2008). The dataset obtained from the SODA
reanalysis represents a considerable improvement
when compared with the existing hydrographic ob-
servations or even available numerical simulations
in the analysis and diagnosis of ocean processes, in
particular those related to water mass mixing and
variability. The first version of the SODA reana-
lysis product (SODA version 1.2) was introduced
by Carton et al. (2000a). The authors used the
Geophysical Fluid Dynamics Laboratory (GFDL)
Modular Ocean Model (MOM) v2.2 forced with
observed surface winds from the Comprehensive
Ocean-Atmosphere Data Set (COADS) and NCEP.
The assimilation of the observed data comes from
a variety of historical datasets (see Carton et al.
2000a, b). Following those studies, a methodology
for bias correction was introduced by Chepurin et
al. (2004). This older version of SODA had some
disadvantages like poor spatial resolution both on
horizontal (0.5° x 2.5° latitude/longitude resolution
in the tropics) and vertical (20 levels only). This
could result in some bias of the SODA data with
respect to the reanalysis data.

The SODA product used here combines the
Parallel Ocean Program (POP) model (Smith et al.
1992) with method of sequential estimation for
data assimilation (Carton et al. 2000a, Carton and
Giese 2008). The model has a vertical resolution
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of 40 levels and a horizontal resolution of 0.25°x
0.4° latitude/longitude. SODA version 1.4.2 spans
from 1958 to 2001. It is forced by European Center
for Medium-Range Weather Forecasts (ECMWF)
atmospheric reanalysis (ERA-40) wind stresses and
assimilates all available data from hydrographic sta-
tions, expandable bathythermographs (XBTs) and
floats. Freshwater fluxes are determined from pre-
cipitation data of the Global Precipitation Clima-
tology Project (available since 1979) and evapora-
tion is calculated from bulk formulae. The surface
heat flux is also calculated using bulk formulae.
This study used the climatology average of SODA
version 1.4.2 (hereafter referred to as SODA). A
complete overview of the SODA reanalysis meth-
odology is detailed by Carton and Giese (2008).

ANTARCTIC DEEP WATER MASSES
REPRESENTATION

The OMP results obtained with SODA data show
a good agreement between the water mass spatial
distribution and the water mass neutral density sur-
faces (y”; Jackett and McDougall 1997). Follow-
ing Orsi et al. (1999) and in agreement with Fran-
co etal. (2007) and Meredith et al. (2008) that have
studied, respectively, the northwestern Weddell Sea
and the Weddell-Scotia Confluence area, the sepa-
ration between WDW and WSDW occurs at " =
28.26 kg.m 3, while the isopycnal of 28.40 kg.m 3
separates WSDW and WSBW. Franco et al. (2007)
used " = 28.10 kg.m ™3 to characterize the WDW
layer and considered a " = 28 kg.m ™ as the in-
terface between Antarctic Surface Water and WDW.
Thus, considering the above y” surfaces, the water
mass core contribution (i.e. total water type’s con-
tribution varying between 70% and 100%) obtained
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Fig. 3 — SODA potential temperature-salinity diagram for the meridional transects analyzed as indicated at the bottom of each box.

Neutral density values of 28, 28.26, and 28.4 kg.m*3 were selected as AASW/WDW, WDW/WSDW and WSDW/WSBW interfaces,

following Franco et al. (2007).

for all water masses is presented in the expected
y" layers, which validates the OMP spatial distri-
bution and expected core contribution for the water
masses. Although the deep water masses that occur
in the Weddell-Scotia Confluence region have dif-
ferences in the thermohaline properties when com-
pared with the water masses of the Weddell-En-
derby Basins, the OMP application used here al-
lowed a reasonable representation of the deep wa-
The distinction of all
deep water masses represented by SODA was pos-

ters structure in this area.

sible because all sections analyzed are representing
well the deep water column structure. This allowed
the prompt differentiation between the intermedi-
ate, deep and bottom layers (Fig. 3).

Moving towards the Weddell-Enderby Basins
(latitudes higher than 60°S), high WDW contribu-
tions varying between 70-100% was found until ap-

proximately 1000 m (Fig. 4). This is consistent with
the fact that the core of WDW 6pax and Spax 1S
found around 500 m and 800 m, respectively (Orsi
et al. 1993, Muench and Gordon 1995, Meredith
et al. 2008). Contribution of WDW is present until
2000 m. However, below the 1500 m depth, only
30-50% contributed owing to the mixing with up-
per WSDW (Fig. 4). As discussed before, in the
Weddell-Scotia Confluence region a mixture of
WDW and CDW occurs at intermediate levels.
Thus, the WDW water type index has marked the
mixture of WDW/CDW (hereafter referred to as
CDW only) in the area due to its closer hydro-
Hence, CDW is observed at
deeper levels (until 3000 m) with contributions vary-
ing between 70-100% (Fig. 4). This is expected, as
CDW is the main water mass within the ACC sys-

graphic properties.

tem occurring down to deeper levels. At the 40°W

Pesq Antart Bras (2012)5



54 RODRIGO KERR, ILANA WAINER, MAURICIO M. MATA and CARLOS A.E. GARCIA

Pressure (dbar)

Pressure (dbar)

Latitude (°S)

Latitude (°S)

] T
30 40 50 60 70 80 90 100

Fig. 4 — Warm Deep Water (WDW) contributions (%) at each meridional section analyzed as indicated by the annotations. Contour
intervals are of 10% from 30% to 100%. The black lines indicate the neutral density (y") isopycnals of 28.10, 28.26, 28.27, and 28.4
kg.m*3 for 0°, 20°W, 30°W, and 40°W, respectively. The dashed line shows the limit between the Scotia and Weddell Seas at 30°W

and 40°W.

section, where the Southern Boundary of the ACC
(or the poleward edge of the less dense fraction of
CDW, as defined by Orsi et al. 1995) is displaced to
the south (Fig. 1), the presence of CDW is observed
to be more intense (with contribution between 90-
100%) near the limit between the Weddell Sea and
Scotia Sea waters (Fig. 4). The southward displace-
ment of the Southern Boundary of the ACC is also
observed at 20°W. The above results allow us to
infer few aspects of the ocean circulation in the re-
gion. We analyzed the water mass distribution and
percentage of contribution to the total mixture to
find that: (a) WDW is noted to circulate at inter-
mediate levels inside the Weddell-Enderby Basins
(latitudes below 60°S); (b) CDW (here marked with
a WDW index) is observed at deeper levels in the
Weddell-Scotia Confluence region (latitudes be-
tween 55°S and 60°S) (Fig. 4).

Now is necessary to remember that the water
type concept is an artificial construction of a water
mass quantitative analysis and it does not occupy
any volume in space (Tomczak 1999). Mathemat-
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ically, the water masses are represented by the re-
lationship between their hydrographic characteris-
tics and their respective standard deviations, which
reflects both the environmental variability and the
precision of the instruments used in the data col-
lection (Tomczak 1999; Poole and Tomczak 1999).
Thus, some water masses with parameter indices
close to each other can mark different water mass
present in the area analyzed to respect the restric-
tion of mass conservation in the mixing equations
(Tomczak and Large 1989). This is the case of
CDW being detected in our data by WDW water
type outside the Weddell Sea.

Considering the deep layer, WSDW is present
in the Weddell Sea with contribution higher than
50% between 1500-3500 m (Fig. 5). The WSDW
water type index used here has probably been able
only to mark the upper WSDW (less dense). As
the lower WSDW has hydrographic properties sim-
ilar to WSBW, the denser WSDW has probably
contributed to the WSBW results. However, the
WSDW clear identification in the water column
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Fig. 5— Same as Figure 4, but for Weddell Sea Deep Water (WSDW).

becomes difficult because it occurs over a wide
depth range (around 3000 m) and has a relatively
large temperature range (Kerr et al. 2009a), which
may indicate that more than one water type should
be used to mark this water mass in the whole water
column (OMP2 2005).

Our results make possible to observe the exit
of the upper WSDW into the Weddell-Scotia Con-
fluence (section 30°W) and in surrounding areas.
High WSDW contribution (>70%) is observed be-
tween 55°S and 60°S, flowing above the South
Scotia Ridge and sinking in the water column at
20°W and 30°W until it finds and occupies its den-
sity level in the water column (Fig. 5). No WSDW
outflow is noted at 40°W. At 0° in the Greenwich
Meridian, the WSDW found at deeper levels is
probably the dense form that does not escape from
the Weddell Sea and is actually recirculating with-
in the Weddell Gyre. This region is recognized as
an area where permanent circulation patterns divide
the Weddell Gyre in a double-cell structure below
1000 m (Beckmann et al. 1999). This implies that
the Greenwich Meridian surroundings are more
dynamically active around this depth (Kerr 2006).
WSDW is an essential contribution to AABW,

which will then spread to fill the abyssal layers of
much of the global ocean.

The densest water mass found in our region
is WSBW. As expected, it is confined inside the
Weddell-Enderby Basins by the peculiar topogra-
phy of the South Scotia Ridge. This water mass
presents high contributions (>70%) below 3000 m
(Fig. 6) at all meridional sections. However, con-
tributions higher than 90% are only found below
3500-4000 m, which mark the expected WSBW
layer (as marked by y" surfaces; Fig. 6) closer to
the seabed. At 20°W the bathymetry allows the
direct northward outflow of WSBW. However, as
discussed above, the WSBW contributions lower
than 70% are probably linked to a distinct and
denser component of WSDW.

SUMMARY AND CONCLUSIONS

This study applied the OMP water masses ana-
lysis to the SODA product version 1.4.2 to verify
how well the deep ocean around Antarctica is
represented. The deep water mass structure and
contribution to the total mixture in two regions of
the Southern Ocean (the Weddell Sea and the Wed-

Pesq Antart Bras (2012)5
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Fig. 6 — Same as Figure 4, but for Weddell Sea Bottom Water (WSBW).

dell-Scotia Confluence) was investigated using this
technique. The deep water mass structure estimated
from the SODA data is well represented in both
regions when compared with the current literat-
ure. WDW was found occupying the intermediate
layer of the Weddell Sea in depths down to 1000-
1500 m. Additionally, it was possible to distin-
guish the CDW and also its mixing with WDW
at the Weddell-Scotia Confluence region using a
WDW water type index. Results show a significant
presence of WDW/CDW mixture reaching depths
deeper than 1500 m. WSDW was found at deep
levels between 1500-3500 m. An outflow of its
upper form from the Weddell Sea is well noted at
sections 20°W and 30°W. The WSBW was found
above the seabed with contributions higher than
90% below 4000 m depths constrained within the
Weddell Gyre.

In addition, a mention is needed to highlight
the recent observational efforts conducted in the
Weddell Sea to increase the knowledge of this re-
mote area and to decrease the regions scarcely sam-
pled. Agreeing with previous work (e.g. Orsi et al.
1993, Gordon et al. 2001), Huhn et al. (2008) and
Absy et al. (2008) provided more detailed infor-
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mation about the regional differences of the water
mass physical properties within the Weddell Sea
water column structure. Those and other new data-
sets will probably contribute in a near future to a
better representation of the real oceans through re-
analysis products.

In spite of the good results obtained with
the SODA assimilation product in representing
the deep ocean around Antarctica, more effort is
needed to address the deep and bottom salinity
representation. This was also highlighted by the
Climate Variability and Predictability (CLIVAR)
Salinity Working Group (2007). Furthermore, as
reported by Dee et al. (2005), all data assimila-
tion systems are affected by systematic errors as-
sociated with: (i) problems with the input data, (ii)
approximations relative to the in sifu observations,
(iii) limitations of the assimilating models and, (iv)
the assimilation methodology. As a limitation of
this work, the water mass distribution presented
here could be affected by one or more errors pointed
out by Dee et al. (2005). The results obtained here
were also somewhat dependent on our choices of
water masses, water types and weights of the sea-
water properties used in the analysis. Despite the
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uncertainties and limitations of the assimilation
process and methodology used, this type of study
is definitively valid and necessary because it pro-
vides useful information both for modelers and
observational scientists. In addition, we encourage
analyses expanding to other reanalysis datasets.
Thus, performing a comparative study will be up-
dating the scientific community about the perfor-
mance of the reanalysis product in both Southern
Ocean and deep water column structure. Hence,
the efforts could detect where the assimilation pro-
cesses is probably failing to represent important
oceanic areas with climate impact.

Finally, this work contributes with the efforts
of the Brazilian High Latitudes Group (GOAL)
through the International Polar Year (IPY) project
entitled: Southern Ocean Studies for Understanding
Global-Climate Issues (SOS-CLIMATE) — towards
a better understanding of the Southern Ocean pro-
cesses and climate linkages. SOS-CLIMATE pro-
ject has projected the Brazilian Antarctic activities
into an international scenario through collaboration
with several IPY cluster projects, which strength-
ened the actions of the Brazilian Antarctic Program
(PROANTAR) during the legacy of the IPY.
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RESUMO

As massas de dgua intermediarias e profundas presentes
no setor Atlantico do Oceano Austral (Antartica) foram
quantificadas utilizando-se o método conhecido como
Andlise Otimizada de Pardmetros Multiplos (OMP). O
método foi aplicado nos registros obtidos com a assimi-
lagdo de dados reais observados nos oceanos em um mo-
delo hidrodindmico denominado Simple Ocean Data
Assimilation (SODA). Os resultados mostram que os pro-
cessos de assimilagdo do banco de dados SODA estdo
desempenhando um bom papel na representa¢do regio-
nal da distribui¢do e contribui¢do para a mistura total das
seguintes massas de agua, presentes no mar de Weddell
e na Confluéncia Weddell-Scotia: Agua Calida Profunda,
Agua Profunda do Mar de Weddell, Agua de Fundo do
Mar de Weddell ¢ Agua Circumpolar Profunda. Estas
regides sdo, respectivamente, as principais areas de for-
magfo e exportagio da Agua Antartica de Fundo para
os oceanos globais. Através da distribuicdo destas mas-
sas de agua pode-se inferir alguns aspectos da circulagio
oceanica na regido. Entretanto, esfor¢os ainda sdo neces-
sarios para uma melhor representacdo da salinidade das
aguas de fundo na regido. A fraca representagdo deste
parametro pode estar associada a auséncia de considera-
¢do de importantes processos relacionados a criosfera e

diretamente envolvidos na formacéo das aguas de fundo.

Palavras-chave: massa de dgua, Analise Otimizada com
Parametros Multiplos (OMP), assimilagdo de dados, Mar
de Weddell, Confluéncia Weddel Scotia.

REFERENCES

ABSY JM, SCHRODER M, MUENCH R AND HELL-
MER HH. 2008. Early summer thermohaline char-
acteristics and mixing in the western Weddell Sea.
Deep-Sea Res 11 55: 1117-1131.

BECKMANN A, HELLMER HH AND TIMMERMANN
R. 1999. A numerical model of the Weddell Sea:
large-scale circulation and water mass distribution.
J Geophys Res 104: 23375-23391.

BINDOFF NL, RINTOUL SR AND MASSOM R. 2000.
Bottom water formation and polynyas in Adélie
land, Antarctica. Papers and Proceedings of the
Royal Society of Tasmania 133: 51-56.

BOYER TP, ANTONOV JI, GARCIA HE, JOHNSON DR,
LOCARNINI RA, MISHONOV AV, PITCHER MT,

Pesq Antart Bras (2012) 5



58 RODRIGO KERR, ILANA WAINER, MAURICIO M. MATA and CARLOS A.E. GARCIA

BARANOVA OK AND SMOLYAR IV. 2006. World
Ocean Database 2005. In: LEVITUS S (Ed.), NOAA
Atlas NESDIS 60, U.S. Government Printing Office,
Washington, D.C., 190 pp.

CARMACK EC AND FOSTER TD. 1975. On the flow
of water out of the Weddell Sea. Deep-Sea Res 22:
711-724.

CARMACK EC. 1977. Water characteristics of the
Southern Ocean south of the Polar Front. In: ANGEL
MA (Ed.), Voyage of Discovery George Deacon 70t
Anniversary Vol., Pergamom Press, 15-41.

CARTON JA, CHEPURIN GA, CA0 X AND GIESE BS.
2000a. A Simple Ocean Data Assimilation analysis
of the global upper ocean 1950-1995, Part 1: meth-
odology. J Phys Oceanogr 30: 294-309.

CARTON JA, CHEPURIN GA AND CAO X. 2000b. A
Simple Ocean Data Assimilation analysis of the
global upper ocean 1950-1995 Part 2: results. J Phys
Oceanogr 30: 311-326.

CARTON JA AND GIESE BS. 2008. A reanalysis of
ocean climate using Simple Ocean Data Assimila-
tion (SODA). Mon Wea Rev 136: 2999-3017.

CHEPURIN G, CARTON JA AND DEE DP. 2004. Fore-
cast model bias correction in ocean data assimila-
tion. Mon Wea Rev 133: 1328.

CLIVAR SALINITY WORKING GROUP — BOYER T,
CARTON J, CHAO Y, GORDON A, JOHNSON G,
LAGERLOEF G, LARGE B, RISER S AND SCHMITT
R. 2007. What’s Next for Salinity? Oceanography
Magazine 21: 82-85.

DEE DP. 2005. Bias and data assimilation. QJR Meteo-
rol Soc 131: 3323-3343. doi: 10.1256/qj.05.137.

FAHRBACH E, ROHARDT G, SCHEELE N, SCHRODER
M, STRASS V AND WISOTZKI A. 1995. Forma-
tion and discharge of deep and bottom water in the
northwestern Weddell Sea. J Mar Res 53: 515-538.

FOLDVICK A, GAMMELSROD T AND TORRESON T.
1985. Circulation and water masses on the southern
Weddell Sea shelf. Antarc Res Ser 43: 5-20.

FOSTER TD AND CARMACK EC. 1976. Frontal zone
mixing and Antarctic Bottom water formation in the
southern Weddell Sea. Deep-Sea Res 23: 301-317.

FOSTER TD AND CARMACK EC. 1977. Antarctic bot-
tom water formation in the Weddell Sea. In: DUN-
BAR MJ (Ed.), Polar oceans. Montreal: Arctic Insti-
tute of North America, 167-177.

Pesq Antart Bras (2012)5

FrRANCO BC, MATA MM, PIoLA AR AND GARCIA
CAE. 2007. Northwestern Weddell Sea deep outflow
into the Scotia Sea during the austral summers of
2000 and 2001 estimated by inverse methods. Deep-
Sea Res I 55: 1815-1840.

GILL AE. 1973. Circulation and bottom water produc-
tion in the Weddell Sea. Deep-Sea Res 20: 111-140.

GOES M, WAINER I, GENT PR AND BRYAN FO. 2008.
Changes in subduction in the South Atlantic Ocean
during the 215t Century in the CCSM3. Geophys Res
Lett 35: L06701, doi: 10.1029/2007GL032762.

GORDON AL. 1974. Varieties and variability of Ant-
arctic Bottom Water. Colloques Internationaux du
CNRS 215: 33-47.

GORDON AL. 1982. Weddell Deep Water variability. J
Mar Res 40: 199-217.

GORDON AL, VISBECK M AND HUBER B. 2001. Ex-
port of Weddell Sea deep and bottom water. J Geo-
phys Res 106: 9005-9017.

GOURETSKI VV AND DANILOV Al 1993. Weddell
Gyre: structure of the eastern boundary. Deep-Sea
Res 140: 561-582.

HUHN O, HELLMER HH, RHEIN M, RODEHACKE C,
ROETHER W, SCHODLOK M AND SCHRODER M.
2008. Evidence of deep and bottom water forma-
tion in the western Weddell Sea. Deep-Sea Res
I1 55: 1098-1116.

JACKETT DR AND McCDOUGALL TJ. 1997. A neu-
tral density variable for the world’s oceans. J Phys
Oceanogr 27: 237-263.

JacoBS SS, AMOS AF AND BRUCHHAUSEN PM.
1970. Ross Sea oceanography and Antarctic Bot-
tom Water formation. Deep-Sea Res 17: 935-962.

KARSTENSEN J AND TOMCZAK M. 1997. Ventilation
processes and water mass ages in the thermocline of
the southeast Indian Ocean. Geophys Res Lett 24:
2777-2780.

KARSTENSEN J AND TOMCZAK M. 1998. Age determi-
nation of mixing water masses using CFC and oxy-
gen data. J Geophys Res 103: 18599—-18609.

KERR R. 2006. Distribuigdo, Mistura e Variabilidade
das Massas de Agua Profundas do Mar de Weddell,
Antartica. Dissertagdo de Mestrado, Fundag@o Uni-
versidade Federal do Rio Grande (FURG), Rio Gran-
de, RS, 146 pp.

KERR R, WAINER I AND MATA MM. 2009a. Repre-
sentation of the Weddell Sea deep water masses in



QUANTIFYING ANTARCTIC DEEP WATERS IN SODA REANALYSIS PRODUCT 59

the ocean component of the NCAR-CCSM model.
Antarc Sci 21: 301-312, doi:
10.1017/S0954102009001825.

KERR R, MATA MM AND GARCIA CAE. 2009b. On
the temporal variability of the Weddell Sea Deep
Water Masses. Antarc Sci 21, doi:
10.1017/S0954102009001990.

LEFFANUE H AND TOMCZAK M. 2004. Using OMP
analysis to observe temporal variability in water
mass distribution. J Mar Res 48: 3-14.

LOCARNINI RA, WHITWORTH IIT T AND NOWLIN JR
WD. 1993. The importance of the Scotia Sea on the
outflow of Weddell Sea Deep Water. J Mar Res 51:
135-153.

MEREDITH MP, NAVEIRA GARABATO AC, GORDON
AL AND JOHNSON GC. 2008. Evolution of the
deep and Bottom Waters of the Scotia Sea, Southern
Ocean, during 1995-2005. J Climate 21: 3327-3343.

MUENCH RD AND GORDON A. 1995. Circulation and
transport of water along the western Weddell Sea
margin. J Geophys Res 100: 18503—18515.

NAVEIRA ACG, HEYWOOD KJ AND STEVENS D.
2002. Modification and pathways of Southern
Ocean deep waters in the Scotia Sea. Deep-Sea Res
1T 49: 681-705.

OMP2 2005. Water mass analysis package. Available at
http://www.ldeo.columbia.edu/~jkarsten/omp_std/.

ORsSI AH, NOWLIN WD AND WHITWORTH T. 1993.
On the circulation and stratification of the Weddell
Gyre. Deep-Sea Res 1 40: 169-303.

ORSI AH, JOHNSON GC AND BULLISTER JL. 1999.
Circulation, mixing, and production of Antarctic
Bottom Water. Prog Oceanog 43: 55-109.

ORSI AH, WHITWORTH T AND NOWLIN WD. 1995.
On the meridional extent and fronts of the Antarctic
Circumpolar Current. Deep-Sea Res 1 42: 641-673.

PATTERSON SL AND SIEVERS HA. 1980. The Weddell-
Scotia Confluence. J Phys Ocean 10: 1584-1610.

POOLE P AND TOMCZAK M. 1999. Optimum multi-
parameter analysis of the water mass structure in
the Atlantic Ocean thermocline. Deep-Sea Res I 46:
1895-1921.

RAHMSTORF S. 2003. The concept of the thermohaline
circulation. Nature 421: 699.

RENNER AHH, HEYwooD KJ AND THORPE SE.
2009. Validation of three global ocean models in
the Weddell Sea. Ocean Modeling 30(1): 1-15, doi:
10.1016/j.0cemod.2009.05.007.

ROBERTSON R, VISBECK M, GORDON AL AND
FAHRBACH E. 2002. Long-term temperature trends
in deep waters of the Weddell Sea. Deep-Sea Res 11
49: 4791-4896.

RUSSELL JL, STOUFFER RJ AND DixoN KW. 2006.
Intercomparison of the Southern Ocean Circulations
in [IPCC Coupled Model Control Simulations. J Cli-
mate 19: 4560-4575.

SMITH RD, Dukowicz JK AND MALONE RC. 1992.
Parallel ocean general circulation modeling. Physica
D 60: 38-61.

TIMMERMANN R, BECKMANN A AND HELLMER
HH. 2002. Simulations of ice-ocean dynamics in the
Weddell Sea 1. Model configuration and validation.
J Geophys Res 107: 3024, doi:
10.1029/2000JC000741.

ToMczAK M. 1981. A multi-parameter extension of
temperature/salinity diagram techniques for the ana-
lysis of non-isopycnal mixing. Prog Oceanog 10:
147-171.

ToMCzZAK M. 1999. Some historical, theoretical and
applied aspects of quantitative water mass analysis.
J Mar Res 57: 275-303.

ToMCzZAK M AND LARGE DGB. 1989. Optimum mul-
tiparameter analysis of mixing in the thermocline of
the eastern Indian Ocean. J Geophys Res 94: 16141—
16149.

WEPPERNIG R, SCHLOSSER P, KHATIWALA S AND
FAIRBANKS RG. 1996. Isotope data from Ice Sta-
tion Weddell: implications for deep water formation
in the Weddell Sea. J Geophys Res 101: 25723—
25739.

Pesq Antart Bras (2012)5


https://www.researchgate.net/publication/235910163



