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The Southern Ocean renders a significant contribution to the global overturning system through the

formation of deep and bottom waters. The Weddell Sea is one of the most prominent regions in this

respect. Data obtained between 1984 and 2008 from eight repeat hydrographic sections, moored

instruments and profiling floats in the Weddell gyre on the Greenwich meridian – almost all of them

collected with RV Polarstern – were used to identify variations in the Weddell system. Fluctuations in

the water mass properties were detected in the Warm Deep Water, with a temperature maximum in

the 1990s and a minimum in 2005, but also significant variations occurred in the Weddell Sea Deep

and Bottom Waters, whereas the Warm Deep Water is dominated by decadal variations; the average

temperature and salinity of the whole water column is subject to a positive trend over 24 years. The

variations of the water mass properties are induced by variations of the inflow of Circumpolar Deep

Water at the boundary. Due to asymmetric wind forcing at the northern and the southern limb of the

gyre, variable in- and outflows occur at the open boundaries. Internal processes redistribute heat and

salt in the gyre resulting in a long-term increase of the temperature and salinity in the whole water

column. The transfer of heat to deeper layers assigns to the Weddell gyre the role of a buffer, with

potential impact on the global climate.

& 2011 Published by Elsevier Ltd.
1. Introduction

The overturning circulation of the world oceans is a powerful
process to store heat and gases in the deep ocean and as such an
important component of the climate system. As part of this, the
Southern Ocean is pivotal, connecting all major oceans basins
(e.g., Rintoul et al., 2001; Schmitz, 1996). In the Southern Ocean,
shoaling Circumpolar Deep Water (CDW) feeds into a shallow
meridional overturning cell leading to the formation of inter-
mediate waters, and a deep cell transforming Circumpolar Deep
Water and forming Antarctic Bottom Water (AABW). A major
contribution to the deep and bottom water formation is made
by the Atlantic sector, i.e., the Weddell Sea (Carmack, 1977;
Orsi et al., 1999; Rintoul, 1998). This water mass transformation
is controlled by the transport of source waters into the Weddell
Sea, processes within the Weddell Sea and the transport of
modified water out of it (Foster et al., 1987; Gill, 1973; Mosby,
1934). In the Weddell Sea, CDW enters from the east and the
north and circulates as Warm Deep Water (WDW) in intermedi-
ate depths within the large-scale cyclonic gyre (Fig. 1). This flow
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regime is confirmed on the basis of data from vertically profiling
floats deployed on the Greenwich meridian and in the Weddell
Sea (Fig. 2) and moorings in the northern and southern limb of the
gyre (Fig. 3). WDW is the main source water of the other major
water masses of the Weddell gyre, namely the Weddell Sea
Bottom Water (WSBW) and Weddell Sea Deep Water (WSDW).

Observations have demonstrated that the global ocean has
been warming (Gouretski and Koltermann, 2007; Levitus et al.,
2005). In the Southern Ocean a warming trend over several
decades is identified in the upper parts of the Circumpolar Deep
Water (Böning et al., 2008; Gille, 2008; Sprintall, 2008). There is
evidence that the Antarctic Bottom Water is subject to change,
albeit becoming colder and fresher (Aoki et al., 2005; Johnson
et al., 2008; Rintoul, 2007) in the Indian and Pacific sectors of the
Southern Ocean. Warming of AABW was observed in the Atlantic
Ocean in the Vema Channel (Zenk and Morozov, 2007), near the
equator (Andrié et al., 2003), and basin wide (Purkey and Johnson,
2010). We explore the processes that determine the way in which
global warming affects water mass formation in the Weddell Sea,
the latter being a major source of AABW.

It has been long known that WDW shows significant variations
from year to year (e.g., Gordon, 1982). With long term observa-
tions based on repeat hydrographic data, decadal variations may
be examined. Warming and a salinity increase of the WDW
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observed during the 1990s were followed by cooling during the
2000s (Fahrbach et al., 2004; Robertson et al., 2002). The varia-
tions are most likely due to changes in the inflow from the
circumpolar water belt, which are induced by changes in atmo-
spheric forcing conditions. Various modes of climate variability in
the Southern Ocean are known, of which the Southern Annular
Mode (Hall and Visbeck, 2002; Thompson and Solomon, 2002) is
the most important, and these may affect the Weddell Sea. Kerr
et al. (2009) indeed suggested a correlation between the Southern
Annular Mode and the Weddell Sea Bottom Water. Sallée et al.
(2010) show that a recent trend in the SAM leads to a more
southern path of the westerly winds and changes in mixed layer
depths. Whereas the variations of properties of the Weddell Sea
Deep Water have long time remained within the uncertainty of
Fig. 1. Map of the Atlantic sector of the Southern Ocean including the generalized

circulation of the Weddell gyre, the location of the section at the Greenwich

meridian and of the moorings AWI 228, AWI 229, AWI 231 and AWI 232. Red

arrows indicate circulation of Circumpolar (Warm) Deep Water, and light blue

arrows sinking water masses along the continental slope. Dark blue arrows depict

deep and bottom water circulation and water masses leaving the basin. The green

arrow indicates shelf water leaving the western Weddell Sea. Dashed arrows

indicate either transient currents or eddy exchanges.(For interpretation of the

references to color in this figure legend, the reader is referred to the web version of

this article.)

Fig. 2. The Weddell gyre flow and in-situ temperature in 800 m depth derived from th

1999 and 2010. Red arrows indicate eastward currents, and black arrows westward curr

referred to the web version of this article.)
our observations, the observed changes in the Weddell Sea
Bottom Water were found to be significant (Fahrbach et al.,
2004). Since the WDW is one of the source components of bottom
water, the variations of the two water masses are possibly related
through the formation process; using our unique repeat section
time series we explore also other explanations.

We use the term Weddell gyre for the circulation system reach-
ing from the Weddell Sea up to 301E into the Enderby basin in the
Indian sector and the term Weddell system for the combination of
advective and transformation processes which in the Weddell gyre
acts to produce from the inflowing source water the deep water
masses contributing to the global overturning. In this study we
show that even when the properties of WDW in the Weddell gyre
are subject to decadal fluctuation, the excess of heat and salt
transported during such events is stored in the deep and abyssal
water masses inducing an increase of temperature and salinity. It
follows that the processes in the Weddell system, despite of
producing cold and low salinity Weddell Sea Bottom Water, transfer
heat and salt from the CDW directly into the Weddell Sea Deep
Water without necessarily affecting the bottom water production.
2. The data

Almost all data were collected during cruises with the ice
breaker RV Polarstern between 1992 and 2008 (except for the AJAX
cruise in 1984). This warrants a high consistency of the data set.
The data set obtained in 2008 (Fahrbach and De Baar, 2010) was
part of an International Polar Year project called Climate of
Antarctica and the Southern Ocean (CASO; http://classic.ipy.org/
development/eoi/proposal-details.php?id=132). Some sections
were occupied as part of the WOCE Repeat Sections Program
(Siedler et al., 2001). Later repeats along the Greenwich meridian
are a contribution to CLIVAR (http://www.clivar.org/organization/
southern/southern.php). All data are available at international
data centers and have so far appeared in several publications
(e.g., Fahrbach et al., 1995, 2004). A data collection highlighting 25
years of Polarstern hydrographic data, and including all but the
most recent data used here, was released (Fahrbach et al., 2007).
Polarstern plies this region of the Southern Ocean, in particular two
different sections: one along the Greenwich meridian from the
southern part of the Antarctic Circumpolar Current to the Antarc-
tic continent, thus completely crossing the Weddell gyre at this
longitude, and a second along a line connecting Kapp Norvegia and
Joinville Island at the tip of the Antarctic Peninsula (WOCE section
e data of 206 ice-compatible vertically profiling floats (Klatt et al., 2007) between

ents.(For interpretation of the references to color in this figure legend, the reader is

http://classic.ipy.org/development/eoi/proposal-details.php?id=132
http://classic.ipy.org/development/eoi/proposal-details.php?id=132
http://www.clivar.org/organization/southern/southern.php
http://www.clivar.org/organization/southern/southern.php


Fig. 3. Annual averages of the zonal component of current meter records in the northern limb of the Weddell gyre in 500 m depth (mooring AWI 228), in the southern limb

of the gyre north of Maud Rise in 700 m depth (mooring AWI 229) and in the southern limb south of Maud Rise in 700 m depth (mooring AWI 232). The location of the

moorings is indicated in Fig. 1.
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SR4) thus pinching off the Weddell Sea to the southwest. Here we
focus on the data from the Greenwich meridian section. Generally
the stations follow the lines within a few km, but in some cases
(AJAX) the distances from the lines are somewhat larger.

Data sets from the Greenwich meridian (southern part of
WOCE section A12) include

AJAX (leg 2) 16–29 January 1984
ANT-X/4: 5–19 June 1992
ANT-XIII/4 12–23 April 1996
ANT-XV/4 29 April–16 May 1998
ANT-XVIII/3 20 December 2000–2 January 2001
ANT-XX/2 30 November–19 December 2002
ANT-XXII/3 31 January–09 February 2005
ANT-XXIV/3 19 February–12 March 2008

All temperature and salinity data were collected with a CTD
instrument (conductivity, temperature, and depth) fixed to a
24-place rosette sampler with 12 l bottles. Details can be found
in Fahrbach et al. (2004, 2007) and Fahrbach and De Baar (2010).
Since 2000 a Seabird SBE 911plus CTD has been in use. Salinities
are reported on the Practical Salinity Scale (PSS78). Data of all
cruises are accurate to at least 0.003 1C in temperature, 2 db in
pressure and 0.003 in salinity. The high consistency of the
properties observed in the relatively stable Weddell Sea Deep
Water suggests that the accuracy is higher, notably 0.001 1C in
temperature and 0.001 in salinity (Fahrbach et al., 2004). Using a
large number of independent measurements, the ultimate accu-
racy is determined by the calibration procedure. As to tempera-
ture, the accuracy left after calibration by the manufacturer or the
Scripps Institution of Oceanography is 0.001 1C. The accuracy of
the salinity has always been set by calibration with IAPSO
standard seawater, which is better than 0.001 (Culkin and
Ridout, 1998). For the AJAX data collected with RV Knorr refer
to Chipman et al. (1986) and Whitworth and Nowlin (1987).

Moorings were maintained at the Greenwich meridian
between 69.51S and 571S from 1996 to 2008 and they carried
current meters, temperature sensors and upward looking sonars
(Fahrbach and De Baar, 2010; Klatt et al., 2005). Here we present
data from moorings AWI 228, AWI 229, AWI 231 and AWI 232
(Fig. 1). The number of instruments and the time span in which
they were active differ between moorings. We present data from
Seabird Microcats and Aanderaa thermistor strings TK250. The
thermistors were calibrated by Aanderaa before and after the
mooring period. Since the accuracy of the CTD temperature sensor
is much higher than that of the moored instruments, the records
of the moored instruments were corrected with a constant offset
to match the CTD profile at the time of deployment of the
instruments. The data were essentially processed as described
previously in Fahrbach et al. (1994).

Depending of the vertical current profile and mooring config-
uration, the motions of the moorings were generally significant,
resulting in noticeable vertical displacements of the sensors.
The strongest displacements occurred at AWI 229 by up to 300 m.
Deviations of this scale require corrections of the measured tem-
perature and salinity. Since not all instruments were equipped with
pressure sensors, the displacement of instruments without pressure
sensor had to be determined. According to the mooring configura-
tion, the motion can be approximated either by a solid rod or a rope
like the string of a kite. With the software package ‘‘MOORDESIGN’’
(Dewey, 1999, 2009), it was determined which of the two models
would fit the observed mooring displacement closer by applying
cosine functions or second-order polynomial fits. On the basis of the
selected model, the depths of the instruments without pressure
sensor were estimated.

Since the pressure records of Aanderaa current meters have a
lower resolution than those of Seabird Microcat/Seacat, the



Fig. 4. Vertical sections of potential temperature (A and C) and neutral density (B and D) along the Greenwich meridian from the Southwest Indian Ridge (left) to

the Antarctic continent (right) as measured during Polarstern cruises ANT-X/4 in 1992 (A and B) and ANT-XXIV/3 in 2008 (C and D). The main water masses are the

Circumpolar Deep Water (CDW), the Warm Deep Water (WDW), the Weddell Sea Deep Water (WSDW) and the Weddell Sea Bottom Water (WSBW). The reduction of the

areal extent of WSBW (o�0.7 1C) by 25% is clearly visible. Contour plots created with ODV (Schlitzer, 2010).

E. Fahrbach et al. / Deep-Sea Research II 58 (2011) 2509–25232512
former were only used in the absence of a Seabird instrument
with pressure sensor. Right after deployment, most pressure
records showed an exponential adjustment to the real instrument
depth, which had to be corrected. The computed time series of
temperature and salinity were checked within the mooring and
the Y/S-diagrams of the Microcats were adjusted to those of CTD
data obtained during deployment- and recovery cruises.
Since 1999, AWI deployed more than 130 Argo floats within
the Weddell gyre. Delayed mode quality control was applied
according to Argo standard (Owens and Wong, 2009), comparing
float data to high quality reference CTD data (climatology). These
comparisons were made on deep isotherms and assumed that the
temperature sensor of the float is stable and that salinity on deep
isotherms was steady and uniform. The accuracy of the float data
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is better than 0.01 1C in temperature and 0.01 in salinity (Argo
standard).
3. Results

3.1. The mean water mass properties

The section of potential temperature along the Greenwich
meridian obtained during cruise ANT-XXIV/3 in 2008 and the
first section occupied by Polarstern during cruise ANT-X/4 in 1992
serve as a background for the hydrographic situation (Fig. 4).
Detailed accounts on the hydrography of the region have been
published by Deacon (1979), Whitworth and Nowlin (1987), Orsi
et al. (1993), Schröder and Fahrbach (1999) and Fahrbach et al.
(2004). The northern boundary of the Weddell gyre at this
longitude occurs at about 561S (Klatt et al., 2005). The position
of the front is topographically controlled by the North Weddell
and the South Indian Ridge, but it is not immovable due to
variability of and interactions with the Antarctic Circumpolar
Current (ACC) to the north and the Weddell gyre flow to the
south. It may be placed at the location where the core of warm
water from the ACC meets the much colder subsurface water from
the Weddell gyre, i.e., where the lateral temperature gradients are
the highest and the density gradients point to high currents.
Although relatively warm Circumpolar Deep Water from the ACC
may intrude into the gyre at its northern boundary (Fahrbach
et al., 2004; Klatt et al., 2005), the major part of the warm water is
supplied to the gyre near its eastern end (Bagriantsev et al., 1989;
Deacon, 1979; Gouretski and Danilov, 1993; Schröder and
Fahrbach, 1999). After entering the gyre, the CDW (then known
as Warm Deep Water) joins the circulation as subsurface water in
the southern limb of the gyre in 60–681S, recognizable by a
potential temperature maximum of 0.6–1.0 1C at 200–300 m
depth. Note that the region of the potential temperature max-
imum is split at about 661S due to the circulation–topography
interactions induced by the seamount Maud Rise. In the northern
limb (56–601S) the WDW temperature is lower. This is caused by
mixing with colder waters above and below on its course through
the gyre. Accompanying the potential temperature maximum are
salinity, nutrients and total CO2 maxima, and an oxygen mini-
mum. Due to the northward Ekman transport in the Antarctic
Circumpolar Current and the northern limb of the Weddell gyre,
surface water is generally not able to penetrate into the gyre from
the north, but only in the south as part of the slope current and
coastal current (e.g., Núñez-Riboni and Fahrbach, 2009). Apart
from that, water with characteristics of Weddell Sea Deep Water
(see below) enters the gyre from the east (Heywood et al., 1999)
along the coast with its core at about 3500 m depth. This cannot
be distinguished in temperature–salinity fields, but stands out as
a CFC maximum (Hoppema et al., 2001; Meredith et al., 2000).

The lower boundary of the WDW is defined at 0 1C (Reid et al.,
1977). All water masses colder than 0 1C must derive from local
processes because such waters cannot originate from the ACC to
the north. Underneath the WDW the WSDW occurs as the most
voluminous water mass of the Weddell gyre. WSDW is separated
from the Weddell Sea Bottom Water by the �0.7 1C isotherm
(Carmack and Foster, 1975), which at the Greenwich meridian is
only found north of Maud Rise (Fig. 4). WSBW is formed in the
southern and western Weddell Sea through downward flow of
dense shelf waters into the deep sea, on its way entraining deep
water, and it is transported to the east within the northern limb of
the gyre (Foldvik et al., 2004; Nicholls et al., 2009). At the bottom
a temperature minimum is characteristic of WSBW. Although
direct WSDW formation from surface water and WDW occurs
(Fahrbach et al., 1995; Orsi et al., 1993; Schlosser et al., 1991;
Weppernig et al., 1996), most WSDW is thought to be a large-
scale mixing product of WDW and WSBW within the gyre (e.g.,
Foster and Carmack, 1976). The potential temperature of the
WSDW monotonically changes between that of the WSBW and
the WDW. Due to its large volume and the weak currents (Klatt
et al., 2005) resulting in a relatively long residence time, WSDW is
thought to be the most stable water mass of the region. Since
WSDW occupies a depth range that allows it to escape across the
ocean ridges to the north (Naveira Garabato et al., 2002a, 2002b),
it is the major source of Antarctic Bottom Water.

Since the Weddell gyre is a cyclonic feature, upwelling of
subsurface water into the surface layer occurs in the interior of
the gyre, frequently denoted as the Antarctic Divergence (Deacon,
1979). On gyre scale this can be discerned by doming of the
isotherms (Fig. 4), which reach their shallowest depth towards
the center of the gyre (60–621S). Also the surface layer is the
shallowest in this area. Note that on the Greenwich meridian, the
gyre is strongly asymmetric with a relatively narrow (order of
500 km) northern limb of eastward flow and a relatively broad
southern part (order of 1500 km). This is related to the topogra-
phical conditions with the seamount Maud Rise at 661S, and the
wind fields with the southward transition from westerly to
easterly winds at approximately 651S.

3.2. Variations of the deep and bottom water masses

Significant variations of the WDW and CDW properties have
been reported before (Fahrbach et al., 2004; Gille, 2002; Leach
et al., 2011; Meredith et al., 2001; Robertson et al., 2002 ). The
section data in the present study constitute an extension by
6 years of the data presented by Fahrbach et al. (2004). This data
set is complemented with long-term mooring data from the
Greenwich meridian and with float data and will allow a more
comprehensive view of the variations and strengthening of
conclusions. We calculated temperature and salinity time series
using all section data at the Greenwich meridian from 1984 to
2008. Computing methods were similar to those described by
Fahrbach et al. (2004). However, neutral density (Jackett and
McDougall, 1997; McDougall and Jackett, 2004) surfaces were
used as water mass boundaries guided by the assumption that
properties of a layer defined by neutral density limits are more
conservative than properties of a layer defined by potential
temperature limits. It can be seen that differences between the
temperature and the neutral density boundaries are barely visible
(Fig. 4). For investigating the large-scale picture, cross-basin
averages of potential temperature and salinity were computed
in order to diminish the effect of small to meso-scale features on
the detection of low period changes of water mass properties.
This was done for three deep water masses: WDW, WSDW and
WSBW as defined by the neutral density limits of 28.00, 28.27 and
28.40 kg/m3, which correspond closely to the 01 and �0.7 1C
potential temperature limits used before. The changes of the
mean temperature of the respective water masses are related to
the heat content by their layer thicknesses (Fahrbach et al., 2006;
Smedsrud, 2005). To the north the calculations were limited to
561S (as opposed to 551S in Fahrbach et al., 2004), whereas to the
south the continent constitutes a natural boundary. The northern
limit was selected in order to reduce effects of comparably small
displacements of the front between Weddell gyre and ACC. High
inter-annual variability near the northern rim was reported by
Martinson and Iannuzzi (2003). In order to investigate the
influence of the cross-basin average we calculated averages from
561S to 601S (northern part of the gyre) and 601S to 69.51S
(southern part of the gyre) separately. The results (not shown)
for the northern limb are noisier than for the southern limb due to
the large influence of relatively small variations of the Weddell
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Front. This confirms our assumption that we would obtain a more
representative measure of the low period variations of the gyre by
averaging over large areas, i.e., a large number of stations.

To calculate the mean properties of the individual layers, the
data set was gridded with a distance in the vertical of 1 m and
1 km in the horizontal. The uncertainty of the mean values is
determined by the horizontal and vertical variations along each
transect. With a correlation length of 50 km horizontally (i.e.,
more than the station distance) and 10 m vertically, we have
about 5000–10,000 independent samples per water mass. On this
basis the uncertainties for the mean potential temperatures and
salinities were calculated from the standard deviation.

Within expectation, the most pronounced variations, in the
order of 0.08 1C, were observed in the WDW (Fig. 5A), as
previously reported by Fahrbach et al. (2004) and Smedsrud
(2005). Due to basin-wide averaging, this range is significantly
smaller than local variations (for the latter, see e.g., Leach et al.,
2011). Inclusion of the AJAX data from 1984 suggests that the
increase of potential temperature during the 1990s was preceded
by and part of an earlier increase during the second half of the
1980s. Note that the shift to neutral density limits and the
exclusion of the region between 55 and 561S in this study has
an influence on the value of the average potential temperature of
Fig. 5. Variations of the section mean potential temperature (1C) and salinity in the We

and the Antarctic continent. Water mass boundaries are defined by neutral density su

Weddell Sea Bottom Water (E and F). The error bars were calculated as the error of the m

from 1984 to 1993, 1994 to 2002 and 2003 to 2008 for which the mean values are ind
the WDW, but not on the variations computed previously (com-
pare with Fig. 5 of Fahrbach et al., 2004). From about 1998 to
2005, the mean potential temperature of the WDW decreased to a
value near to the one of 1984. Data from 2008 show that the
potential temperature decrease of the WDW has come to an end
and a sharp increase has recommenced. The salinity of the WDW
was on rise during the 1990s, reaching a maximum in 1998 and
decreased to a minimum in 2005 after which it started to increase
again (Fig. 5B). Thus, potential temperature and salinity of the
WDW varied concomitantly.

Potential temperature of the WSBW decreased from 1984 to
1992 and increased again until 2002 staying almost constant from
then on (Fig. 5E). A comparison of the sections occupied in 1992
and 2008 demonstrates a remarkable difference of the properties
of the Weddell Sea Bottom Water. The area covered by WSBW
decreased by 25% in 16 years (Fig. 4). In the long term from 1984
to 2008 the salinity decreased, with almost all of the decrease
occurring between 1984 and 1992; a minimum was reached in
1998 (Fig. 5F).

There is an increase of the potential temperature of the WSDW
from 1992 to 2005 and a decrease to 2008 (Fig. 5C). Also, the
salinity of WSDW increased from 1992 to 2005, and decreased
sharply since then (Fig. 5D). The highest potential temperature of
ddell gyre from 1984 to 2008 observed on the Greenwich meridian between 561S

rfaces for Warm Deep Water (A and B), Weddell Sea Deep Water (C and D) and

ean value of independent samples. The time series are divided into three segments

icated by dashed line.
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the WSDW was measured in 2005 simultaneously with the
highest salinity.

Moored instruments were deployed and provide a quasi-con-
tinuous time series. We present a time series of temperature in the
WDW (Fig. 6) obtained from an array of temperature sensors
covering the period 1996–2008 at 641S and 66.51S along the
Greenwich meridian (moorings AWI 229 and AWI 231, see Fig. 1).
The potential temperature maximum of the WDW (200–300 m)
is visible in this depth range. During periods when the thermocline
reached deep enough it is recognizable by much lower tempera-
tures at 150–200 m. The bottom end of the array was between
600 and 800 m, i.e., at about 0.3 1C and thus within the WDW.
There are variations on seasonal, annual and multi-annual time
scale as shown by Cisewski et al. (2011). The vertical extent of the
Fig. 6. Isopleth diagram of temperature in the Warm Deep Water from 1996 to 2008 a

(top) and AWI 231 south of Maud Rise at 66.51S (bottom). For location see Fig. 1. The do

monthly averages. The depth of the sensors was corrected for mooring motion. On to

deployed. Mooring motion was much more intense at mooring AWI 229 than at moor
WDW core decreased from 1996 to 2005 when the minimum
temperature occurred and increased again after that. Due to the
failure of the deep instruments from 2004 to 2005 this is less
obvious in the record of mooring AWI 229 (Fig. 6 top). The tempera-
ture maximum is the highest at the beginning of the time series and
the lowest in 2003/2004 at 641S and 2005 at 66.51S; generally,
the temperature maximum was lower in the second half of the
time series. The combined data sets suggest that the intensive
annual or biannual fluctuations of the WDW temperature and layer
thickness visible in the quasi-continuous records might affect the
estimated intensity of the longer-term changes detected by means
of repeat sections due to undersampling, but does not generate the
decadal variations as a result of aliased higher-frequency signals
(Fig. 6).
t mooring AWI 229 located at the Greenwich meridian north of Maud Rise at 641S

ts represent the depths of temperature sensors. Contours are drawn on the basis of

p of the diagrams, the name of the cruise occurs during which the mooring was

ing AWI 231.
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4. Discussion

4.1. Potential causes of the variations

There are two processes that are potentially responsible for the
variations of the deep water mass properties in the Weddell gyre:
�
 Variations of the inflow of CDW from the ACC into the Weddell
gyre.

�

Fig. 7. Time series of properties of the Warm Deep Water as defined by neutral

density over the section along the Greenwich meridian: (A) thickness of the WDW

layer and (B) depth of upper limit of the WDW (at gn
¼28.0 kg/m3). The time series

are split into three segments from 1984 to 1993, 1994 to 2002 and 2003 to 2008

for which the mean values are indicated as dashed lines.
Variation of the circulation within the gyre.

Variations in the inflow of CDW during the warming phase of
the 1990s were discussed in Fahrbach et al. (2004), where
especially instabilities of the Weddell gyre boundary were found
to have an impact. Smedsrud (2005) emphasized ocean–ice–
atmosphere interactions to be the cause of heat content changes
in the Weddell gyre. We tried to compare the observed variations
of the properties of the WDW to variations of the inflow proper-
ties, where we assume that variations of the volume of the water
masses in the gyre are correlated to variations of the layer
thickness (Fig. 7A). This assumption is valid, since we are
discussing variations on the time scale of a decade or two which
is long enough that a signal from the inflow is propagating
through the gyre by advection and in consequence will not
remain locally confined.

With increase in WDW temperature during the 1990s
(Fig. 5A), the layer thickness increased from 1340 to 1390 m,
while the subsequent cooling seems to roughly coincide with
decrease of layer thickness, which reaches a minimum of 1340 m
in 2001 (Fig. 7A). Note that this is earlier than the temperature
minimum in 2005 (Fig. 5A). Both layer thickness and temperature
increased from 2005 to 2008, where the former reached an
absolute maximum of 1420 m. Fahrbach et al. (2004) explained
the WDW warming during the 1990s by increased inflow due to
instabilities of the boundary between Weddell gyre and ACC. This
is consistent with a relatively large layer thickness in the 1990s
(as an indicator of large volume). The warming during the 2000s
is related to an increase of the layer thickness of 70 m again.
A thicker WDW layer is likely to induce a shallower upper WDW
limit (defined by the 0 1C isotherm or gn

¼28.0 kg/m3), which in
2008 was relatively shallow with 118 m indeed (Fig. 7B). How-
ever, since the upper boundary of the WDW changed only by
about 20 m the major volume increase of WDW (about 80 m)
must have resulted from deepening of its lower boundary.

The WDW layer is ascending by upwelling in the interior of the
cyclonic gyre and eroded at the top by entrainment into the
Winter Water layer. At the bottom of the layer, mixing with the
WSDW takes place. We expect that a transient inflow event is
dissipated on a time scale of decades.

Since WDW is the main ingredient for WSBW and WSDW
formation (Foster and Carmack, 1976), changes in these water
masses are expected to be related. However, our data (Fig. 5)
suggest that such relations are only valid over longer time scales.
Actually, from 1984 to 1992 WSBW and WSDW temperatures
and salinities decreased whereas the WDW was warming and
increased in salinity. From 1998 onwards WDW was cooling and
freshening whereas WSBW and WSDW were warming and their
salinity increased (Fig. 5). This suggests that the variations in the
WDW and WSBW/WSDW are either decoupled or subject to a
time lag of the order of 5–10 years, which would be consistent
with the typical time scale of the Weddell gyre circulation: WDW
has to be advected from the Greenwich meridian into the WSBW/
WSDW formation regions and the product has to return back to
the Greenwich meridian. With a speed of 2–5 cm/s (Fig. 3) the
distance of about 5800 km would take 3–8 years. This is consis-
tent with the float data, which result in a time scale of about
5 years when combining the tracks in the southern and
northern limb.

4.2. Variations in the Weddell gyre circulation

The cyclonic Weddell gyre circulation at the Greenwich
meridian is evident in the tracks of the vertically profiling floats
that display the eastward flow in the northern limb of the gyre
and the westward flow in the south (Fig. 2) as a composite of data
obtained from 1999 to 2010. This is consistent with the records
from the current meter moorings between 1996 and 2008. The
records indicate eastward current at mooring AWI 228 in the
north and westward current at moorings AWI 299 and AWI 232 in
the south (Fig. 3). The direct current measurements are consistent
with the temperature and density fields displaying a doming of
the isotherms (Fig. 4) and isopycnals. The doming of the iso-
pycnals results in a trough of the geopotential anomaly (i.e.,
dynamic height) centered at 601S (Fig. 8). Whilst the northern
limb of the gyre clearly stands out by its geopotential anomaly



Fig. 8. Geopotential anomaly relative to 2000 db as a composite for all eight

sections along the Greenwich meridian. The averages for the northern and the

southern limbs of the Weddell gyre are displayed by thick lines. The southern limb

is split into the area north and south of Maud Rise and the circulation around

Maud Rise (about 661S) is excluded from our considerations.
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gradient, the southern limb flow is perturbed by Maud Rise (at
about 661S) where westward flow passes this seamount on its the
northern side, while another part is deviated to the south (see
also Leach et al., 2011) joining the Antarctic Slope Current.
Topographical features like Maud Rise lead to locally trapped
currents (e.g., Taylor column; Lindsay et al., 2008; Muench et al.,
2001).

The hydrographic data cover the longest time period of our
observations, namely from 1984 to 2008. The current meter
records from 1996 to 2008 cover a shorter time period but are
free of the uncertainty of aliasing. Still, since the currents are
seriously affected by small scale structures of local topography,
we consider the gradient of the geopotential anomaly a more
suitable indicator to the large-scale circulation. However, we have
to take into account that the barotropic component of the current
might not be fully represented by a constant reference level of
2000 db.

The northern and southern slopes of the geopotential anomaly
were fitted by straight lines for all sections to obtain time series of
the intensity of the gyre flow. To take into account the influence
of Maud Rise, the southern slope was split into the parts north
and south (67–69.41S) of the seamount (Fig. 8). The southernmost
part of the gradient associated with the shelf front is not included,
since it is not relevant for the transport of deep water masses.
The resulting time series are displayed in Fig. 9A–C. Steep
dynamic topography concurs with strong flow and a gentle slope
with weak flow. The scales clearly indicate the more intense
narrow eastward flow in the north (Fig. 9A) and the more diffuse
westward flow in the south (Fig. 9B). The variability of the flow is
characterized by a trend with a superimposed decadal fluctuation.
In the north the trend dominates and in the south the decadal
fluctuation.

In order to correlate variations in the flow intensity, water
mass properties and potential driving forces, the uncertainty due
to higher frequency variations needs to be reduced. To this end
we averaged the data in three intervals: 1984–1993, 1994–2002
and 2003–2008. These time intervals were defined on the basis of
the wind variations displayed in Fig. 9D–F. The averages of the
flow of the northern limb display a decrease of eastward flow
with a minimum in the middle period (Fig. 9A). In the southern
limb north of Maud Rise, strong westward flow is followed by a
period of weak flow with subsequent partial recovery (Fig. 9B). In
the area south of Maud Rise the flow decreases and even reverses
to eastward flow in the 1993–2003 period with a subsequent
recovery as well. Due to the limited time duration, the current
meter data can only confirm during the second part of the
observation period from 1996 to 2008 the decreasing eastward
current in the north (mooring AWI 228) and the westward
current increasing since 1998 in the south at mooring AWI 232
(Fig. 3). At mooring AWI 229 north of Maud Rise inter-annual
fluctuations dominate.

After averaging the temperature and salinity time series of the
water masses (Fig. 5) to the same periods as the geopotential
anomaly (Fig. 9), the variations of the flow field and the water
mass properties show the clearest correspondence of the decadal
fluctuation of the southern limb. The sequence of strong to weak
and again strong flow corresponds to cold, warm and again cold
temperatures of the WDW, respectively (Table 1). This suggests
that a period of strong flow induced a subsequent warm period
during which the flow already weakened with a subsequent
cooling. The increase in temperature during the second period
of strong westward flow is only visible in 2008. The decreasing
eastward flow of the northern limb corresponds to increasing
temperature and salinity in the WSDW and WSBW.

Under geostrophic conditions, changes of the gyre flow would
lead to local or regional temperature and salinity changes, which
compensate each other, but not to a net change of the heat
content—e.g., stronger flow than average causes cooling in the
center of the dome and warming at the periphery and vice versa
(Meredith et al., 2008). This must be distinguished from net
warming due to regional inflow from outside the gyre related to
a net heat gain.

4.3. Ocean–atmosphere interactions

The large-scale circulation of the Weddell gyre is known to be
wind-driven (Gordon et al., 1981), while the baroclinic currents are
relatively small (Klatt et al., 2005; Whitworth and Nowlin, 1987).
This supports the notion that momentum flux by wind stress is
readily transferred into the ocean (e.g., Webb and de Cuevas,
2007); hence variation of the wind speed is the prime candidate
to explain variability within the gyre. Martinson and Iannuzzi
(2003) suggested that there are teleconnections between El Niño–
Southern Oscillation and the Weddell gyre flow, as did Gordon
et al. (2010) who also found a correlation between the WSBW and
the wind variability over the gyre. Jullion et al. (2010) and
Meredith et al. (2011) suggest correlations between wind forcing
and AABW warming and outflow from the western Weddell gyre.

Since air pressure is the atmospheric property best repre-
sented in the ECMWF reanalysis (Uppala et al., 2005), we apply
the meridional surface air pressure gradient as a measure for the
zonal wind velocity. The low pressure system over the Weddell
gyre is centered at 651S, and thus there is westerly wind north of
that latitude and easterly wind south of it (Fig. 10). Consequently,
the northern portion of in the southern limb of the gyre with
westward flow is usually against the wind, and the southern
portion with the wind—in this respect, note that the divide
between east and westward water flow, i.e., the axis of the water
gyre, is at about 601S, that is 500 km north of the center of the
atmospheric low pressure system (Fig. 10). In accounting for such
locally significant features, we calculated time series of air
pressure gradients between 601S and 551S for the wind belt
relevant for the eastward flow in northern limb of the gyre and



Fig. 9. Time series at the Greenwich meridian of geopotential anomaly gradient (A) in the northern limb of the gyre, (B) in the southern limb of the gyre north of Maud Rise

and (C) in the southern limb of the gyre south of Maud Rise. Time series of annual averages of air pressure differences are representative for the northern limb of the gyre

(D), the southern limb north of Maud Rise (E) and the southern limb south of Maud Rise (F). The time series are split into three segments from 1984 to 1993, 1994 to 2002

and 2003 to 2008 for which the mean values are indicated by dashed lines.

Table 1
Summary of conditions leading to the three periods of in- or outflow. We

distinguish strong and weak flow of the Weddell gyre by the slope of the

geopotential anomaly in the northern, central and southern parts, the winds

related to air pressure differences, the properties of the water masses (WDW,

WSDW and WSBW) and the potential of in- or outflow from the gyre or

recirculation within the gyre from the normalized difference and intensity of

the eastward and westward gyre flow.

1984–1993 1993–2003 2003–2008

Slope north High Low Average

Winds north Low High Low

Slope center High Low Average

Wind center Low High Low

Slope south High Low High

Winds south High Low High

WDW Cold Warm Cold

WSDW Cold Cold Warm

WSBW Cold Cold Warm

Inflow/outflow þþ – þ

Recirculation þþ – þ

E. Fahrbach et al. / Deep-Sea Research II 58 (2011) 2509–25232518
between 651S and 601S for the northern part of the westward
water flow and between 701S and 651S for the southern portion of
it (Fig. 9D–F). It must be admitted that the uncertainties in these
time series are relatively large due to large variability of the wind
system and the long time intervals from section to section; thus
our interpretation cannot claim to be statistically significant.
However, we think that by restricting our discussion to the
variations of the averages of the three time periods 1984–1993,
1994–2002 and 2003–2008 as we did for the water mass proper-
ties and the flow intensity, the observed patterns are robust.

The time series of the air pressure (Fig. 9D–F) depict a
consistent structure related to a meridional displacement of the
west wind drift during the middle time period of our observations
from 1994 to 2002. At the beginning of the time series in the mid-
1980s strong westerly winds in the north and weak easterly
winds in the south were related to a rather southerly position of
the low pressure system, inducing strong eastward flow in the
northern Weddell gyre and weak westward flow in the south.
In the early 1990s easterly winds increased in the south. In the



Fig. 10. Surface air pressure in the Atlantic sector of the Southern Ocean from ECMWF data for a typical year, 1997. Arrows indicate the generalized water flow in the

northern (to the right) and southern (to the left) limbs of the gyre. The red arrow denotes water that flows against the direction of the prevailing winds. (For interpretation

of the references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 11. Schematic representation of the wind system and the Weddell gyre east of the Greenwich meridian. On the left, the situation with strong westerly winds and

strong flow in the northern limb of the gyre is displayed; on the right side the inverse situation with weak flow in the north and strong flow in the south with resulting

inflow from the east. The shape of the isopycnal surfaces is schematically indicated by a red line. A strong inclination is related to steep dynamic topography and strong

flow. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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mid- to late-1990s this situation was reversed with strong westerly
winds in the north and weak easterly winds in the south. Another
reversal back to the previous state occurred in the mid-2000s.

Averaged over the three phases, we can identify corresponding
patterns in the wind and in the currents variations (Table 1).
Whereas in the northern limb the westerlies show relatively small
variations, in the southern limb decadal fluctuations in the order
of the mean value dominate. North of Maud Rise weaker wester-
lies from 1984 to 1993 are followed by stronger westerlies from
1994 to 2002 and weakening again from 2003 to 2008. South of
Maud Rise stronger easterlies prevail from 1984 to 1993; they
relax from 1993 to 2002 and recover again from 2003 to 2008.

The southern gyre water flow followed this pattern with
strong westward flow when the easterly winds were strong and
weak westward flow with weak easterly winds (Table 1).
The variations of the westerly winds do not affect the flow in the
northern and southern limbs of the gyre in a correlated manner,
but increasing westerlies enhance the eastward flow in the north
and weaken the westward flow in the south. In consequence both
limbs of the gyre are not in phase and their water transports differ.
Since the gyre is with respect to water masses (except for the
Weddell Sea Bottom Water) not bounded by topography in the east
and north, strong westward flow in the southern limb is not
inconsistent with weak eastward flow in the northern limb or vice
versa (Fig. 11). Diverging transports might be compensated by
enhanced inflow in the slope current and elevated outflow along
the northern boundary of the Weddell gyre, west of the Greenwich
meridian (Naveira Garabato et al., 2002b).

We estimated the inflow/outflow conditions by comparing the
normalized northern and southern slopes by assuming that on
average over the observation period they are balancing each other
(Table 1). It turns out that during the first phase from 1984 to 1993
the eastward water flow in the southern part of the gyre was
stronger than the flow in the north, resulting in an inflow situation.
In the second phase from 1994 to 2002 the northern flow was
stronger generating an outflow situation. In the third phase from
2003 to 2008, the northern and southern flows were balanced.

As to the WSBW, it cannot leave the gyre due to the height of
the ridges—note, though, that Gordon et al. (2001) suggests that
some low-salinity, more oxygenated variety of WSBW, which is
recently formed, may leave the gyre in the west. WSBW is
transported to the east in the northern gyre flow. We hypothesize
that, as in the above case, when there is stronger transport to the
west in the southern limb than to the east in the northern gyre
limb, a temporal accumulation of WSBW in the west may occur
and the amount of WSBW in the eastern part of the gyre would be
diminished as during the phase from 1984 to 1993 (Table 1).
A comparable result can be obtained when the gyre weakens
completely and in consequence the supply of WSBW to the
eastern part of the gyre would be slowed down as during the
phase from 1994 to 2002. Our data suggests that such a mechan-
ism is active and explains that the area occupied by the WSBW
along the section (in the eastern gyre region) decreased signifi-
cantly from 1992 to 2008 (Fig. 4).
5. Conclusions

Pronounced variations on a multi-annual time scale occurred
in the properties of all water masses on the Greenwich meridian



Fig. 12. Difference of potential temperature (left) and salinity (right) of selected sections from 1992 (ANT-X/4), 1998 (ANT-XV/4), 2005 (ANT-XXII/3) and 2008 (ANT-XXIV/

3) against the long term means of all sections between 1984 and 2008. Red represents higher temperature and salinity, and blue means lower temperatures and salinity.

The black line in the sections represents the lower boundary of the Warm Deep Water. (For interpretation of the references to color in this figure legend, the reader is

referred to the web version of this article.)
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over a time period of 24 years. The mean WDW temperature
increased until the mid-1990s and decreased until 2005.
A connection between WDW trends in the Weddell Sea and the
adjacent, downstream Scotia Sea may exist (Jullion et al., 2010;
Meredith et al., 2008). The mean temperature of the WSDW and
the WSBW on the Greenwich meridian has generally risen from
the 1980s till 2008.

The long-term changes of the water mass properties are
related to changes in the atmospheric driving forces, as displayed
by meridional air pressure differences on the Greenwich mer-
idian. In the southern limb of the Weddell gyre with westward
water flow, there are periods of far southward reaching westerly
winds (thus counteracting water flow) and periods when the
easterly winds reach farther to the north (thus less counteracting
water flow). According to the variations of geopotential anomaly,
which are consistent with current meter records, the northern
and the southern limbs of the Weddell gyre vary relatively
independently of each other as a consequence of regional wind
variations. Strong flow in the north and weak flow in the south
implies that not all water from the northern limb can be
transferred into the southern limb and in consequence has to
abandon the gyre, i.e., in that case the Weddell system supplies
more WSDW to the world ocean. For a schematic representation
of this situation, see Fig. 11. During periods of stronger westward
flow in the south than eastward flow in the north, the flow in the
southern limb of the gyre needs replenishing by new inflow into
the gyre. This implicates the gyre is open to the east allowing for
inflow or outflow of water masses in the gyre area according to
the mismatch of westerly and easterly winds. The complicated
interaction between water flow and atmospheric forcing of the
southern gyre limb combined with the open gyre conditions are
the ultimate cause of the fact that southward shifting westerly
winds do not necessary lead to gyre flow intensification.

Variations in the northern and southern regimes can be
discerned in the inclination of geopotential anomaly. In case of
weaker eastward flow in the north, the inclination of the deep
isopycnals would decrease, bringing colder WSDW into the depth
of the crest of the mid-ocean ridges, which will allow for an easier
exit of WSDW from the gyre into ACC and world oceans. Meredith
et al. (2008) described such a mechanism to explain variations of



Fig. 13. Time series of the areal extent of temperatures (A) and salinities (C) higher than the long-term average for the section along the Greenwich meridian from 1984 to

2008, and of the potential temperature (B) and salinity (D) averaged over the entire section below 170 m depth.
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the WSDW, originating from the Weddell Sea, in the adjacent
Scotia Sea. However, stronger flow in the north would also imply
stronger WSDW outflow to the east into the Indian Ocean. As a
consequence of strong westerly winds in the early 1980s and late
1990s in the area (Fig. 9), we suppose more WSDW to have left
the Weddell Sea during these periods.

The circulation of Weddell Sea Bottom Water in the Weddell
gyre is controlled by the same ocean–atmosphere processes. Our
observations showed that the layer of WSBW found at the
Greenwich meridian decreased by 25% in areal extent in 16 years
(Fig. 4). The area decrease is spatially biased towards the south,
indicating that the warming or loss of cold water has been the
strongest there. This is consistent with the stronger flow to the
west in the southern limb of the gyre compared with the supply
in the north. The corollary to this is that the apparent bottom
water warming on the Greenwich meridian need not be caused by
reduced formation of WSBW or formation of warmer WSBW in
the western Weddell Sea, but that there may be a transient
change in the budget of the reservoir in the eastern part of
the basin.

One of the outstanding questions is how the Weddell system
copes with the changes of the atmospheric driving forces related
to climate change. Fyfe (2006) indeed suggests that the tempera-
ture trends in the CDW of the Southern Ocean are of anthropo-
genic nature. A southward shift of the west wind belt has
occurred related to a trend to a more positive phase of the
Southern Annular Mode before the start of our time series in
the early 1980s (Marshall, 2003; Sallée et al., 2010). In the
Weddell system the increased and southward displaced westerly
winds have been slowing down the southern limb of the gyre.
After northward retreat of the westerly winds and increase of the
easterly winds in the south in the late 1980s/early 1990s, a warm
event was able to penetrate through the gyre. This was termi-
nated by another southward shift of the westerly winds in the
mid-1990s followed by the next event in the 2000s leading to
new warming. In spite of the sequential inflow events, the area of
the section that is warmer than the long term average increased
steadily (Fig. 12) from 45% in 1996 to 80% in 2008 (Fig. 13A),
consistent with a steady increase of the mean potential tempera-
ture of the area between 170 m (excluding the strong seasonal
effects of the near surface layer) and the bottom by 0.04 1C
(Fig. 13B). Consistent with the potential temperature, the area
of salinities above the long-term average (Fig. 13C) and the mean
salinity (Fig. 13D) were increasing as well. The effect of the warm
pulses appears to have accumulated and transferred the heat
into deeper layers. This renders the Weddell system a conduit to
bring atmospheric heat into the deep ocean and contribute
significantly to the ocean’s role as a heat buffer, consistent with
Heywood and Stevens (2007). If the heat would have stayed in the
170 m thick near-surface layer and not have been transferred into
the deep ocean, this layer would have warmed by about 1 1C over
24 years.

It is worthwhile noting that the new CDW is not being
vertically mixed into the deep ocean in the time scales of months
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to years. The changes in the deep layers are mainly due to the
dynamic effect where stronger flow in the gyre is related to
stronger doming. Increase in doming is related to increasing
convergence in the dome with warmer and more saline water
moving towards the center of the gyre. This lateral shift results in
a temperature and salinity increase in the full water column. Only
at the boundaries warm water from the CDW can penetrate to
greater depths. The same mechanism holds for eddies with a
barotropic component, which give rise to correlating changes in
the complete water column.

During periods of stronger easterly winds in the early 1990s
and 2000s, stronger onshore Ekman transport will have induced
stronger downwelling along the continental slope in the south.
Simultaneously, stronger westward flow hit the rough topogra-
phy of Maud Rise most likely increasing mixing there. The
Weddell system is not only a prominent contributor to a cool
abyssal ocean by way of bottom water formation, which has long
been a well known fact. Importantly, it also contributes to a
longer-term vertical heat transport due to the formation of
warmer and saltier than normal WSDW, which spills into the
global ocean thereby serving as a heat buffer to damp global
warming for the abyssal oceans.
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