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 Dense water formed over the Antarctic continental shelf rapidly 

descends into the deep ocean to spread as Antarctic Bottom Water, 

ventilating the global ocean1,2. The coldest and most voluminous component 

is Weddell Sea Bottom Water1,3,4,5,6,7. Here we present an 8-year 

observational record (3 April 1999 to 29 January 2007) of the benthic layer 

stratification within the Weddell Sea Bottom Water export path southeast of 

the South Orkney Islands. A pronounced bottom temperature seasonal cycle 

is apparent, with the coldest pulse in May/June, warmest in 

October/November, though the timing of these phases vary with year. The 

cold pulse thermohaline characteristics and mean bottom current of 0.1 m/s 

indicate an origin in the southwest Weddell Sea, with shelf water discharge 

during the prior austral summer. The coldest bottom occurred in 1999 and 

2002; in 2000 the cold phase was absent. We propose that the Weddell Sea 

Bottom Water seasonal fluctuation is governed by the wind seasonal cycle 

over the Weddell Sea western margin, with the interannual fluctuations 

linked to variability of the wind-driven Weddell Gyre. The observations 

suggest a link of Weddell Sea Bottom Water generation to the Southern 

Annular Mode and El Niño Southern Oscillation. 

 

 The ratio of Antarctic Bottom Water (AABW) to North Atlantic Deep 

Water (NADW) volume within the deep ocean is estimated as 1.7, with AABW 

covering more than twice the sea floor area than NADW8. Observations within 
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the Southern Ocean’s Pacific sector indicate a decadal trend of decreasing salinity 

by increased glacial melt water9,10,11, which if continued might be expected to 

reduce the formation rate of bottom water. Trends in the Weddell Sea are less 

clear. 

 

 The cyclonic flowing Weddell Gyre is the dominant circulation feature 

south of the Antarctic Circumpolar Current in the Southern Ocean’s Atlantic 

sector5. Relatively warm circumpolar deep water enters the Weddell Gyre east of 

the Greenwich Meridian, cooling as it traverses westward within the coastal 

current forming the gyre's poleward limb12. It eventually reaches the southwestern 

Weddell Sea and the eastern margins of Antarctic Peninsula, where it spreads 

onto the continental shelf. Sea-air-ice exchange over the shelf forms freezing 

point, dense, high salinity shelf water (HSSW). The export of the dense shelf 

water across the outer edge of the shelf 13 leads to Weddell Sea Bottom Water 

(WSBW)5,7,14,15.  

 

Temperature/salinity (T/S) sensors and current meters moored southeast of 

the South Orkney Islands (Fig. 1) provide a timeseries within the axis of the 

eastward flowing WSBW stream, as identified by archived Weddell Sea 

data5,14,16. We find a distinct seasonal cycle of bottom water characteristics at M3, 

interrupted by an anomalous warm period in 2000 (Fig. 2). The 6-year 1999-2005 

record from M2 within the Weddell Sea Deep Water (WSDW), which is a mixture 

of WSBW and Weddell Warm Deep Water, ranging from 0.0°C to -0.7°C14 shows 
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the 2000 anomaly but does not display the distinct M3 seasonal cycle (Fig. 2), 

presumably because the bottom intensified injection of dense shelf water into the 

WSBW layer is attenuated during the mixing process leading to WSDW. At M3 

the bottom potential temperature (θ°C) multi-year mean seasonal cycle ranges 

from -0.85°C to -0.96°C, with the coldest pulse in May/June and the warmest in 

October/November. The monthly timeseries range is nearly 0.3°C, with the daily 

θ°C fluctuations of 0.1°C from the monthly curve. The temperature difference 

between the bottom water and that 500 m off the sea floor increases as the bottom 

temperature decreases. Increased stratification coinciding with the coldest bottom 

water is an expected product as the shelf water injection is bottom intensfied2.  

 

The monthly timeseries shows that the cold and warm pulses timing and 

amplitude vary markedly with year. The coldest events occurred in 1999 and 

2002, while in 2000 it was absent. After 2002 the deviations from the mean 

seasonal cycle are small, with slight cooling from late 2003 into early 2005. The 

bottom salinity also reveals interannual changes, with relatively salty bottom 

water observed in 2001 and 2002. The salinity variability forms a ‘fan-like’ 

appearance of the M3 WSBW θ/S scatter (Fig. 3), suggesting a variable source of 

the shelf water end-member. The θ/S characteristics indicate a Ronne Ice Shelf 

HSSW origin5, with the lower salinity WSBW derived from the shelf further 

north along the eastern margins of Antarctic Peninsula5,7,14,15. In consideration of 

the distance along the continental margin from likely sources of shelf water to the 

average timing of the M3 cold pulse peak of 1 June and using the approximate 
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mean bottom speed of ~0.1 m/s at M3, the export of the shelf water is estimated to 

occur during the December / January time frame. Austral summer release of dense 

shelf water is observed in the Ross Sea17.    

 

 The M3 1999 cold bottom water event is followed by an abrupt increase of 

temperature and salinity in March 2000 (Fig. 2), which continued until March 

2001. The "warm spell" accelerated in August 2000. We interpret the 2000-2001 

warm event as the absence of shelf water export in the 1999/2000 austral summer. 

As the locally produced WSBW drained away from the mooring site the benthic 

layer was eventually replaced in August 2000 with the deep water from the 

southern limb of the Weddell Gyre, which is saltier than that of similar 

temperature water along the northern limb that normally incorporates newly 

formed WSBW. This is evident in comparison of the WOCE A2318 stations 9-22 

(southern limb) with 23-31 (northern limb; see Fig. 4c of ref 18). The normal 

seasonal curve returned in April 2001. The first half of 2002 was marked by 

anomalously cold bottom water at M3. 

 

 The export of shelf water depends on shelf water abundance and the 

release mechanism across the shelf break.  As the residence time of the Weddell 

shelf water is of order 5 years19, at the yearly timescale the release mechanism is 

the primary factor, but at longer timescales, replenishment of the HSSW 

inventory becomes increasingly important. It is proposed that the seasonal 

variability of the shelf water export, and the anomalous 1999-2001 and 2002 

interludes are related to the varying regional wind, which affects the shelf front 
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position and the Weddell Gyre intensity. Before providing evidence in support of 

this hypothesis we caution: the Weddell timeseries at a fixed location within the 

Weddell Gyre northern limb may record variability in the path of a quasi-fixed 

WSBW stream or changes in the thermohaline composition of the WSBW stream. 

We advocate the latter: that the observed bottom water variability is a response to 

changes in shelf water discharge. This assertion is supported by the placement of 

the moorings near a steep topographic escarpment (Fig. 1) that provides boundary 

guiding of the WSBW stream. Additionally, the cold bottom water is strongly 

bottom intensified and has a seasonal signal distinct from that of the WSDW, 

attesting to its gravity current2 origin, which is expected to exhibit temporal 

fluctuations. Furthermore the mean bottom water gradients across the Weddell 

Gyre (Fig. 1; and bottom water maps16) cannot duplicate the observed 

thermohaline fluctuations recorded at M3 by simple gyre shifting. 

 

 Assuming the availability of dense shelf water, its export to the deep 

ocean depends on the position of the shelf/slope front relative to the outer edge of 

the shelf. Shoreward position of the front stymies shelf water escape. We 

proposed that the austral summer timing of the shelf water export is a 

consequence of the seasonal wind cycle (Fig. 4a). Strong winter wind towards the 

northeast induces large Ekman transport towards the northwest, pressing western 

Weddell Shelf break front shoreward restricting access of dense HSSW to the 

continental slope. In the austral summer this effect is reduced with the wind 
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strength, allowing the intrinsic seaward pressure gradient associated with the 

dense shelf water to shift seaward, prompting escape to the slope.  

  

 Interannual variability of M3 bottom temperatures may be linked to 

prolonged periods of strong northward wind (Fig. 4b), which increase dense shelf 

water production by inducing a more active winter coastal polynya adjacent to the 

Ronne Ice Shelf20. Strong summer meridional winds act to remove freshwater 

locked up within advected sea ice floes, preconditioning the region for increased 

production of dense shelf water in the subsequent winter. A model study21 links 

the meridional wind, sea ice concentration, and HSSW. The strong northward 

winds in 1998  have been shown to have created an anomalous glut of HSSW20, 

which might have led to the 1999 cold anomaly. Similarly the prolonged strong 

northwards wind of 2000 and 2001 led to the 2002 M3 cold event. Weak 

northward wind is not conducive to dense shelf water formation, therefore the 

period of weak or southward wind in 1999 did not 'refill' the shelf water inventory 

and reduced the potential for cold water export in the austral summer of 

1999/2000, leading to anomalous warm bottom water in 2000 at M3. Additionally, 

the stronger northward wind of 2000 may have also restricted the export of shelf 

water. 

 

 Weddell Sea winds, which we suggest are key importance in driving the 

WSBW variability, can be related to large scale climate indices such as the 

Southern Annular Mode (SAM) and El Niño Southern Oscillation (ENSO).  A 
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positive SAM phase is associated with stronger westerlies and increased wind 

stress curl over the Weddell Sea22,23, as seen in 1998 and late 2001 (Fig. 4c) 

resulting in conditions favorable for increased export of WSBW by depressing the 

depth of the pycnocline over the continental slope, demonstrated by anomalously 

cold pulses in 1999 and 2002.  Over longer time periods stronger westerlies 

engender greater injection of warm circumpolar deep water into the Weddell 

Gyre4, which may eventually add salt to the shelf increasing production of bottom 

water24. However, in the peninsula region, low pressure anomaly causes weaker 

or southward winds in the western Weddell that may decrease HSSW formation20. 

This is seen in Fig. 4d after the prolonged positive SAM in 1998 – 2000.  On 

longer time scales surface layer freshening occurs during the positive SAM 

phase25. 

 

 ENSO also affects the Weddell Sea (Fig. 4d).  Cold (warm) events are 

characterized by anomalous low (high) pressure over the Bellingshausen Sea 

region, affecting the conditions on the Atlantic side of the peninsula and lesser on 

the Pacific side, causing a dipole pattern in ice edge extent, meridional winds, and 

surface air temperature26,27. The strong El Nino of 1997 – 1998 relates to strong 

northward winds in the western Weddell Sea in 1998 while the strong La Nina 

that followed relates to the reversed offshore winds of 1999.  Though weaker, the 

2002 – 2003 El Nino anomaly supports this as well.  

 

   The Weddell Sea wind field also reflects the overlapping effects of the 
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SAM and ENSO28,29. For example, the largest magnitude WSBW anomalies in 

1999, 2000, and 2002 are all preceded by opposite-phase instances of ENSO and 

SAM.  Likewise, when the phase relationship is unfavorable, the two modes may 

“cancel” each other's impacts.  This is evident in late 2003 in which both indices 

are positive, the offshore winds are strong, but the cyclonic wind stress curl is 

anomalously weak.  Hence the cold pulse in 2004 is not as cold as that in 1999 or 

2002.  

 

 We find that WSBW export displays strong seasonal cycle of bottom 

temperature, with the coldest phase in the May/June period, though significant 

year to year changes are evident. The likely source of the cold water is the release 

of southwest Weddell Sea shelf water during the prior austral summer. The 

coldest bottom occurred in 1999 and 2002, while in 2000 the cold phase was 

absent. We propose that the seasonal and interannual fluctuations of WSBW 

export reflects variability of wind forced shelf water escape into the deep ocean 

from the southwest Weddell Sea. Extended timeseries of the AABW outflow is 

required to investigate the Southern Ocean meridional overturning circulation 

response a warming climate scenario and associated trends in climate indices30. 

 

 

 
Methods 

 Two oceanographic moorings (M2 and M3) have been maintained on the 

continental slope south of the South Orkney Plateau since their initial deployment 
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in 1999 (Fig. 1).  The moorings have been recovered and redeployed at varying 

time intervals, determined primarily by research vessel availability (Fig. 2).  

Mooring maintenance was scheduled on a time-and-space-available basis on 

several national programs’ vessels:  US Antarctic Program L M GOULD (LMG, 

1999, 2000, 2003, 2004 and 2005) and NP PALMER (NBP, December 2001, 

2006); Brazilian Antarctic Program NApOc ARY RONGEL (February 2001); and 

the British Antarctic Survey RRS ERNEST SHACKLETON (2007).   Due to sea 

ice and  weather constraints, mooring maintenance was not possible during the  

LMG 2003, 2004 and NBP 2006 cruises.  

 

 The moorings are anchored to the sea floor, each instrumented with 2 

current meters (Aanderaa RCM8; 2000-2007), 2 conductivity-temperature 

recorders (SBE37 Microcat, CT) and 3 temperature recorders (SBE39, T).   M2 

and M3 are similarly configured.  The near-bottom current meter is nominally 15 

m above the bottom.   One of the CT recorders is positioned 5 to 25 m above the 

bottom current meter.  The second current meter is positioned at the top of the 

mooring, nominally 500 m above the bottom, with the remaining CT instrument 

50 m below that, ~450 m off the bottom.  The top two instruments are equipped 

with pressure sensors.  The 3 temperature recorders are distributed on the 

intervening mooring line at approximately 125 m intervals.   

 

 The current meters sampled every 30 minutes; the CT every 15, and the T 

7.5 minutes.   The raw data were screened to remove deployment/recovery 
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transients, then averaged and interpolated to a common hourly time base.  

Conductivity-Temperature-Depth (CTD) profiles were obtained near each of the 

mooring sites during the initial deployment and most of the subsequent 

maintenance cruises.  A Sea-Bird Electronics (SBE) model 911 CTD was used in 

all cases, though with various sensor configurations which were calibrated by 

SBE before and after the cruises. Temperature-salinity characteristics from these 

CTD profiles were used to adjust the CT-derived salinities.   Any temporal drift 

detected in the CT-CTD comparisons was applied to the CT-derived salinity by 

linear interpolation in time.  The corrections  applied to individual CT instruments 

as offsets ranged (in salinity) from 0.000 to 0.054.  The maximum temporal drift 

correction applied was 0.005 for the M2 deployment of Feb-Dec 2001,  bottom-

most CT recorder.  No corrections were applied to the T recorders, nor to the 

temperature data of the CT recorders.  

 

 For instruments with no intrinsic pressure sensors, pressure was inferred 

by interpolation from the nearest instrument with a pressure sensor, and the 

instrument’s known relative position on the mooring wire. The shape of the 

mooring was assumed to be linear during vertical excursions of the instruments. 

Potential temperatures are computed for all temperature records, including those 

with no accompanying salinity, using either the intrinsic pressure record or the 

inferred pressure as described above.  For temperature records with no 

corresponding measured salinity, we used a salinity derived from the average 

nearby CTD profiles at the nominal depth of the instrument.   For the observed 
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range in deep salinities of 0.010, we estimate the corresponding error in potential 

temperature to be less than 0.001°C. 

 

 Data sources for Fig. 4:  the IRI/LDEO Climate Data Library provided the 

data for panels a-c and for the Nino3.4 index in d (http://iridl.ldeo.columbia.edu/).   

The SAM index in d is the British Antarctic Survey’s  “observation-based 

Southern Hemisphere Annular Mode Index“ ( 

http://www.antarctica.ac.uk/met/gjma/sam.html ) . The dashed curves in b and c 

are 12-month running means of the corresponding solid curves.  The indices in d 

have been smoothed with a 6 month Butterworth filter. 

Data gaps 

The time series in Figure 2a  display several gaps in the records, described below. 

Speed:  Current meters deployed in 1999-2000 (OEI VACM)  yielded no data.  

The deployment of late 2001 through early 2005 exceeded the battery capacity of 

the RCM8 current meters, so the M3 bottom speed  record ends prematurely in 

January 2004. 

Salinity: Bottom salinity at M3 was truncated in early 2004 owing to a failed 

conductivity sensor.  The M3 salinity record from 450 m above bottom for the 

2005-2007 deployment was edited to remove bad conductivity values at the 

beginning of the record, presumably due to foreign matter occluding or entering 

the conductivity cell during deployment and later flushed out.  The M2 salinity 

record (dashed blue line) was truncated in mid-2003 due to a failed pressure 

sensor, which rendered the conductivity values unreliable. 
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Temperature:  The bottom CT recorder in 2001-2005 from which the temperature 

record is derived filled its memory before the end of the deployment. As noted 

above, the conductivity cell failed before this, so the calculation of potential 

temperature for the remaining record was performed as described above.  Battery 

capacity was exceeded for the 2001-2005 records at 150 and 350 m (magenta and 

red traces). 
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Figures Captions 

Figure 1. Weddell Sea moorings. a, The Weddell Sea; b, location of moorings 

M2 and M3. The bottom depth and mooring location are: M2: 3096 m, 62°38’S; 

43°15’W; M3: 4560 m, 63°32’S; 41°47’W. The record length mean bottom 

current (cm/s) is shown in vector form at M2 and M3. c, potential temperature 

(θ°C) and d, salinity (S) The section along the line shown in b passing by each 

mooring, obtained in 199714 shows the mooring setting relative to the regional 

thermohaline stratification. The solid and dashed red lines are referred to in Fig. 4. 

Figure 2.  8-year time series at mooring M2 and M3. 30-day running mean θ°C, 

salinity and bottom speed at M2 and M3 (a).  M3 θ°C and salinity are color coded 

by distance from the sea floor as shown in the  insert in a. M2 θ°C and salinity 

timeseries 15 m above the sea floor, are shown as a dashed blue line. The vertical 

dashed gray lines denote mooring recovery/re-deployment. b, the M3 bottom θ°C 

daily (gray line), monthly (blue line) and the mean seasonal cycle (red line). The 
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2004 gap in M3 bottom θ°C is filled with data from the instrument at 4447 m, 

offset by the mean θ°C difference between it and the bottom record (-0.027°C). 

 

Figure 3. Bottom θ°C and salinity relationship at M2 and M3. a, Bottom water 

θ/S scatter color-coded for bottom speed. The yellow dots are from the 1997 

section shown in Fig. 1. The θ/S location of the cold phases of the seasonal cycle 

for each year are identified.  

 

Figure 4. Weddell Sea wind and climate indices. a, zonal (u) and meridional (v) 

wind (m/s), within the area 67°S to 76°S; 45°W-62°W, from NCEP−DOE 

Reanalysis 1996−2008 Climatology. b, Timeseries of spatially averaged v, within 

the solid red line in Fig. 1a. The blue arrows mark times of anomalous cold 

bottom water at M3; red arrows mark the anomalously warm bottom water events. 

The blue lines denote sustained strong northward winds; the red lines denote 

meridional wind of near zero or reversals. c, wind stress curl anomaly within the 

dashed red line indicated in Fig. 1a. The blue and red arrows as the same as 

shown in b. The red lines denote periods of reduced wind stress curl (less 

cyclonic) by inference diminished Weddell Gyre; the blue lines are periods of 

increased cyclonic wind stress curl and gyre intensity. d, the SAM index (scale at 

left); M3 bottom θ°C anomaly (scale at right) and NINO3.4 index.  The 

temperature variability in NINO3.4 is scaled to fit on the temperature axis. 
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