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Abstract. A frequency domain singular value decomposition is performed on 20
years (1979-1998) of monthly sea ice concentration, sea ice drift and sea level
pressure data in the Weddell Sea, Antarctica. Interannual oscillations with periods
of around 3-4 years are found to dominate the variability in this region. Anomalous
atmospheric patterns periodically reach the Weddell Sea from the west and perturb
the sea ice circulation and distribution in the Weddell Gyre through changes in
the intensity and direction of the climatological winds. Sea ice accumulates in the
southeastern Weddell Sea every 3-4 years owing to two atmospherically driven
processes: (1) weak ice export to the north due to a weak northward branch of the
gyre (driven by weak southerly winds) and (2) large ice import from the east due
to a strong East Wind Drift (driven by strong easterly winds along the coast). The
opposite situation gives rise to a depletion of sea ice in the same region half a cycle
later. Sea ice anomalies are then advected north-northeastward before turning
eastward in the gyre circulation. The eastward propagation of ice anomalies
along the ice margin accounts for the passage of the Antarctic Circumpolar Wave
through the Atlantic sector of the Southern Ocean. A low frequency signal is also
detected in the Weddell Sea variations, albeit rather speculatively in this 20-year-
long record. Sea ice variability on this timescale appears to be associated with a
change in the shape and characteristics of the Weddell Gyre circulation around
1990. This mode of variability implicates feedbacks between the gyre and Weddell
Deep Water temperature variations, whose impact is observed near the Maud Rise
topographic feature.

1. Introduction

Sea ice around Antarctica modulates the interaction and
coupling between the atmosphere and the ocean. A detailed
description of the sea ice dynamics and thermodynamics
is therefore necessary for understanding the impact of the
air-ice-sea exchange upon the Antarctic climate variability.
Both thermodynamic and dynamic processes play significant
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roles in this variability. Thermodynamics controls the ice
growth that rapidly replaces sea ice in open water regions,
while dynamics affects the displacement and dislocation of
the sea ice thereby limiting the geographic distribution of ex-
posed open water in leads and polynyas. Opening and clos-
ing of the sea ice pack in response to variability in ice mo-
tion essentially regulate the heat and momentum exchange
between ocean and atmosphere.

Under divergent ice conditions, reduced sea ice concen-
trations enhance air-sea heat fluxes. This allows ice forma-
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tion to rapidly replace the open water areas with ice, partic-
ularly in winter. The brine rejection process, which acceler-
ates under vigorous growth, acts to destabilize the upper wa-
ter column [Martinson and Iannuzzi, 1998]. Negative buoy-
ancy imparted by brine rejection causes overturning and thus
more heat to be delivered to the surface to be vented to the at-
mosphere. Such convective or upwelling conditions around
Antarctica can lead to large quantities of heat released to
the atmosphere but require persistent ice divergence to re-
main active. Typically, such bursts of heat flux are shut off
by ice convergence and by the same heat causing melting
of the sea ice and a restabilization of the mixed layer. Only
one polynya event has been recorded in the satellite era dur-
ing which convection persisted throughout several seasons
[Gordon and Comiso, 1988; Comiso and Gordon, 1996].

A contrasting set of mechanisms occur during convergent
ice conditions. Dynamic thickening of sea ice by ridging and
rafting is the main process by which ice becomes thicker
around Antarctica, since the effect of thermodynamic ice
growth is relatively limited. Convergent conditions are typ-
ically brought about by persistent ice drift toward the coast
of Antarctica. Thickening of the ice reduces the conductive
heat flux through the ice and switches off the heat conduction
between the atmosphere and the ocean [Maykut, 1978]. Dur-
ing such conditions, the increased roughness of the ice sur-
face enhances the momentum transfer via air-ice drag [Mar-
tinson and Wamser, 1990; Fisher and Lytle, 1998], and in
doing so allows a more rapid advection of the sea ice.

Seasonal and interannual variability of the sea ice cover
has a significant impact on water mass modification pro-
cesses, particularly in the Weddell and Ross Sea basins [Ja-
cobs and Comiso, 1989; Comiso and Gordon, 1998; Markus
et al., 1998]. In these two key regions, ice formation and
melting influence the upper ocean stability by changing the
salinity and buoyancy gradients [Martinson and Iannuzzi,
1998]. Both mechanisms may have an impact upon the water
mass modification processes driving the global thermohaline
circulation.

Previous experimental studies in the Weddell Sea, such
as the Ice Station Weddell [Gordon et al., 1993] and the
Antarctic Zone Flux Experiment (Anzflux) [McPhee et al.,
1996] have focused on processes and couplings on subdaily
to seasonal timescales. This work takes a larger perspective,
choosing instead to focus in detail upon the links between
the sea ice, the upper ocean, and the atmospheric fluctua-
tions in the Weddell Sea basin on interannual and longer
timescales. White and Peterson [1996] presented a heuris-
tic global framework for coupled oscillations in the South-
ern Ocean, with persistent, propagating coupled sea surface
temperature, sea level pressure, and ice extent anomalies.
Yuan et al. [1999] recently demonstrated that the sea ice mar-

gin does not simply respond passively to atmospheric forc-
ing, but that changes in its spatial configuration in response
to synoptic low-pressure systems can lead to enhanced sea
level pressure and thermal gradients which in turn can pro-
vide conditions favorable to cyclogenesis. Here we choose
to focus on the entire coupled regional system in the Weddell
Sea. A sequence of coupled dynamic and thermodynamic
processes taking place between ocean, ice, and atmosphere
is proposed to account for the observed variability.

A brief description of the data and methodology used is
given in section 2. The Weddell Sea climatology and the
dominant timescales of ice and atmospheric variability are
described in section 3. The quasi-quadrennial and long-term
signals detected are analyzed in detail in sections 4 and 5,
respectively. The temporal characteristics of both sea ice
signals are briefly described in section 6. Finally, section 7
presents a short discussion and conclusions.

2. Data and Method

The data used in this work consist of monthly means of
sea ice concentration, sea ice drift (zonal and meridional
components), and sea level pressure in the Weddell Sea re-
gion, i.e, from 90ÆW to 60ÆE and from 55ÆS to the South
Pole. The records span a 20-year period, extending from
January 1979 to December 1998, except for the ice drift data,
for which only 19 years are available (to December 1997).
Monthly anomalies are constructed by subtracting the 20-
year climatological monthly means from the original data.

Sea ice concentration (SIC) data were derived from a
combination of Nimbus 7 Scanning Multichannel Microwave
Radiometer (SMMR) and Special Sensor Microwave/Imager
(SSM/I) satellite passive microwave observations. These
data started with the launch of Nimbus 7 in 1978 and con-
tinued with the SSM/I series beginning in 1987 [Cavalieri
et al., 1997a, 1999]. The SIC data sets were processed
and provided by the EOS Distributed Active Archive Center
(DAAC) at the National Snow and Ice Data Center (NSIDC)
[National Snow and Ice Data Center, 1995]. Ice concentra-
tions are gridded at a spatial resolution of 25 � 25 km, and
their values represent the fraction of the grid area covered
by sea ice. Ice concentration values range from 0 (for no sea
ice in the grid area) to 1 (for a completely ice-covered grid
area).

The ice drift (ID) data are a gridded, optimally interpo-
lated data set derived from a combination of satellite and
buoy tracking. Satellite ice drift estimates were made by
computer tracking of features in 6 times oversampled SSM/I
passive microwave brightness temperature images (at 85 and
37 GHz) spaced at intervals of 2 days, using a previously
described technique [Kwok et al., 1998; Drinkwater et al.,
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1999a]. Satellite ice motion tracking techniques matured
significantly over the last several years, and similar ice re-
sults have been reported elsewhere [Agnew et al., 1997;
Emery et al., 1997; Maslanik et al., 1998; Martin and Aug-
stein, 2000]. Comparisons between buoy and 2-day satellite
ice drift data indicate a Gaussian zero-mean error distribu-
tion with a displacement standard deviation of the order of
5 km or less in 2-day drift, or �4 cm/s [Maslanik et al.,
1998]. In this ID data set, satellite ice motion estimates
were combined with Weddell Sea buoy data from the Inter-
national Programme for Antarctic Buoys using an optimal
interpolation scheme similar to that proposed by Drinkwa-
ter et al. [1999b] and reported by Kwok [2000]. The ice drift
estimates were objectively analyzed (with higher weightings
applied to the buoy data set) to generate an optimally inter-
polated ID product. The advantage of this procedure is a
gap-filled gridded motion vector field that takes advantage of
in situ buoy data where and when available. We have subse-
quently generated monthly averages of the gridded ID data.
Since Weddell Sea ice drift decorrelates on timescales typi-
cally of less than 1 day [Drinkwater, 1998a], bidaily samples
of ice drift are assumed to be independent. If according to
Kwok et al. [1998] satellite tracking uncertainties are con-
sidered unbiased additive noise, then averaging reduces the
noise contribution to the estimates of mean drift in propor-
tion to 1=

p
N , where N � 15 is the number of observations

averaged per month. Monthly averages reduce the standard
error of the mean x and y component drift speeds by a factor
of 4 to less than 1 cm/s.

The sea level pressure (SLP) data are obtained from the
National Center for Atmospheric Research/National Cen-
ters for Environmental Prediction (NCAR/NCEP) Reanaly-
sis Project [Kalnay et al., 1996]. They have a spatial reso-
lution of 2.5Æ� 2.5Æ and are classified under the reanalysis
class A. This indicates that they are strongly influenced by
observed data and little influenced by the model predictions;
i.e, they belong to the most reliable type of reanalysis data.

Time series of air-sea latent plus sensible turbulent heat
flux data are also obtained from the NCAR/NCEP Reanaly-
sis Project and have a spatial resolution of 2.5Æ� 2.5Æ. They
are classified as class C; that is, they are strongly influenced
by the model predictions, in particular in the high southern
latitudes involved in this work. We are aware of this fact
when drawing conclusions from the heat flux analyses.

Here we apply the multitaper method-singular value de-
composition (MTM-SVD), a multivariate signal detection
technique developed by Mann and Park [1999]. With this
method we seek to identify statistically significant narrow-
band oscillations that are correlated among a large number
of time series (gridded data points). A brief summary of the
procedure is given below. For details and an extensive de-

scription of this technique, the reader is referred to Mann
and Park [1999]. Recent climate applications can be found
in the work of Mann and Park [1994, 1996], Tourre et al.
[1999], and Venegas and Mysak [2000].

Each grid point time series is first transformed from the
time to the spectral domain using the MTM approach for
spectral estimation. The MTM method applies a num-
ber (K) of orthogonal windows (tapers) to the data, in or-
der to calculate power spectrum estimates with an optimal
trade-off between spectral resolution and variance [Thom-
son, 1982; Percival and Walden, 1993]. In our analysis, K
= 3 independent spectral estimates are computed for each of
the M time series by multiplying them by a family of three
orthogonal data tapers (Y m

k
(f); tapers k = 1, 2, 3; grid points

m = 1, ..., M ; frequency f ). At each frequency, the three
spectral estimates for the M time series are organized in the
following M � 3 matrix:

A(f) =

2
6664

Y 1

1
(f) Y 1

2
(f) Y 1

3
(f)

Y 2

1
(f) Y 2

2
(f) Y 2

3
(f)

...
...

...
Y M
1

(f) YM
2

(f) Y M
3

(f)

3
7775 :

A singular value decomposition is then performed on
each matrix A(f). At a given frequency, the first singular
value of the decomposition is proportional to the variance ac-
counted for by the most significant signal detected in the data
within a narrow band around that frequency. A local frac-
tional variance (LFV) spectrum is then constructed by plot-
ting the percentage of variance explained by the first mode
at each frequency. After performing a test of statistical sig-
nificance through a bootstrap resampling technique [Efron,
1990; Mann and Park, 1999], the dominant timescales of
variability in the data can be identified as the frequencies
showing the largest significant peaks in the LFV spectrum.
The first spatial and spectral empirical orthogonal functions
(EOF) of the singular value decomposition are then used to
reconstruct the anomaly spatial patterns and temporal evolu-
tion associated with the selected significant frequencies (see
Mann and Park [1999] for further details on the anomaly
reconstruction). A “joint” MTM-SVD analysis between the
three variables SIC, ID, and SLP is also performed here by
applying the described technique to an aggregate data matrix
that includes the three fields one after the other (that is, rows
m = 1, ...,N for SIC; rows m = N+1, ..., L for ID; and rows
m = L+1, ..., M for SLP). This joint analysis identifies the
dominant timescales of variability on which the three fields
exhibit significant coherence.
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(c) annual SLP
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(b) summer SIC
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(d) annual ID
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Figure 1. The 20-year climatology 1979-1998 for the (a) winter sea ice concentration (June-September), (b) summer sea ice
concentration (December-March), (c) annual sea level pressure, and (d) annual ice drift fields in the Weddell Sea. The ice
drift field is shown for the case of maximum (winter) sea ice extent. CI, contour interval.

3. Climatology and Dominant Timescales of
Variability

Figure 1 shows the 20-year climatologies 1979-1998 for
the winter SIC (June-September), summer SIC (December-
March), and annual SLP and ID fields in the Weddell Sea
basin. During the winter (Figure 1a), the sea ice cover attains
its maximum northward extent, reaching latitudes of around
55Æ-60ÆS. During the summer (Figure 1b), most of the win-
ter sea ice melts, and only a narrow region along the Antarc-
tic Peninsula remains ice covered the year round (perennial
ice).

The SLP annual climatology (Figure 1c) shows a zon-
ally elongated low-pressure belt along and off the coast
of Antarctica (the Circumpolar Trough [Harangozo, 1997])
and a strong high-pressure center over the continent. The
low-pressure belt is broken near 50ÆW by a high-pressure
ridge extending northward from the continent over the Antarc-
tic Peninsula. The ID climatology (Figure 1d) clearly shows
the Weddell Gyre as sea ice circulating cyclonically around
the basin. The sea ice motion is basically driven by the SLP
configuration through a relationship with the geostrophic

wind [Thorndike and Colony, 1982; Kottmeier and Sell-
mann, 1996; Drinkwater, 1998a] and on the average drifts
parallel to the isobars. The Weddell Gyre, which in this case
is traced out by the ice drift [Deacon, 1984; Emery et al.,
1997], is composed of a narrow westward branch flowing
along the Antarctic coast, called the East Wind Drift, a north-
ward branch along the Antarctic Peninsula, and a wide east-
ward drift along the winter ice edge following the Antarctic
Circumpolar Current.

The LFV spectrum obtained from the application of the
MTM-SVD method to the joint monthly SIC, SLP, and ID
anomalies is shown in Figure 2a and reveals the timescales
on which the three variables exhibit coherent variability. A
statistically significant signal is identified in the broad fre-
quency band between 0.25 and 0.33 cycle yr�1, that is, pe-
riods of about 3-4 years. This signal also stands out as sig-
nificant in each of the three individual spectra shown in Fig-
ure 2b. Ice and atmospheric oscillations on this timescale
are consistent with the Antarctic Circumpolar Wave (ACW
[White and Peterson, 1996; Jacobs and Mitchell, 1996]).
The broadness of the peak indicates frequency modulation
during the 20 years. We will refer to this variability as the
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Figure 2. (a) Local fractional variance (LFV) spectrum of
the joint SIC, SLP, and ID anomalies based on the 20-year
period 1979-1998, with significance levels obtained from
bootstrap resampling. A broad significant peak stands out
in the quasi-quadrennial band (periods of about 3-4 years).
A very low frequency signal, not resolved from a trend in
a 20-year record, is also significant. (b) LFV spectra of the
three variables analyzed separately. The significance levels
shown are those calculated for the SIC anomalies. The SLP
and ID spectra are renormalized so that the significance lev-
els also apply to them.

quasi-quadrennial signal in the Weddell Sea. It will be fur-
ther analyzed in section 4.

In addition to the interannual peak, a very low frequency
signal with period longer than 10 years (frequencies smaller
than 0.1 cycle yr�1) stands out as significant in Figure 2a

and is very intriguing. The shortness of the available data
record does not allow for a more precise determination of its
period, hence this signal may either be a long-term trend
or a decadal-scale fluctuation with period longer than 10
years. The signal is also significant in the ice drift inde-
pendent spectrum shown in Figure 2b, which indicates the
dominance of this variable over the other two in driving the
variability on this timescale. Section 5 provides a closer ex-
amination of this long-term signal.

Finally, a third significant peak is detected in Figure 2a
at around 0.6 cycle yr�1 (biennial timescale). This high-
frequency peak appears in the joint analysis only owing to
the influence of the SLP data, since this timescale is not sig-
nificant in the ice spectra of Figure 2b. Therefore, this atmo-
spheric signal will not be further considered in this study.

A similar analysis is performed on the seasonally aver-
aged SIC anomalies for the periods January-March, April-
June, July-September, October-December (not shown).
The quasi-quadrennial signal is found to be equally signif-
icant in the four seasons. The long-term trend, however, is
only significant during summer and fall. This may suggest
a large-scale connection with Arctic sea ice and atmosphere
decadal-scale signals, which are strongest during the North-
ern Hemisphere winter [Venegas and Mysak, 2000].

4. The Quasi-Quadrennial Signal

Plates 1 and 2 show the first and second half, respec-
tively, of an average quasi-quadrennial cycle. The cycle is
divided into eight equally spaced snapshots in order to ob-
serve the temporal evolution of the anomalies during con-
secutive phases.

The SIC anomalies seem to propagate clockwise follow-
ing the gyre circulation around the Weddell basin during a
cycle. Two main centers of action are observed: one in
the southeastern Weddell Sea off Coats Land and the Riiser-
Larsen Ice Shelf and the other in the northern Weddell Sea,
in the vicinity of South Orkney Island spreading from the tip
of the Antarctic Peninsula toward the east along the winter
ice margin. We will call these SIC features the “Coats Land
(CL) anomaly” and the “South Orkney (SO) anomaly.”

It is important to note that the spatial patterns in Plates 1
and 2 show the “average” anomalies during a cycle. Al-
though separated by 6-month intervals, the different snap-
shots do not necessarily represent the alternating seasons of
each consecutive year, but rather an average picture of all
seasons. The method identifies grid points where significant
ice concentration anomalies do occur, without distinguish-
ing whether they occur simultaneously or not. In the case of
the SIC data, this is an important issue, since the ice margin
(along which SIC anomalies are seen) changes position with
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Plate 1. Spatial reconstruction of the monthly (left) SIC anomalies and (right) SLP and ID anomalies during the first half
of an average quasi-quadrennial cycle. The patterns are shown at four consecutive snapshots separated by approximately 6
months. The ID patterns are shown for the case of maximum (winter) sea ice extent. Numbers 1-4 correspond to snapshots
1-4. Zero contour is omitted in the SIC patterns. CI, contour interval.
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Plate 2. Spatial reconstruction of the monthly (left) SIC anomalies and (right) SLP and ID anomalies during the second half
of an average quasi-quadrennial cycle. Numbers 5-8 correspond to snapshots 5-8. Conventions as in Figure 1
.
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the seasons. As such, even though the two SIC centers ap-
pear at the same time in these average patterns, they cannot
in reality be “seen” simultaneously. The CL anomaly is only
manifested in the SIC data during the summer-fall months as
an anomalous extension of the summer ice cover (see Fig-
ure 1b). It cannot be detected in the SIC data during winter,
when the southern Weddell Sea is completely ice covered
and all SIC values are equal to 1. However, it remains in the
form of an ice thickness anomaly, which the satellite can-
not detect. Similarly, the SO anomaly can only be seen in
the SIC data during the winter-spring months, when the ice
cover reaches its maximum extent (see Figure 1a). When the
ice melts and retreats in summer, however, an upper ocean
freshwater anomaly likely remains in its place.

The SLP anomalies in snapshots 1-2 and 5-6 (Plates 1
and 2) exhibit a center of anomalous low/high pressure
over the Antarctic Peninsula that extends northeastward up
to around 30ÆW-60ÆS. This anomalous atmospheric pattern
disturbs the wind-driven ID in the Weddell Gyre through
changes in the intensity and direction of the climatologi-
cal mean winds. ID patterns are shown superimposed onto
the winter (maximum) ice cover to better appreciate the drift
patterns that drive the SIC anomalies. They are similar dur-
ing other seasons but are spatially limited to the area where
ice is present in each season.

4.1. The Coats Land Anomaly

The anomalous SLP pattern in snapshots 1-2 (5-6) re-
duces (strengthens) the SLP gradient between the climato-
logical low pressure in the Circumpolar Trough and the ridge
of high pressure over the Antarctic Peninsula shown in Fig-
ure 1c. The climatological southerly winds parallel to the
Antarctic Peninsula are reduced (enhanced), thereby driv-
ing a weak (strong) ID in the northward branch of the gyre
and reducing (enhancing) the export of ice from the Wed-
dell basin to the north. On the other hand, the climatologi-
cal East Wind Drift is reinforced (opposed) by westward ID
anomalies along the coast, which results in enhanced (re-
duced) inflow of ice into the Weddell basin from the east.
The combined effect of a reduced (enhanced) ice export to
the north and enhanced (reduced) ice import from the east
results in convergence (divergence) of ice in the inner Wed-
dell Sea. This process is reflected by the positive (negative)
CL anomaly in steps 1-2 (5-6). Time series in Figure 3a il-
lustrate how a weak (strong) zonal SLP gradient to the east
of the Antarctic Peninsula leads the formation of a positive
(negative) CL anomaly by 6-8 months.

Ice accumulating in the CL region in steps 1-2 deforms
by ridging/rafting and by compression of new ice period-
ically formed in coastal polynyas. The latter process was
clearly observed in this region during the Winter Weddell

Gyre Study in 1992 [Lemke, 1994; Drinkwater, 1998a].
The meridional winds changed direction with a significantly
stronger component of onshore flow, and the German re-
search vessel Polarstern was beset by ice due to severe ice
pressure against the coast in the Kapp Norvegia region (Akta
Bay). Associated with the anomalous wind distribution in
1992 was the development of an area of particularly de-
formed, compressed sea ice along the Antarctic coast from
5ÆW to 20ÆW. In situ helicopter-borne laser profiling of the
sea ice surface [Dierking, 1995], together with upward look-
ing sonar data [Harms et al., 2001] in this region, confirm the
origin and formation of ice thickness anomalies upstream
of the CL region. This process is identified by Drinkwa-
ter et al. [2001] as being responsible for significant interan-
nual variations in volumetric import of sea ice along the CL
coast, together with the large seasonal peak observed in win-
ter 1992. The positive CL SIC anomaly in snapshots 1-2 is
an indication of ice accumulating from such an atmospheri-
cally driven process.

Although the CL SIC anomaly of steps 1-2 can only be
detected in summer, an ice thickness anomaly presumably
remains in the region during the subsequent winter, since
deformation and compression of ice imply thickening of
the ice layer. Ice deformation develops ridge sails, and as
the ice surface roughens, the form drag increases [Banke
et al., 1980; Martinson and Wamser, 1990; Fisher and Ly-
tle, 1998], thereby increasing momentum transfer to the ice.
This feeds back into a more effective transport of ice from
the east and further deformation. The increased thickness
and volume of sea ice in the region reduces the air-sea heat
exchange, limiting the interaction between ocean and atmo-
sphere [Maykut, 1978]. Consequently, the upper water col-
umn becomes stratified, leading to stable upper ocean con-
ditions.

The opposite situation occurs in steps 5-6, where diver-
gence of ice in the inner Weddell Sea is also observed along
the Ronne and Filchner Ice Shelves as larger-than-normal
polynya opening events [Drinkwater, 1998b]. The reduction
in the amount of sea ice results in enhanced cooling of the
ocean surface layer promoting sea ice formation in the open
water areas [Kottmeier and Engelbart, 1992]. Brine rejec-
tion due to new ice formation preconditions the upper water
column for convective overturning and deep water formation
[Gordon and Huber, 1990; Fahrbach et al., 1995].

4.2. The South Orkney Anomaly

The CL anomaly stops growing as soon as the SLP pat-
tern changes in snapshots 3-4 (Plate 1) and 7-8 (Plate 2).
During the year following its formation, the anomaly is ad-
vected northward by the mean gyre circulation. This ad-
vection is detected in the SIC data only along the summer-
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Figure 3. (left) (a) Temporal evolution of the zonal SLP gradient to the east of the Antarctic Peninsula and the CL SIC
anomaly. The zonal SLP gradient is defined as the pressure at 60 ÆW-68ÆS minus that at 15ÆW-68ÆS (see straight line in
Figure 4). The CL SIC anomaly is averaged over the region 45 Æ-15ÆW and 65Æ-77ÆS. (b) Temporal evolution of the CL SIC
anomaly and the SO SIC anomaly (averaged over the region 60 Æ-15ÆW and 55Æ-65ÆS). (c) Temporal evolution of the SO SIC
anomaly and the anomalous heat flux to the atmosphere in the SO region (by -1). (d) Temporal evolution of the anomalous
heat flux to the atmosphere in the SOregion(by-1) and the anomalous SLP over the SO region. All monthly time series are
band passed with an admittance window of 2-5 years [Kaylor, 1977] and normalized by the respective standard deviation.
(right) Lagged correlation function between the two time series in each panel, with 90% and 95% significance levels (dashed
lines). The first quantity leads the second for positive lags.
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fall ice margin (snapshots 3 and 7), but it also occurs dur-
ing winter-spring, when the region is ice covered, in the
form of an ice thickness anomaly moving northward. The
CL anomaly reaches the northern Weddell Sea the following
year and becomes the SO anomaly. There it is further re-
inforced by strong southerly winds associated with the new
SLP pattern (snapshots 4 and 8). Figure 3b illustrates the ad-
vection of the SIC anomaly from the CL region toward the
SO region by showing the lead-lag relationship between the
SIC time series in the two regions. The sea ice needs around
8-10 months to be swept out of the basin from the southern
Weddell Sea, which requires typical ice drift velocities of
around 6-8 km/d (�6-8 cm/s) for the ice to cover this path of
about 1800 km. Positive (negative) peaks in the CL time se-
ries correspond to snapshot 2 (6). Positive (negative) peaks
in the SO time series correspond to snapshot 4 (8).

The SO anomaly is then advected eastward along the ice
margin by the Weddell Gyre circulation and the Antarctic
Circumpolar Current (snapshots 4-6 and 8-2). Along its way,
it is sustained from dissipation by the meridional component
of the anomalous winds. These reinforce the positive (neg-
ative) ice edge anomaly through two mechanisms: (1) by
advection of cold (warm) air which promotes ice formation
(melting) and (2) by air-ice drag that forces the ice to drift
offshore (onshore), i.e., by expansion (compression) of the
ice pack. In addition to the atmospheric forcing, the positive
(negative) SO anomaly is also sustained by the positive (neg-
ative) freshwater anomaly that accompanies the ice, which
stabilizes (destabilizes) the mixed layer thereby decreasing
(increasing) the oceanic heat loss to the atmosphere and re-
ducing (enhancing) the melting rate at the ice-edge. This
process reinforces the original positive (negative) anomaly,
resulting in a positive feedback. To the east of 0Æ longitude,
the wind forcing disappears and the ice edge anomaly be-
gins to weaken. Around 30ÆE it moves southward following
the ice margin, which in this sector of Antarctica is closer
to the continent, until it is partly trapped in the East Wind
Drift and carried westward along the coast. A weak residual
signal continues eastward along the ice margin.

The center of the SO anomaly takes around 1-1.5 years
to travel from 45ÆW to around 10ÆE along the ice margin,
implying an approximate speed of propagation of 6-9 cm/s.
This is consistent with the speeds of the ACW estimated
from observations by White and Peterson [1996] and Jacobs
and Mitchell [1996] and with mean current speeds in the
Antarctic Circumpolar Current simulated by the Fine Res-
olution Antarctic Model (FRAM [Ivchenko et al., 1999]).

Snapshots 1 and 5 show a SIC anomaly of the same
sign as the CL anomaly approaching the western coast of
the Antarctic Peninsula from the Bellingshausen Sea. This
anomaly reaches the tip of the peninsula from the west

precisely at the same time as the CL anomaly meets it
from the south. Actually, there is negligible flux of ice
around the tip of the peninsula (S. E. Stammerjohn, Univer-
sity of California, Santa Barbara, personal communication,
2000), and therefore these two ice concentration anomalies
are independent and unconnected with one another. They
appear to be synchronized, and “in phase” at the tip of
the Antarctic Peninsula because they are both essentially
driven by the same large-scale anomalous atmospheric pat-
tern (S. A. Venegas, M. R. Drinkwater and G. Shaffer, Cou-
pled oscillations in Antarctic sea ice and atmosphere in the
South Pacific sector, submitted to Geophysical Research Let-
ters, 2001)(hereinafter Venegas et al., submitted manuscript,
2001). White and Peterson [1996] describe these two in-
phase ice anomalies as one propagating wave in “northward
ice extent” traveling eastward along the ice edge from the
Pacific to the Atlantic sectors of Antarctica. Using ice con-
centration data, we detect the existence of the CL anomaly
moving northward and the ice dynamics anomaly which re-
inforces ice flux at the ice margin. This illustrates some of
the coupling required to sustain the ice margin anomalies
observed by White and Peterson [1996].

4.3. Feedback to the Atmosphere

The presence or absence of sea ice regulates the interac-
tion between ocean and atmosphere. Reduced ice concen-
tration conditions imply large open water areas and a dras-
tic increase of the amount of heat released from the ocean
to the atmosphere. Enhanced heat flux to the atmosphere
implies destabilization of the upper ocean mixed layer and
increased overturning. This brings warm deep water to the
surface, allowing more heat to be vented to the atmosphere
(a positive feedback). Sea-to-air heat flux produces a relative
warm, and thus more buoyant, atmospheric boundary layer
over the region of low ice concentration, which is translated
into a decrease in atmospheric pressure. Such a response of
the atmospheric pressure to reduced ice concentration is well
illustrated by the consecutive steps 8-1-2. The presence of
the negative SO anomaly implies a retreat of the winter ice
edge and enhanced oceanic heat loss. The atmospheric re-
sponse to the anomalous warming is the development of an
elongated SLP trough over the region of reduced ice extent,
from the tip of the Antarctic Peninsula to the east. The oppo-
site process occurs in steps 4-5-6. This results in a change of
polarity of the SLP pattern over the Weddell Sea. Figure 3c
shows how a positive (negative) ice edge anomaly in the SO
region leads to weak (strong) oceanic heat release approx-
imately 3-5 months later. Figure 3d shows that the strong
(weak) sea-to-air heat flux implies reduction (increase) of
the SLP over the same region, with a lag of 3-5 months.
This illustrates how the pressure field is responding to the
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changes in the underlying sea ice extent.

A similar SLP change occurs in the Bellingshausen Sea
approximately 6-12 months before it takes place in the Wed-
dell Sea (snapshots 6-7 and 2-3), owing to the same process
occurring over the SIC anomaly there (Venegas et al., sub-
mitted manuscript, 2001). As such, the SLP change is seen
as a propagating pattern coming from the west, that appears
to be sustained owing to the regulating impact of ice on the
ocean-atmosphere heat fluxes. The resulting change in the
atmospheric pattern over the Weddell Sea initiates a new se-
quence of air-ice-sea interactions similar to those described
in sections 4.1 and 4.2 but of opposite sign. This gives rise to
self-sustained coupled oscillations in the South Atlantic sec-
tor of Antarctica, which seem to be closely related to similar-
scale coupled variations in the South Pacific sector (Venegas
et al., submitted manuscript, 2001).

4.4. Extreme Situations

Figure 4 shows the complete SLP and ID fields (clima-
tologies plus anomalies) and the 0.15 SIC isoline for sum-
mer and winter, corresponding to the two extreme situations
of snapshots 1 and 5. The isobar configurations in the two
extreme cases illustrate the intensity changes in the zonal
SLP gradient and hence in the meridional geostrophic winds
to the east of the Antarctic Peninsula. The ID patterns re-
veal the differences in the direction and speed of the sea ice
motion in the zonal and meridional branches of the gyre.
Meridional ID velocities in the northward branch of the gyre
are 33% smaller in 1 than in 5. Zonal ID velocities in the
East Wind Drift are 20% larger in 1 than in 5. The combi-
nation of large ice import from the east and weak ice export
to the north in 1 results in accumulation and replenishment
of ice in the inner Weddell Sea (positive CL anomaly). The
opposite situation occurs in 5. The summer 0.15 SIC iso-
line shows how the summer ice edge extends to the east (1)
or retreats (5) in the southeastern Weddell Sea (Coats Land
region). The winter 0.15 SIC isoline illustrates the effect of
the SO anomaly on the northward ice extent.

5. The Long-Term Trend

Plates 3a and 3b show the reconstructed SIC, SLP, and
ID anomalies at the point of maximum amplitude of the
long-term signal. As stated earlier, the period of oscillation
of this low-frequency signal is not well defined (owing to
the shortness of the available data set) and it is ambiguous
whether this is a long-term trend or a decadal-scale oscil-
lation. Recent works by Thompson et al. [2000], Simmonds
and Keay [2000], and Watkins and Simmonds [2000] provide
evidence for a truly long-term trend in this region during the
recent years, which further supports the validity of this low-
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Figure 4. The two extreme situations of the quasi-
quadrennial oscillation corresponding to snapshots 1 and 5
of Plates 1 and 2. The SLP and ID patterns are constructed
as the sum of the climatologies (Figures 1c and 1d, respec-
tively) and the anomalous patterns of snapshots 1 and 5. The
summer (solid lines) and winter (dashed lines) 0.15 SIC iso-
lines are drawn to illustrate the extent of the ice margin in
each situation. The straight line shows the definition of the
zonal SLP gradient described in the text. The ID field is
shown for the case of maximum (winter) ice extent.

frequency signal detected by the MTM-SVD method.

The SIC spatial pattern (Plate 3a) shows a monopole
structure with a large anomaly situated in the Central Wed-
dell, around 30ÆW-70ÆS. The time evolution of the “Cen-
tral Weddell SIC anomaly” is shown in Plate 3c and in-
dicates that the SIC anomaly reaches a maximum around
1994 (positive phase of the trend shown in Plate 3a), and
a minimum around 1987. Besides the Central Weddell SIC
anomaly, two weaker centers of action of the opposite sign
appear along the east coast of the Antarctic Peninsula and
in the region of Maud Rise, near 5ÆE-63ÆS. The latter is es-
pecially interesting, since it coincides with the typical loca-
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Plate 3. Spatial reconstruction of the (a) SIC anomalies and (b) SLP and ID anomalies at the point of maximum amplitude
of the long-term signal (around 1994). The negative phase (around 1987) corresponds to the opposite-signed patterns (not
shown). Zero contour is omitted in the SIC patterns. The ID patterns are shown for the case of maximum (winter) sea ice
extent. (c) Temporal evolution of the Central Weddell SIC anomaly and of the meridional SLP gradient defined as the pressure
at 40ÆW-57ÆS minus that at 40ÆW-73ÆS (see straight line in Figure 5). Time series are low passed with a cutoff period of
10 years and normalized by the standard deviation. (d) Lagged correlation function between the two time series on the left,
with 90% significance levels (dashed lines). The meridional SLP gradient leads the Central Weddell SIC by 3-4 years, but the
correlation is barely significant owing to the shortness of the record.
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tion of the winter Weddell polynya. The presence of a neg-
ative SIC anomaly in the region of Maud Rise in Plate 3a
is consistent with the opening of a transient polynya in the
winter of 1994 [Drinkwater, 1996]. An earlier and more
dramatic appearance of the winter Weddell polynya in 1974-
1976 [Carsey, 1980; Comiso and Gordon, 1987; Gordon and
Comiso, 1988; Parkinson, 1992] may suggest an oscillatory
behavior in the occurrence of the Weddell polynya and in the
long-term signal discussed here.

The main feature in the SLP pattern (Plate 3b) is a cen-
ter of action in the southern Weddell Sea, accompanied by
another of opposite sign to the north, near 40ÆW-60ÆS. Con-
sistently, ID anomalies present a strong zonal component in
a broad region along 60ÆS, which reinforces the climatologi-
cal eastward branch of the Weddell Gyre. An elongated zone
of ice divergence is also observed along 63ÆS, from the tip
of the Antarctic Peninsula to the Maud Rise region. Much
of the momentum transferred via wind stress to the ice is
further transferred via ice-ocean stress to the upper ocean.
The vorticity associated with the ice divergence causes Ek-
man pumping, doming of the pycnocline, and entrainment
of warm deep water. This warm deep water is particularly
close to the surface near Maud Rise, where the pycnocline
depth reaches a minimum [Martinson and Iannuzzi, 1998].
Warm water entrainment during storm events may therefore
be strong enough to significantly reduce the ice concentra-
tion by melting ice in the vicinity of Maud Rise, and thus be
responsible for the opening of the transient Weddell polynya
event in 1994.

Figure 5 shows the complete SLP and ID fields during
the extreme phases of the long-term signal, that is, around
1987 and 1994, and the position of the summer and win-
ter ice edge as in Figure 4. The SLP pattern in the year
1994 shows a squeezed and zonally elongated low-pressure
center that reaches the Weddell Sea interior from the east,
implying an intensified Circumpolar Trough. The ID field
reflects this fact by showing a well-defined Weddell Gyre
with strong eastward and westward branches. A zone of
strong compression and shear occurs in the central Weddell
Sea (around 30ÆW-70ÆS) where the westward drift piles up
against the peninsula. This ice convergence is reflected by
the extended summer ice covered area in 1994 (positive Cen-
tral Weddell SIC anomaly). In contrast, the SLP pattern in
1987 shows a broad low-pressure center with a large merid-
ional extent and, consequently, anomalously strong merid-
ional winds over the entire Weddell basin. The correspond-
ing ID field shows a clearly deformed Weddell Gyre, with
almost no zonal motion and predominantly northward ice
drift. This results in ice divergence from the Weddell basin
and is reflected by the retreated summer ice covered area in
1987 (negative Central Weddell SIC anomaly).
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Figure 5. The two extreme situations of the long-term signal
corresponding approximately to years 1987 and 1994. The
SLP and ID patterns are constructed as the sum of the cli-
matologies (Figures 1c and 1d, respectively) and the anoma-
lous pattern of Plate 3b (for 1994) and its opposite-signed
counterpart (for 1987). The summer (solid lines) and win-
ter (dashed lines) 0.15 SIC isolines are drawn to illustrate
the extent of the ice margin in each situation. The straight
line shows the definition of the meridional SLP gradient de-
scribed in the text. The ID field is shown for the case of
maximum (winter) ice extent.

The atmospheric forcing of the Central Weddell SIC
anomaly is also illustrated in Plates 3c and 3d. The tem-
poral evolution of the meridional SLP gradient (SLP differ-
ence across the straight line in Figure 5) also shows a posi-
tive trend that leads the Central Weddell SIC fluctuation by
approximately 3-4 years. The change in the Weddell Gyre
circulation near 1990 appears to have been preceded by an
atmospheric circulation change a few years earlier and is
recorded in large-scale sea ice drift data [Drinkwater et al.,
1999a]. Similar changes in the ice and atmospheric circu-
lation regimes around 1990 have also been reported by Ja-
cobs and Comiso [1997] in the Bellingshausen Sea and by
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Figure 6. (top) Quasi-quadrennial signal and long-term trend in SIC in (a) the Coats Land region (45 Æ-15ÆW and 65Æ-77ÆS)
and (b) the South Orkney region (60Æ-15ÆW and 55Æ-65ÆS). (bottom) Sum of the two signals (thick line) and raw monthly
SIC anomalies (thin line) in (c) the Coats Land region and (d) the South Orkney region. Units are fraction of the area covered
by ice.

Cullather et al. [1996] and Bromwich et al. [2000] in the
Ross-Amundsen Seas. The coupling with the slow adjusting
ocean may account for the long-timescale character of this
signal.

Icebergs grounded since the late 1980s to the north of
Berkner Island (at 45ÆW-77ÆS) between the Ronne and
Filchner Ice Shelves [Zibordi and Van Woert, 1993] have
prevented significant inflow of sea ice into the southern Wed-
dell Sea over the last decade or so. These grounded icebergs
represent a disturbance to the flow along the Coats Land
coast in contrast to the smooth coastal inflow in the tradi-
tional cyclonic gyre circulation. This results in pile up of ice
in the central Weddell during the last decade and may also
be linked to the change in circulation regime that occurred
after 1990.

6. Sea Ice Temporal Variability

The interplay of the two described signals is illustrated in
Figure 6 by the temporal evolution of the quasi-quadrennial
and long-term SIC variations, and that of their sum, in the

CL and SO regions. Both signals are comparable in am-
plitude in the CL region, but the quasi-quadrennial signal
is slightly dominant in the SO region. Peak values are ob-
served during summer-fall in the CL raw anomalies and dur-
ing winter-spring in the SO raw anomalies, which is consis-
tent with the seasonal character of the anomalies discussed
earlier. The total signal (that is, the sum of the quasi-
quadrennial and long-term modes) accounts for 35% and
45% of the variance of the monthly sea ice fluctuations in
the CL and SO regions, respectively. This percentage in-
creases substantially, however, when considering only the
relevant season for each region: the CL signal accounts for
73% of the summer (January-March) ice variance, while the
SO signal accounts for 57% of the winter (July-September)
ice variance.

In the CL region, the quasi-quadrennial and long-term
signals add constructively around 1991 and 1994 (Figure 6a),
which results in years of largest ice extent in the 20-year
record (Figure 6c) [Cavalieri et al., 1997b]. In contrast, in
1987 and 1993 the two signals are clearly out of phase and
their effects cancel each other, which results in almost zero
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ice anomalies.

In the SO region, however, the long-term mode is not
strong enough to disturb the quasi-quadrennial cycles, which
are well defined during the 20 years. Harms et al. [2001]
have observed minimum and maximum net ice mass flux
from the Weddell Sea in 1990 and 1991, respectively, which
is consistent with the largest peaks of the quasi-quadrennial
signal in the SO region (Figure 6b). Furthermore, Drinkwa-
ter et al. [1999a] identify 1990 as the most sluggish north-
ward ice drift during the satellite era. In contrast, 1991 was
identified from upward looking sonar and satellite ice drift
data to have the largest winter peak in net northward ice area
flux [Drinkwater et al., 2001].

The quasi-quadrennial signal alone accounts for 25% and
40% of the monthly ice concentration variance in the CL and
the SO regions, respectively. Frequency and amplitude mod-
ulations are evident in both regions, the oscillations being of
smaller amplitude and of relatively longer period (�4 years)
up to about 1988/1990 and of larger amplitude and shorter
period (�3 years) afterward. Gloersen [1995] identified a
distinct period of oscillation of 4 years in the Weddell sea ice
extent during the 9-year period 1978-1987, which coincides
with our pre-1988 period. The quasi-quadrennial SIC cycles
are particularly well defined from 1988/1990 onward. Fur-
thermore, the lead-lag relationships among the time series
shown in Figure 3 are also more clear after 1988/1990. This
may suggest that the change in regime in the Weddell at-
mospheric and oceanic circulation around 1990 discussed in
section 5 interferes with the quasi-quadrennial cycles, partly
accounting for the different character of the time series be-
fore and after 1990.

The long-term trend alone accounts for 20% and 8% of
the monthly ice extent variance in the CL and the SO re-
gions, respectively. Its relative importance in the CL region
reflects the strong summer signature of this signal.

7. Discussion and Conclusions

Sea ice variability in the Weddell Sea is dominated by
quasi-quadrennial (3- to 4-year period) oscillations and is
strongly coupled to atmospheric and oceanic fluctuations.
The sea ice, the upper ocean, and the atmosphere alterna-
tively force one another, leading to air-ice-sea interactions
and feedbacks that account for the oscillating behavior of
the system.

Anomalous atmospheric configurations periodically gen-
erate sea ice concentration anomalies of alternating sign
in the southeastern Weddell Sea. These are swept out of
the basin the following year and advected eastward by the
gyre circulation. The eastward propagation of ice anoma-
lies along the winter ice edge accounts for the passage of
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Figure 7. Schematic representation of the sequence of pro-
cesses involved in one half of a quasi-quadrennial Weddell
Sea Oscillation. A positive sign between two boxes indicates
that a positive (negative) anomaly in the first quantity leads
to a positive (negative) anomaly in the second. A negative
sign between two boxes indicates that a positive (negative)
anomaly in the first quantity leads to a negative (positive)
anomaly in the second [Kellogg, 1983]. AP, Antarctic Penin-
sula, WS, Weddell Sea.

the ACW through the Atlantic sector of the Southern Ocean.
This variability in ice dynamics forces changes in northward
ice extent. These result in strong fluctuations in heat release
from the ocean to the atmosphere in the region close to the
ice edge, which in turn causes changes in the atmospheric
pressure. A suitable combination of these processes results
in a coupled air-ice-sea “Weddell Sea Oscillation.”

The feedback loop of Figure 7 illustrates schematically
the sequence of interactions involved in one half of a quasi-
quadrennial cycle. The interpretation of the signs and ar-
rows in the loop follows that described by Kellogg [1983]
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and Mysak and Venegas [1998]. A perturbation that is trans-
ferred from one box to the next (in the clockwise direction)
returns to its initial box with opposite sign; that is, Fig-
ure 7 represents one half of a climate cycle. The period of
the oscillation is the time taken to traverse the loop twice.
The “oscillation” works as follows. Reduced SLP over the
Antarctic Peninsula and the Weddell basin (snapshot 1 of
Plate 1) leads to northeasterly wind anomalies over the entire
Weddell basin. Such anomalies weaken the southerly winds
parallel to the Antarctic Peninsula and enhance the easterly
winds parallel to the coast. These anomalous winds drive
a weak northward branch and a strong westward branch of
the Weddell Gyre. This results in weak ice export from the
interior Weddell Sea to the north and strong ice import to
the interior Weddell Sea from the east. Consequently, sea
ice accumulates in the interior Weddell Sea, as reflected by
an increased summer ice concentration (positive Coats Land
SIC anomaly). Northward sea ice advection by the mean
gyre circulation results in increased northward ice extent the
following winter (positive South Orkney SIC anomaly). The
reduced open water area along the winter ice margin in the
South Orkney region implies a reduction in sea-to-air heat
flux, a cooling of the lower troposphere and an increase in
SLP over the South Orkney region. This combines with the
positive SLP anomaly coming from the Bellingshausen Sea
to yield increased SLP over the Antarctic Peninsula and the
Weddell basin (snapshot 5 of Plate 2), thereby completing
the loop. A similar sequence of reversed-signed processes
traverses the loop to complete the second half of a quasi-
quadrennial oscillation.

Results from our ongoing research (Venegas et al., sub-
mitted manuscript, 2001) suggest that similar coupled mech-
anisms also occur in other sectors of Antarctica, particu-
larly in the Ross, Amundsen, and Bellingshausen Seas. This
would indicate that the passage of the ACW around Antarc-
tica is strongly linked to regional air-ice-sea coupling pro-
cesses that are phase shifted among the different basins. This
hypothesis, however, does not exclude the possibility of ex-
ternal forcings to the ACW, such as SLP and sea surface tem-
perature anomalies arriving from the tropical western South
Pacific and related to El Niño-Southern Oscillation (ENSO)
[Peterson and White, 1998]. We suggest therefore that the
Weddell Sea Oscillation may have a life of its own inside the
basin and, at the same time, may be properly synchronized
with such remote ENSO forcing that determines its inter-
annual timescale. As such, the regional coupling discussed
here seems to be the high-latitude manifestation of large-
scale atmospheric circulation anomalies which are driven via
teleconnections with ENSO.

Sea ice variability on timescales longer than 10 years is
also detected in the Weddell Sea, albeit rather speculatively

in this 20-year-long record. The atmospheric circulation is
proposed to account for these long-term ice fluctuations by
driving slow changes in the shape and characteristics of the
Weddell Gyre. An intensified Circumpolar Trough leads to
a zonally elongated gyre. A strong zonal (westward) com-
ponent of ice flow results in high ice concentration in the
central Weddell Sea through accumulation of ice against
the Antarctic Peninsula. This situation dominated the last
decade of the record (after 1990) when several large icebergs
were grounded off the Filchner Ice Shelf, thereby disturbing
the normal westward flow along the Coats Land coast. On
the other hand, a meridionally extended gyre with predomi-
nantly northward motion favors low ice concentration in the
central Weddell Sea, owing to exaggerated net ice export to
the north. Such was the situation during the first decade of
the record, up to 1990. The change in the Weddell Gyre
circulation regime was preceded by a change in the general
atmospheric pattern with a lag of 3-4 years. Such a delay re-
sults from the slow response of the oceanic gyre to adjust to
the atmospheric changes. The integrative effect of the ocean
may account for the long-timescale character of this signal.

An intriguing feature of the long-term signal is an area of
depleted ice concentrations and enhanced ice divergence in
the region of Maud Rise around 1994, which coincides with
the appearance of a transient winter Weddell polynya. If we
speculate that the long-term signal has in fact some periodic
behavior on the quasi-decadal timescale, and back-project
the long-term SIC fluctuation shown in Figure 6a, we might
suggest that the last time when this signal was in a positive
phase coincides with the time of the appearance of the 1974-
1976 Weddell polynya. The requirement, however, for the
likely appearance of a polynya would be the coincident pos-
itive phase of the long-term signal with a peak in Weddell
Deep Water potential temperature. The latter could precon-
dition the upper ocean over a broad area to the situation of
marginal stability [Martinson and Iannuzzi, 1998] in which
the right blend of air-ice-sea couplings would be required to
trigger a polynya event.
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