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A westward propagation signal in the sea ice concentration
in the Indian sector of the Southern Ocean

Xuhui X1E", Hideki NaGasHIMA, and Masao NEMOTO

Abstract : From longitude-time plots for Sea Ice Concentration (SIC) anomalies along 63.71
°S in the period 1979 to 1999, a wave-like pattern is found to propagate westward from 60°E to
140°E. This pattern fluctuates with a period of nearly 5 years and propagates at a speed of ap-
proximately 3.3 cm/s. Such characteristics differ from those of the Antarctic Circumpolar
Wave (ACW), the signal for which repeats every 4-5 years, and which propagates eastward
around Antarctica with an average speed of about 8 cm/s. A 48-month time-lagged extended
empirical orthogonal function (EEOF) analysis of SIC anomalies shows that SIC variability
with interannual time scales is negatively coupled to SST fluctuations, and the SIC anomalies
propagates eastward in the Pacific and Atlantic oceans. In the Indian Ocean from 60°E to 140
°E, however, this analysis cannot identify such a negative correlation.
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1. Introduction

The Sea Ice Concentration (SIC) in the
Southern Ocean is considered to play an impor-
tant role in the state and variability of both re-
gional and global climates through the action
of thermodynamic and dynamic processes and
feedback mechanisms.

WHITE and PETERSON (1996) have reported
that an interannual oscillation with a period of
34 years dominates in Sea Level Pressure
(SLP), sea surface temperature (SST),
meridional wind stress, and Sea Ice Extent
(SIE) anomalies in the Southern Ocean. This
fluctuation is named the Antarctic Circumpo-
lar Wave (ACW). The signal repeats itself
every 4-5 years and propagates eastward
around Antarctica with an average velocity of
about 8 ecm/s in a phase-locked manner. The
eastward propagation of the ACW was also
found by Jacoss and MrrcHELL (1996), who
observed coherent variations in sea surface
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height, SST, and atmospheric pressure. Those
authors showed that the eastward-propagating
ACW has a period of about 4 years and a wave-
length of 180 degrees in longitude.

WHITE and PETERSON (1996) have suggested
a tele-connection of ACW with the El Nifo-
Southern Oscillation (ENSO) phenomenon.
Their model simulations of the ACW demon-
strate that there must be a coupling between
ocean and atmosphere for this phenomenon to
exist. QU and JiN (1997) Showed that the
mechanism of the ACW is based on a local
ocean-atmosphere interaction.

In addition to elucidating the ACW’s vari-
ability many studies have suggested that the
Antarctic sea ice fields co-vary with the ENSO
phenomenon in the tropical Pacific (CHiu, 1983;
CARLETON, 1989; SIMMONDS and JACKA, 1995;
WHITE and PETERSON, 1996; YUAN et al., 1996;
SMITH et al., 1996; LEDLEY and Huang, 1997;
CARLETON et al., 1998; YuaN and MARTINSON
2000, 2001; HaraNGozo, 2000; Kwok and
Comiso, 2002; MARTINSON and TanNUzzl, 2003;
YUAN, 2004). Recently, YUAN and MARTINSON
(2000) found that an out-of-phase relationship
between SIC and SST anomalies in the South
Pacific and South Atlantic persists three to
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four seasons after being triggered by the
ENSO forcing. This relationship is called the
Antarctic dipole (ADP).

From the analysis of SIC variability inside
the ice pack, GLOERSEN and WHITE (2001) found
evidence to support that the thermal inertia as-
sociated with the SST provides the most domi-
nant factor influencing the amount of sea ice
that forms each winter around Antarctica.
They concluded that the memory of the ACW
in the sea ice pack is carried from one austral
winter to the next by the neighboring water
temperatures, since the sea ice pack retreats
nearly to Antarctica in austral summer.

As mentioned above, the ACW is now one of
the most notable phenomena around Antarc-
tica. VENEGAS (2003), however, pointed out
that there is another signal in the SST fluctua-
tions, propagating westward in the western In-
dian Ocean between 45°E and 90°E. As SST
data are not available near Antarctica because
of sea ice, especially in austral winter, the SIC
analysis will help clarify the existence of the
westward-propagating signal near and around
Antarctica. Thus, we focus on SIC variability
near Antarctica especially in the Indian sector
and investigate both its interannual fluctua-
tion characteristics and the relationship be-
tween the spatial variability in the Antarctic
SIC and global SST.

In this paper, we carry out an empirical or-
thogonal function analysis of SIC anomalies.
In section 3, we show that the signal of the
ACW is unclear near the coastal area in the In-
dian sector, although the general characteris-
tics of SIC fluctuations are similar to those in
SIE, SLP, and so on. Next, in section 4, a west-
ward-propagating signal is shown from the
longitude-time analysis of SIC anomalies along
63.71°S. A discussion and concluding remarks
are given in sections 5 and 6, respectively.

2. Data collection and methodology

Two data sets are used in this study: (1) the
monthly mean SIC; the areal fraction covered
by sea ice is obtained irrespective of ice type,
and the ratio describing the density of ice is de-
rived from grid brightness temperatures, rang-
ing from 0 to 100%. The data set spans 21 years
from 1979 to 1999 and was provided by the

National Snow and Ice Data Center (NSIDC).
These data are derived from SSMR and SSM /I
satellite passive microwave observations with a
grid resolution of 25 km. (2) The monthly opti-
mum interpolation (OI) of SST data spans an
18-year period from 1982 to 1999 and was pro-
vided by the National Centers for Environ-
mental Prediction (NCEP). A set of 1° X 1°grid
data was derived from a combination of in situ
and satellite radiometer measurements.

These data sets are processed to determine
the mean annual cycle and to compute the
monthly average over the record length. Time
series of monthly anomalies in each grid were
determined by the difference relative to the
monthly mean values for the applicable record
length. Such procedures result in the removal
of the average seasonal cycle.

To suppress further seasonal and possible bi-
ennial signals, and also to remove long-term
trends, the time series were band-passed with a
filter having a 3-7 year admittance window. A
time-longitude diagram is then created.

3. Empirical orthogonal function (EOF)
analysis of SIC anomalies

In the present study, the sca ice region is de-
fined by a group of grids in which the SIC is
greater than 15% at least once a month during
the 21-year period.

The SIC anomalies are rearranged into an
N XP matrix, where the number of samples N
is the time series of 252 months from 1979 to
1999, and the parameter P (=4678) is taken as
the number of grids describing the sea ice re-
gion. From this data matrix, a 4678-square
spatial covariance matrix is calculated.

The EOF leading mode eigenvector has 7.6%
of the total SIC variance (shown in Fig.la).
From the power spectral analysis (Fast
Fourier Transform) of the leading EOF score
drawn in Fig. 1b, it is found that there is a sig-
nificant peak in the spectral energy at a period
of 3.5 years (0.0238 cycles mon™), as shown in
Fig. lc. This analysis revealed the most impor-
tant patterns of spatially and temporally co-
herent variability in SIC anomalies.

Many studies have suggested a mode-3 wave
in the Southern Ocean. For example, CoMISO
(2000) indicated that the Antarctic sea ice cover
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Fig. 1a). Leading EOF mode eigenvector of SIC (%) anomalies contains 7.6% of the total SIC variance from Jan
1979 to Dec 1999. High amplitudes occur in the Bellingshausen Abyssal Plain, Drake Passage, and Scotia
Seas, indicating positive SIC anomalies and negative SIC anomalies, respectively. The leading EOF mode
eigenvector shows a spatial pattern of wave number 3; the largest wave spans longitudes between 160°W and
10°E, the second largest wave was detected in the region from 90°E to 180°, and the third largest wave, from
10°E to 90°E, was very weak. The color bar ranges from —25 to 25 (%). The red circle is the longitude of the
63.71°S.

b) Temporal variation in the score of the leading EOF mode of SIC anomalies in the Southern Ocean.
¢) Spectra of the leading EOF score of SIC anomalies obtained during the 21-year period from 1979 to 1999
show a significant peak in the period of about 3.5 years.

Time(monthly)
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10 -5 0 e (%)
Fig. 2. Time-longitude diagrams of SIC (%) anomalies after passing through a 3-7 year band-pass filter. In the
Pacific and Atlantic oceans (from 140°E to 60°E), an eastward ACW-type propagation occurs. Conversely,

that in the Indian Ocean (from 60°E to 140°E) propagates westward. The color bar ranges from —12 to 12
%).
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Fig. 3. Top panel: Temporal variation in the scores of the leading EEOF mode of SIC and SST anomalies in the
Southern Ocean after passing through a 3-7 year band-pass filter. The cross-correlation is 0.80. Bottom
panel: Lag sequences of the dominant EEOF mode of interannual SIC (%) and SST (°C) anomalies. Broken
lines show a clear negative correlation between SIC and SST anomalies; they all propagate eastward in the
Pacific and Atlantic oceans. In the Indian Ocean, however, there is not always a negative correlation between
SIC and SST anomalies. In months 6-18, positive SST anomalies dominate in the Indian sectors, and positive
SIC anomalies also appear in this region. In months 30-42, a negative SST and SIC dominate in the region.
The color bar ranges from —1.5 to 1.5 (°C), and for SIC anomalies the color bar ranges from —7 to 7 (%).
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consists predominantly of mode-3 waves.
CoNNOLLEY (1997) analyzed SLP anomalies,
and Hans et al. (1999) analyzed SLP and the
curl of wind stress. In both of those studies, the
authors found a similar pattern of the mode-3
wave. In those studies, a spatial pattern with a
wave number 3 is also found in the Southern
Ocean. The largest wave is found to span from
160°W to 10°E. Positive/negative SIC anoma-
lies occur in the Bellingshausen Abyssal
Plain/Drake Passage and in the Scotia Sea. The
second largest wave is detected in the region
from 90°E to 180°, and the third largest wave,
between 10°E and 90°E, is very weak.

4. Propagation characteristics of the west-
ward wave-like signal observed in SIC re-
cords in the Indian sector of the Southern
Ocean
As described in section 3, the EOF first mode

of SIC anomalies shows three waves around

Antarctica, the second largest of which is in the

Indian sector. The peak and trough of the wave

are found around 64°S. Since the Antarctic

coast extends further north in this sector and

the Antarctic Circumpolar Current (ACC) is a

little far from this latitude, the propagation

characteristics are probably different from
those in other sectors.

Thus, we plot SIC anomalies along 63.71°S
near 64°S on a time-longitude diagram, because
this latitude is located almost at the center of a
25X 25 km cell. The horizontal resolution of the
data analyzed is 1° in longitude. The results are
illustrated in Fig. 2. One question is whether or
not an ACW-type signal is apparent in the SIC
anomalies. Actually, the SIC anomalies de-
picted in the diagram reveal clear eastward
propagation signals in the Pacific and Atlantic
oceans. In contrast, a westward propagation is
quite apparent in the Indian Ocean between
60°E and 140°E. This propagation is in con-
trast to the more familiar ACW type.

The SIC anomalies in the Pacific and Atlantic
oceans appear to propagate eastward with a pe-
riod of 3-5 years. It takes 7-9 years to circle
Antarctica at an average propagation velocity
of about 6-8 cm/s. On the other hand, the SIC
anomalies in the Indian Ocean propagate west-
ward over a slightly longer period, nearly 5

years, and their velocity is about 3.3 cm/s,
which is slower than that of the eastward
propagation observed.

Similar westward-propagating signals are
found around 60°S and 65°S, but the signal
around 64°S is clearer than the others. Note
that the time-longitude analysis for SST
anomalies around 45°S, 50°S, 55°S, and 60°S
suggests that the eastward-propagating signal
is not so clear (not shown here) in the Indian
sector around 60°S.

As mentioned above, the propagation charac-
teristics in the Pacific and Atlantic oceans are
similar to those for the ACW described by
WHITE and PETERSON (1996). In the Indian
Ocean, however, the SIC anomalies appears to
propagate to the opposite direction and with a
slower velocity. One of the reasons for this dif-
ference must be the topography of the Indian
Ocean. As shown in Fig. 1a, the Kerguelen Pla-
teau and the Balleny Islands obstruct the east-
ward propagation of the ACC near the coast.
Another reason is probably the existence of a
cyclonic gyre of wind and current systems at
high latitudes in the Indian sector of the South-
ern Ocean.

5. Discussion

As described above, the EOF analysis shows
that the SIC anomalies propagate eastward in
general. However, the time-longitude diagram
along 63.71°S indicates a signal of westward
propagation in the Indian Ocean. Thus, we dis-
cuss the time-space variability of SIC anoma-
lies based on the EEOF analysis. The EEOF
method has shown some promise for improving
our understanding of the nature of the domi-
nant patterns for coherent variability in space
and time.

Here we apply EEOF to SST and SIC anoma-
lies in order to clarify the relationship between
them, and also to identify whether or not the
westward propagation of the SIC anomalies is
related to the SST anomalies in the Indian
Ocean.

In Fig. 3, we show the results of the EEOF
analysis for the SIC and SST anomalies. The
scores of the leading EEOF mode of the SIC and
SST anomalies with a 3—7 year band-pass filter
have a cross-correlation of 0.80 (Fig. 3, top).
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We identify the ACW propagation by EEOF
analysis. SST anomalies (left panel in Fig. 3)
slowly propagate eastward with the variability
of interannual time scales. As shown by broken
line 4, well-developed positive SST anomalies in
the South Pacific extend in a zonal direction in
months 0-6. Then, in months 12-18, the warm
SST anomalies move slowly toward the east
and ran into the Drake Passage around 70°W,
causing large negative SIC anomalies in this re-
gion as shown by the broken line 7. In months
24-36, well-developed positive SIC anomalies in
the Weddell Sea around 40°W prevent the east-
ern propagation of positive SST anomalies. The
SST anomalies then become weaker and move
to the east of the Atlantic and to the Indian
Oceans in months 36-42, and the warm SST
anomalies in this region move to a lower lati-
tude. As a result, the SST anomalies slowly
move eastward, traversing more than half of
the Southern Ocean from 150°E to 90°E during
a 42-month period. It is shown that SST
anomalies fluctuate with a 3.5-year quasi-
periodicity in the Southern Ocean. We also
identify the eastward propagation of the SST
anomalies shown by broken lines 1-3. WHITE
and CHEN (2002) also indicated that an ACW
with a 34 year period propagates eastward
around the Southern Ocean, covaries with SST
and SLP anomalies, and consists of two wave-
lengths circling most of the global ocean along
the mid-latitude storm track near 40°S.

The propagation of positive SST anomalies
shown by broken lines 2 and 4 corresponds to
the propagation of negative SIC anomalies
shown by broken lines 5 and 7, although they
all propagate toward the east with time. In ad-
dition, the negative propagation of SST
anomalies shown by broken line 3 corresponds
to the positive propagation of SIC anomalies
shown by broken line 6. Accordingly, a clear
negative correlation between the SIC and SST
anomalies over most of the Pacific sectors and
the Atlantic sector of the Southern Ocean is
suggested, and both the SST and SIC anomalies
propagate eastward. In the Indian Ocean, how-
ever, there is not always a negative correlation
between these two anomalies, although we can
find eastward propagation in the SST but not
in the SIC anomalies. In months 6-18, positive

SST anomalies dominate in the Indian sectors,
and positive SIC anomalies also appear in this
region. In months 30-42, negative SST and SIC
dominate in the region. Thus, the EEOF analy-
ses show that there is not a strong negative
correlation between SST and SIC anomalies in
this region.

The ACW was observed to follow the mid-
latitude storm track in the eastern Atlantic, In-
dian, and western Pacific sectors of the
Southern Ocean between 30°S and 45°S (WHITE
and CHEN, 2002). In addition, the ACW is the
dominant climate signal in monthly SST, SLP,
and SIE in the Southern Ocean (VENEGAS, 2003;
WHITE, 2004; POTTIER et al. 2004). In the pre-
sent study, however, westward propagation of
SIC anomalies is implied in the Indian sector.

6. Concluding remarks

A brief summary of the sea ice variability in
the Southern Ocean described in this paper is as
follows.

Interannual oscillations with periods of
about 3-5 years were found to characterize the
SIC variability in the Southern Ocean. The SIC
anomalies fluctuate with a peak of 3.5-year
quasi-periodicity and with a spatial pattern of
wave number 3. The largest wave appeared in
the Pacific and Atlantic oceans. The second
largest wave was detected in the region of the
Indian Ocean. The third largest wave, from
90°E to 180°, was very weak.

We focused on the Indian sector and found
that SIC anomalies propagate westward in the
Indian Ocean. The anomalies fluctuate with a
period of approximately 5 years and propagate
at a speed of 3.3 cm/s. This is a little longer and
slower than the ACW, which propagates east-
ward in the Pacific and Atlantic oceans.

EEOF analysis revealed a clear negative cor-
relation between SIC and SST anomalies over
most Pacific sector and the Atlantic sector of
the Southern Ocean. In the Indian Ocean, how-
ever, there is rather a positive correlation be-
tween SIC and SST anomalies. We can find
eastward propagations in SST anomalies,
which are the characteristics of ACW, in all of
the Southern Ocean, but we cannot find east-
ward propagation in SIC anomalies in the In-
dian sectors.
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The westward propagation of the SIC
anomalies shows little association with the SST
in the Indian sector. We suggest that this is
probably affected by topography and is associ-
ated with currents moving westward along the
coast. The Kerguelen Plateau and the Balleny
Islands obstructed the eastward propagation of
the covarying ACC, resulting in a westward
current. Similarly, obstacles to the westward
propagation of this near-coastal current are
likely to result in a similar augmentation of
the ACC. These findings suggest that the west-
ward propagation of the SIC anomalies is
closely related to the westward current, which
is generated by extensive gyres in the basins.
Further studies on propagation characteristics
in the Southern Ocean should focus on whether
or not westward circumpolar propagation oc-
curs inside the ACW near the continental Ant-
arctic coast.
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