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An attempt is made to understand the long-term variability of SST using NOAA optimum interpolation SST data for the period
(1982–2011) in the Southern Ocean. This dataset has been used (i) to study the interannual variability in SST anomaly and (ii) to
carry out regression analysis to compute linear trend in the annual averaged SouthernOcean SST. It is observed that summer season
exhibits more variability than winter. Moreover, El Nino/La Nina events apparently play a critical role in the variability of Southern
Ocean SST. Thus, higher SST anomalies were observed in El Nino years (e.g., 1983), while cooler anomalies were seen during La
Nina years (e.g., 1985). In addition, the eastern and western sides of Antarctica experience episodes of warm and cold SST. Western
parts of the Southern Ocean experienced higher anomalies during 1992, 1993, and 1994, while the eastern part experienced positive
anomalies in 1997, 1998, 2002, and 2003.The paper also highlights the different regions of the Southern Ocean showing statistically
significant positive/negative trends in the variability of interannual average SST.However, in general, the SouthernOcean as a whole
is showing a weak interannual cooling trend in SST.

1. Introduction

Sea surface temperature (SST) plays an important role in
oceanic heat content controlling the interactions between
ocean and atmosphere [1]. Changes in SST can be considered
as one of the most important indicators of climate change.
Oceans are huge reservoirs of heat, and the heat release plays
a major role in climate both in regional as well as global
scale. SST is a one of the parameters directly related to this
heat release. Thus, studying the variations of SST over a long
period is important in understanding the nature of global
climate change.

As observed by many researchers [2–5], the distribution
of temperature on the sea surface is apparently zonal in
behaviour, with the warmest water near the equator and
the colder ones in the polar regions. Deviations from this
behaviour are small. However, Deser et al. [6] evaluated the
20th century SST trends using 5 different datasets, and a
significant global warming trend was observed, except in

some regions like the northwestern Atlantic. They reported
the largest warming trends in the midlatitudes.

In the polar regions, surface temperature regulates the
growth of sea ice, its melt, and the energy exchange between
surface and atmosphere [7]. Comiso [8] evaluated the
thermal infrared (TIR) data from the advanced very high
resolution radiometer (AVHRR) for the period from 1979 to
1998 (20 yr data) to study the trends in surface temperature
in the Antarctic region and found a slightly negative trend.
The result was found to be consistent with the slightly positive
trend in sea ice extent observed by Cavalieri et al. [9]. Using
satellite remote sensing data from AVHRR over a period of
24 years from 1982 to 2005, Lebedev [10] has found a negative
trend of SST over the entire Southern Ocean.

Kwok and Comiso [11] studied the relationship between
Southern Oscillation and the anomalies of Southern Ocean
climatic parameters, namely, sea level pressure, wind, surface
air temperature, and sea surface temperature fields and sea
ice variables including extent, concentration, motion, and
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surface temperature. These climatic variables were correlated
with the Southern Oscillation Index (SOI) for study period
spanning 17 years from 1982 to 1998, with strong correlations
obtaining around the regions of Bellingshausen, Amundsen,
and Ross Seas.

In the polar oceans, sea ice generally forms when the
temperature of seawater reaches below −1.8∘C. Owing to
its high albedo, sea ice reflects most of the incoming solar
radiation, cooling down the polar environment. Increase in
global SST will affect upon the polar environment via the
oceanic circulations. This would inhibit the formation of sea
ice and would lead to more absorption of the incoming solar
radiation, thereby warming up the polar regions (positive
albedo-temperature feedback) [12].

Studies show that the thinning of ice shelves and drainage
of glacier in Antarctica, could be the result of warming
ocean temperature rather than warming air temperature [13].
Thus, SST over the Southern Ocean is a sensitive parameter
by which the climate change signals are expected to be
recognised [14, 15].

Our paper is organized into four sections, with the
concluding remarks briefed in Section 4. Section 2 describes
the data and the overall methodology of this study.

In Section 3, we present our findings on the interan-
nual variability in SST anomaly over the Southern Ocean
(Section 3.1) and the warming/cooling trends (Section 3.2)
observed in interannual average surface temperature.

Some significant features were observed in four sectors,
namely, theWeddell Sea-Ross Sea sectors and theAmundsen-
Bellingshausen Seas (ABS)-Indian Ocean sectors, and this is
discussed in detail in Section 3.3.These sectors are important
because of various reasons. The Weddell and Ross Seas are
regarded as the regions of key sources of cold and dense
bottom water that influences global ocean circulation [16].
Ross Sea andABS sectors are influenced by El Niño-Southern
Oscillation (ENSO) episodes [11]. In addition, the ice cover
in the Bellingshausen Sea is the habitat for a wide variety of
marine life and is crucial to their survival.

Our study heremay be regarded as an extension to similar
other studies by many researchers mentioned earlier in this
field, and in that, we have extended the period of study to
the recent times, which will therefore incorporate signals of
recent climate change.

2. Data and Methodology

Oceanographic changes in the SST for different regions of
Southern Ocean were observed with the help of NOAA
optimum interpolation (OISST Version 2) [17] (henceforth
OI.v2) for the period from January 1982 to October 2011.
The OI.v2 dataset contains monthly SST fields derived by a
linear interpolation of the weekly OI fields to produce daily
fields then averaging the appropriate daily values within a
month to produce monthly averages. The analysis uses in-
situ and satellite SSTs plus SSTs simulated by sea ice cover
over the marginal ice zone (MIZ) where both in situ as
well as satellite observations is sparse due to navigation
hazards and cloud cover, respectively. The OI.v2 analysis has

a modest improvement over the version 1 [18] in the bias
correction because of the addition of more in situ data. The
SST dataset is on a 1∘ × 1∘ grid resolution. The first grid
box is centered on 0.5∘E, 89.5∘S. The points move eastward
to 359.5∘E and northward to 89.5∘N. These datasets are
obtained from NOAA/OAR/ESRL PSD, Boulder, Colorado,
USA, (website: http://www.esrl.noaa.gov/psd/) and are inter-
polated into the polar stereographic projection using cubic
convolution resampling technique [19].

For distinguishing El Niño and La Niño events, we use
the Oceanic Nino Index (ONI), a standard index used by the
Climate Prediction Center-NOAA [20].

In this paper, we first study the inter-annual variability
in surface temperature over the entire Southern Ocean by
comparing among the annual anomaly maps generated as
a difference between each yearly SST and the long-term
(1982–2010) average SST. We computed annual (Jan.–Dec.)
averages in order to remove seasonal variations in the surface
temperature fields. We then perform a regression analysis
to compute the inter-annual trend in the Antarctic and the
regions with statistically significant trends are marked with
contours.

A discussion on the decadal variations of SST during
three distinct decades, namely, 1982–1991, 1992–2001, and
2002–2011, is presented in this paper. For this, the decadal
monthly anomalies were generated by first creating the
decadal means and then removing the monthly climatology
from each decade for the same month.

The Southern Ocean is subdivided into different sectors
as shown in Figure 1(a), following Markus and Cavalieri [21].
Figures 1(a) and 1(b), respectively, show the contours of long-
term (1982–2011) austral summer (ONDJFM) and winter
(AMJJAS) seasonal mean SSTs, spaced at 2.5∘C intervals.
Superimposed upon these seasonal SST contours are the
standard deviations (computed over the entire season) of SST
anomalies given in shades of different colours. Some key fea-
tures of this figure are (i) near-zonally symmetric isotherms,
decreasing toward the pole and (ii) more variability during
summer season compared to the winter.

3. Results and Discussion

3.1. Interannual Variability in Surface Temperature Anomalies.
Figure 2 shows the inter-annual variability of the Antarctic
surface temperature anomalies for the period from 1982 to
2010. From this time sequence images, it appears that East
Antarctica, in general, and theWestern Pacific Ocean (WPO)
sector, in specific, are substantially cooler than any other
sectors in the year 1982, while during 1999-2000, the Ross
Sea sector appears cooler. However, the subsequent year,
1983, shows a relatively higher anomaly in the Amundsen-
Bellingshausen Seas (ABS) sector as well as the Indian Ocean
(IO) and the adjacent regions of the WPO. The ONI values
for 1982 Aug-Sep-Oct mean were of the order of +1.5∘C (a
threshold for stronger El Niño events) and wherefrom it
continued to be in excess of this threshold till Feb-Mar-Apr
mean of 1983.Therefore, the observed higher anomaly in 1983
in our study could be a possible effect of this.
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Figure 1: Long-term mean SSTs (contours) and standard deviations of SST anomalies (shading) for the (a) austral summer (ONDJFM) and
(b) winter (AMJJAS) season. Contour interval is 2.5∘C; 0∘C and 10∘C isotherms aremarked. Also, the different sectors of Antarctica are shown
relevant to this present study. EAIS and WAIS represent East Antarctic Ice Sheet and West Antarctic Ice Sheet, respectively.

West Antarctica experienced higher anomalies during
1992, 1993, 1994, 1995, and so forth, whereas in years like 1997,
1998, 2002, 2003, and so forth, East Antarctica experienced
positive anomalies. Comiso [8] has also found the years 1994–
1996 to be warmer. However, it may be noted here that he
had used only the July month anomalies for the period from
1979 to 1998; while in our case, we have used annual average
anomalies. The year 1992 experienced moderately strong El
Niño event and thus the higher surface temperature anomaly
observed in our study, while 1994-95 had a weak El Niño.
The year 1997, showing an overall warming in almost all the
sectors of Southern Ocean, was a strong El Niño year. The
colder anomalies observed in our study could possibly be
explained in terms of the La Niña event. Hence, years like
1999 and 2000 having strong La Niña events show colder
anomalies in the eastern as well as the western Antarctic
waters, for example, the WPO and the ABS sectors.

Time series plot of temperature anomalies in ∘C for the
SouthernOcean (here taken to be the oceanic regions beyond
∼45∘S up to the Antarctic continent boundaries) is given
in Figure 3. The mean anomaly (black), maximum values
(red), minimum (blue), and standard deviations (dashed)
are plotted in it. In the plot, each mean value represents
the average temperature anomaly over the entire Southern
Ocean for a particular year; minimum (maximum) is a value
at a particular pixel with the lowest (highest) temperature;
standard deviations represent the fluctuations around the
mean over the entire period of study.The statistics shown are
for the linear regression over the yearly mean SST.

The highest temperature (0.12 ± 0.21∘C) anomaly over
the entire Southern Ocean is observed in the year 1997,
while 2008 with an anomaly temperature of −0.12 ± 0.21∘C
represents the coldest year in our study. We performed
a linear regression over the annual-averaged temperature
anomaly data, and we found that over the entire region, there
is a weak negative trend. However, at 95% confidence, the

negative trend is not statistically significant as suggested by
the statistical 𝑃 value (>0.05).We will discuss about the trend
analysis on a grid-wise scale in the following subsection.

3.2. Trend Analysis of Interannual Average Temperatures. A
grid-wise trend analysis is carried out using linear regression
in order to see if there is any significant trend in the variations
of the inter-annual average surface temperatures. A trend
map is generated as shown in Figure 4. In the figure, regions
with statistically significant trends are marked by a dashed
contour.

Oza et al. [22] used the entire life span (1999–2009) data
of QuikSCAT to study the inter-annual variations in the
summer and spring sea ice extent in the Arctic as well as the
Antarctic. They found a significant positive sea ice trend in
the IO sector. This can be explained by the observed cooling
trend of surface temperature visible in the IO sector.

TheWPO sector close to the coast shows a cooling trend.
However, farther away from the coast (<60∘S toward the
equator), a significant warming trend is observed. During
summer season, this region is almost entirely ice-free.

Majority of the Ross Sea sector is showing a cooling trend.
However, there is a small region near the Ross shelf showing
both slight warming and cooling trend. Moving toward 60∘S,
a more prominent cooling trend is observed.

The ABS sector is showing statistically significant warm-
ing trend in consistency with the findings of decreasing sea
ice trend by Oza et al. [22, 23]. Likewise, here too, around
60∘S, the SST anomaly trend is more toward cooling than
warming. In the Weddell Sea sector (WS), majority of the
region is showing a significant cooling trend.

In addition to this, we also present here in Figure 5
a colour-coded map showing the difference between the
annual average surface temperature in 2010 and 1982, the
end and beginning of our analysis period. This image will
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Figure 2: Antarctic annual (January–December) anomaly maps of surface temperatures for the period from 1982 to 2010. Anomalies are
computed by subtracting the long-term average from the yearly average.



ISRN Oceanography 5

Year
Minimum

MeanMaximum
Linear (mean)

19
80

19
82

19
84

19
86

19
88

19
90

19
92

19
94

19
96

19
98

20
00

20
02

20
04

20
06

20
08

20
10

20
12

−2

−1.5

−1

−0.5

0

0.5

1

1.5

2

SS
T 

an
om

al
y 

(∘
C)

±St.dev.

y = −0.001x + 3.401

R2 = 0.04
P = 0.27

Figure 3: Time series showing the variation of Southern Ocean
surface temperature anomalies (in ∘C). Black line shows the mean
anomaly, red line gives the maximum values, blue line, minimum,
and the dashed lines represent ±sigma. Here, mean represents the
average temperature anomaly over the entire region; minimum
(maximum) is a value at a particular pixel with the lowest (highest)
temperature; standard deviation represents the fluctuations around
the mean over the entire period of study. A linear trend (green
straight line) is also shown, with the regression statistics given at the
top left corner.

180∘E

0∘E

6
1
∘
S

0.0290

0.0198

0.0106

0.0014

−0.0078

−0.0169

−0.0261

(∘
C/

yr
)

Figure 4: Trends in SouthernOcean surface temperature anomalies
for the period from 1982 to 2010. Regionswith statistically significant
trends are marked by the dashed contours.

help in visualising the magnitude of change in the surface
temperatures during this period of study. The warming and
cooling trends observed in the previous figure, Figure 4,
are also, in general, visible in this difference map, Figure 5.
However, the strong warming trend in the ABS as observed
in Figure 4 is not widespread as shown in Figure 5. Another
point of difference is at the South Atlantic Ocean at around
15∘–0∘E and 53∘S where a strong warming is observed.
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Figure 5: Difference map between annual average surface tempera-
ture of 2010 and 1982.

From both these images, a very important observation
can be made; that is, the part of the Southern Ocean in the
East Antarctic sector is experiencing a significant warming
while the West Antarctic sector, a more significant cooling,
in general. However, as a whole, the area experiencing
cooling over the entire Southern Ocean is larger than that
experiencing warming.

3.3. Regional Assessment of the Variations in Decadal SST
Anomalies. In our analysis, it was found that four different
sectors in the Antarctic (the ABS-Ross Sea and the Weddell
Sea-IO sectors) were showing some distinct patterns of SST
variation during the austral summer month of February. It
appears that there exists a linkage between the temperature
patterns in one sector with that in another sector. For the
entire study period from 1982 to 2011, a negative correlation
of ∼ −0.43 (𝑃 = 0.01) is observed in the ABS-Ross sector
pair and a statistically weak negative correlation of ∼ −0.27
(𝑃 = 0.15) at the Weddell-IO sector. We discuss here the
patterns of SST variations in three discrete decades, namely,
1982–91, 1992–2001, and 2002–11.

3.3.1. Amundsen-Bellingshausen Sea-Ross Sea Sector Pair. In
the Bellingshausen Sea, the February decadal mean anomaly
for the period (1982–91) shows a large cold anomaly near the
George VI Sound Ice Shelf (Figure 6(a)). This was around
0.6∘C colder than the decadal average value for the period
1982–91. However, a positive anomaly of around 0.5∘C was
observed in the Drake Passage. The result so obtained in the
western part of the Antarctic Peninsula is consistent with
those reported byMeredith andKing [24] using hydrographic
data of the region west to the Western Antarctic Peninsula.

Apparently, the cold surface temperature episode in the
ABS sector during 1982–91 gradually gave way to a warmer
episode of 2002–11. The temperature anomaly in 2002–11 was
∼0.4∘C. It may, however, be noted that in 2002–11, the Drake
Passage experienced a cooler anomaly (∼0.3∘C lesser than the
decadal average around this region).
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Figure 6: Color coded maps for the month of February (austral summer) representing decadal SST anomalies for three successive decades:
1982–1991, 1992–2001 and 2002–2011. (a) shows the variations of SST anomalies over Amundsen-Bellingshausen Seas sector; anomaly
variations over Ross Sea sector are shown in (b). Negative anomaly in the ABS sector during the period 1982–91 is visible which progressively
becomes positive in 2002–11. However, Ross Sea shows intense warmer SST during 1982–91 and slowly changes to colder SST during 2002–11.
Gray color represents the continent. Regions of study are marked by white circles.

The situation in the Ross Sea sector (Figure 6(b)) shows a
complete reversal of the anomaly pattern as observed in the
ABS sector. Here, warmer temperature was observed for the
decade 1982–91 with a temperature anomaly of ∼0.6∘C which
changed to a colder temperature in 2002–11 with an anomaly
of ∼ −0.4∘C. El Niño events in the years such as 1983, 1987,
1992, and 1998 might have significantly contributed to the
anomaly patterns so observed in these sectors.

3.3.2. Weddell Sea-Indian Ocean Sector Pair. An almost simi-
lar behaviour is observed in the Weddell Sea-Indian Ocean
sectors (Figures 7(a) and 7(b)). Even though the surface
temperature cooled down from 0.5∘ to −0.3∘C in the three

successive decades, the change in the Weddell Sea is not that
gradual as observed in the Ross sea sector. As evident, the two
decades, 1982–92 and 1992–2001, have almost comparable
positive anomalies around the Weddell Sea region, while the
cooling became apparent only during the last decade 2002–11.
In the Indian Ocean sector, a trivial warming was observed
near the Amery shelf basin (left of the ellipse in Figure 7(b))
in the period 1982–91 which moved toward the northern side
and amplified at around 45∘S in 2002–11. In this region, the
surface temperature deviates from the mean by as much as
0.4∘C for the period of the three decades 1982–91 to 2002–11.

In order to gain more insight about this behaviour in the
temporal domain, a 30-year trend analysis of SST anomaly
has been carried out for the month of February. It has been
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Figure 7: As in Figure 6, but for the (a) Weddell Sea and (b) Indian Ocean sectors of Southern Ocean. Temperature anomaly in Weddell Sea
sector has decreased by 0.2∘C from the period 1982–91 to 2002–11. However, in Indian Ocean sector (around 90∘E), the surface temperature
of ocean deviates up to 0.4∘C from the average from 1982–91 to 2002–11.

found that the time sequence of SST anomalies shows larger
year-to-year variability for all the four regions (Figure 8).The
study reveals that the ABS sector has a positive trend at a rate
of 0.02±0.01∘C/yr.The temperature anomaly varies from the
lowest of −0.67∘C in 1986 to the highest of 0.70∘C in 2003.
However, in the adjacent seas: Ross andWeddell seas cooling
trends of−0.04±0.01∘C/yr and−0.02±0.01∘C/yr, respectively,
were observed. In case of Indian Ocean sector, 2011 was the
warmest year (0.68∘Cmore than the average).There is a steep
increase in the surface temperature from 2005 to 2011, an
increase of about 0.97∘C. Overall, a positive trend has been
observed in the Indian Ocean sector, which is amplifying at a
rate of 0.02 ± 0.01∘C/year.

The comparative investigation provided an interesting
result that during the 30-year time period both the lowest as
well the highest temperature anomalies occurred only over

the Ross Sea sector among all the four with −0.81∘C in 1995
and 1.08∘C in 1984, respectively.

4. Conclusion

In this study, the variations of NOAA analysed sea surface
temperatures over the Southern Ocean have been investi-
gated for the period from 1982 to 2011. Inter-annual variability
of the Antarctic surface temperature anomalies for the period
from 1982 to 2010 is studied. The Western Pacific Ocean
(WPO) sector experienced a substantially colder surface
temperature than any other sectors in 1982. As expected, the
El Niño events have impacts on the Antarctic waters, and in
1983, a higher surface temperature over the Southern Ocean
has been reported.
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Figure 8: A 30-year trend analysis of surface temperature anomalies over four different sectors of the Southern Ocean summer month of
February over four different sectors of (a) Amundsen-Bellingshausen Seas, (b) Ross Sea, (c) Weddell Sea, and (d) Indian Ocean sectors. ABS
and Indian Ocean sectors are showing positive trends at per year rate of 0.02 ± 0.01∘C. However, negative trends of −0.04 ± 0.01∘C/yr and
−0.02 ± 0.01

∘C/yr have been computed over Ross Sea and Weddell Sea sectors, respectively.

East and West Antarctic waters experienced different
episodes of warming and cooling events. Thus, West Antarc-
tica experienced higher anomalies during 1992, 1993, 1994,
1995, and so forth, whereas in years like 1997, 1998, 2002 and
2003, East Antarctic experienced positive anomalies.

From the time series analysis of the variation of Southern
Ocean surface temperature anomalies, a slightly negative
(i.e., cooling) trend in average temperature anomaly over
the entire region is obtained. However, this trend is very
weak and found to be statistically insignificant. However,
on a regional scale, there are regions showing statistically
significant trends in warming/cooling surface temperatures.
Thus, regions like Amundsen-Bellingshausen Seas sector are
showing statistically significant warming trend, while the
Western Pacific Ocean sector close to the continental coast
is showing a cooling trend, and the far off regions over the
ocean are, however, giving a warming trend.

We have also studied in this paper the variation of decadal
anomalies for the month of February (austral summer) for 4
different sectors in Antarctica. It is found that the warming

trend is dominant over ABS and Indian Ocean sectors, while
the Ross Sea and Weddell Sea are experiencing a cooling
trend.

One of the very important findings of this analysis is the
steep rise in summer surface temperature observed in the
Indian Ocean from 2005 to 2011. If this rise continues for
more years to come, it would have an adverse effect on the
thickness of Amery ice shelf [13].

There are other significant cryospheric impacts of these
findings. Majority of the glaciers in the Antarctic region
are retreating at an accelerating rate. It is found that the
melt rate of ice shelves is directly related to the surface
temperature of the ocean [25]. Therefore, our study on the
surface temperature variability and the findings, thereof, of
a very strong surface warming over some sectors of the
Antarctic Ocean would have significant implications on the
future of the ice shelves and global climate change.

A prolonged change in the ocean temperature would
change the sea ice cover, and this will affect the regional-scale
ecosystem. As pointed out by Jacobs and Comiso [26], the
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exact cause of SST variations is not yet well know; however,
these changes in surface temperature of oceans are linked to a
larger scale climate phenomena, which needs to be addressed
in more elaborate ways.
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