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Abstract    Four sections of expendable conductivity-temperature-depth (XCTD) profiles from Fremantle, Australia to Antarctic 
Zhongshan Station and Moderate Resolution Imaging Spectroradiometer-Aquarius (MODIS-A) sea surface temperature (SST) 
products were used to study the structure and seasonal variability of Southeast Indian Ocean fronts. Water mass analysis 
showed that surface water masses in the Southeast Indian Ocean were less salty in March than in November. Compared with 
November, the subtropical front (STF) moved southward about one degree of latitude in March, whereas seasonal variability of 
the subantarctic front (SAF) and polar front (PF) locations was not obvious. In March, the saline front moved northward about 
two degrees of latitude relative to the thermal front in the upper 100 m at the SAF, which was the northern boundary of sub-
Antarctic surface water (SASW). Analysis of climatological SST gradients from the satellite data showed that regions of enhanced 
sea surface temperature (SST) gradients were collocated with frontal locations identified with the XCTD data using water mass 
criteria. The surface expression of the PF identified by the SST gradient was further south by about one degree of latitude relative 
to the subsurface expression of the PF identified by the northern boundary of cold water. 
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1  Introduction
The Southern Ocean is the broad ocean region surrounding 
Antarctica, and is a collective name for the southern Pacific, 
southern Atlantic, and southern Indian Ocean. Therefore, it 
is not a formal geographic region. Because there is no north-
south boundaries in the latitude range of the Drake Passage, 
the strong Antarctic Circumpolar Current (ACC) flows 
continuously eastward. ACC transport is >100 Sv (1 Sv=
106 m3∙s−1)[1]; thus, it plays a crucial role in the global 

transport of mass, heat and momentum, and has a deep 
impact on global climate change[2]. The most striking feature 
of the Southern Ocean is its separation by different zonal 
fronts, and zones between these fronts have homogeneous 
water masses[2-3].

The structure and variability of the major fronts in 
the Southern Ocean have been studied for many years. By 
synthesizing all historical in situ hydrographic data[2–8] and 
recent Argo profiles[6], the distribution of mean locations and 
vertical structures of Southern Ocean fronts could be depicted. 
Among these, the climatological frontal patterns of Belkin 
and Gordon[3] and Orsi et al.[2] were the most prominent and 
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most widely applied by other studies. Another important 
and effective way to collect in situ temperature and salinity 
profiles was the launch of expendable bathythermography 
(XBT)/expendable conductivity-temperature-depth (XCTD) 
probes along the cruise tracks of supply ships, and the 
structure of major fronts in the upper layer above 1000-meter 
depth in the Southern Ocean had been well described[8–13]. 
In the Southeast Indian Ocean sector where the Antarctic 
Zhongshan Station was located, locations and typical vertical 
structures of major fronts, including the subtropical front 
(STF), subantarctic front (SAF), polar front (PF), southern 
ACC front (SACCF), and Antarctic slope front (ASF), 
were clearly identified according to criteria based on water 
mass[2-3,7,9–13]. The fronts encircling Antarctica as parts of the 
ACC were the SAF, PF, and SACCF. Within the fronts, the 
currents were strong and eastward[2,6,8].

Owing to the remote location and harsh weather 
conditions, in situ observations in the Southeast Indian 
Ocean were sparse and discontinuous, which had prevented 
us from understanding seasonal and interannual variability 
of the fronts. Satellite data could solve this problem. Long 
time series of sea surface height (SSH) observations had 
been used in a number of studies to detect the fronts and 
compare with frontal positions inferred from hydrographic 
sections using traditional water mass criteria[8,15–18]. Next, 
SSH products were used to study the dynamical and 
temporal variability of major fronts[14–21]. Recently, increased 
attention had been given to satellite sea surface temperature 
(SST) products[15,22–27,29-30], especially using SST gradients 
to identify the PF[24-25,27,29-30]. Various SST products, such 
as the AVHRR SST for long time series[24–26] and AMSR-E 
satellite SST for cloud-penetrating radiometers[27–30], and various 
criteria[25–27,29] of front detection were used to identify the 
location and intensity of ocean fronts. Validation of frontal 
positions, inferred from SST gradients with the frontal pattern 
identified based on hydrographic surveys in previous works, 
had also been pursued[26,28–29]. The path, width and intensity 
of fronts were strongly influenced by topography[6,15,19,25,27]. 

In summer, frontal locations in the Southeast Indian Ocean 
extended further south than their long-term mean distribution 
as compared with winter[21], and a southward drift of ACC 
fronts had been indicated over the past 20 years[18,21].

Satellite data have had an irreplaceable role in seasonal 
variability study of major fronts in the Southeast Indian 
Ocean, but had mainly focused on the variability of location 
and intensity[18,20-21,26-27]. The vertical structure of fronts could 
only be described by in situ observations. Compared with 
the Drake Passage[2,4] and the section between Tasmania, 
Australia and Antarctica[2-4,8], repetition of the hydrographic 
section in the Southeast Indian Ocean was rare, except for 
tracks of supply ships. Zhongshan Station (69°22’S, 76°23’E) 
was established in 1989 at Prydz Bay, Antarctica. After that, 
underway XBT/XCTD sampling in the Southeast Indian 
Ocean along R/V XUE LONG’s cruise tracks had shown to be 
a cost-effective means of collecting temperature and salinity 
profiles in this area. Based on repeat sections from Fremantle, 
Australia to Zhongshan Station in different months of a year, 
study of the seasonal variability of fronts not only focused on 
location and intensity, but also addressed the vertical structure 
variability of thermal and saline fronts.

In this paper, four XCTD sections during the 29th 
through 31st Chinese National Antarctic Research Expedition 
(CHINARE) were first used to study the structure and 
seasonal variability of fronts in the Southeast Indian Ocean. 
Then, Moderate Resolution Imaging Spectroradiometer-
Aquarius (MODIS-A) SST products were validated with in 
situ observation data. Finally, the SST products were used for 
further analysis of frontal seasonal variability. 

2  Data
Four XCTD sections from Fremantle, Australia to Zhongshan 
Station were executed during 20–27 November 2012, 22–26 
November 2013, 1–10 March 2014, and 9–15 March 2015 
(Figure 1). A total of 96 temperature and salinity profiles 
were collected. Spatial resolution of the XCTD samples 

Figure 1  XCTD sampling locations in Southeast Indian Ocean. There were 25(26) samples in November 2012(2013), and 21(24) samples 
in March 2014(2015). The frontal patterns (bold black lines) in the Southeast Indian Ocean were taken from Belkin and Gordon[3] in 1996.
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was about 40 minutes in latitude (minute: 1/60 of a degree) 
between 40°S and 60°S.

The device  used on our  cruises  was  a  TSK 
XCTD-1. Specifications of this type of XCTD include the 
following: Temperature range –2°C to 35°C and accuracy 
±0.02°C; conductivity range 20–74 mS∙cm-1 and accuracy 
±0.03 mS∙cm-1. The depth range was 1000 m at the rated 
vessel speed of 12 knots. Because the speed for XUE LONG 
was 14–16 knots when it crossed the Southeast Indian Ocean, 
we took the upper 900 m of data for analysis. 

All XCTD profiles went passed through careful quality 
control. First, raw data were directly abandoned in the case of 
an obviously faulty probe, such as constant temperature and 
salinity, a broken wire, and data deficiency over a large depth 
range. Second, temperature and conductivity spikes caused by 
external electronic interference were removed from profiles, 
and the data gaps were filled by linear interpolation. Then, the 
raw data were saved at 1-m intervals by taking the average 
of all such data between half a meter above and below the 
integer meter. Finally, the 1-m interval data were smoothed 
for presentation in figures.

The 4-km, 8-day, and climatological monthly MODIS-
ASST products (http://oceandata.sci.gsfc.nasa.gov/MODISA/
Mapped/) were also used in analyses of frontal seasonal 
variability across the Southeast Indian Ocean.

3  Water masses and T/S structures
Water masses in the Southern Ocean could be considered to 
be in four layers: surface/upper Ocean, intermediate, deep, 
and bottom waters. These were mostly identified by salinity, 
potential temperature, and potential density[1]. In this paper, 
we focused on surface/upper ocean waters analysis, because 
only upper 900 m data were collected during the cruises. 
The four XCTD sections crossed three very different oceanic 
domains, i.e., the subtropical gyre, subantarctic region, and 
polar ocean, so water mass characteristics were distinct. 

Data from all four cruises were selected for comparison 
(Figure 2), red lines were November 2012 and 2013, 
blue lines were March 2014 and 2015. According to the 
conventions for naming water masses in earlier studies (Table 
1), water masses observed were: subtropical surface water 
(STSW), located north of the STF; subantarctic mode water 

(SAMW), which is identified in the subsurface as a vertically 
uniform layer from 40°S to 45°S; subantarctic surface water 
(SASW), located south of the SAF and north of the PF; 
Antarctic surface water AASW, located south of the PF and 
above upper circumpolar deep water (UCDW). 

The minimum salinty of STSW was ~34.9 in March and 
~35.1 in November. Minimum salinity of SASW was ~33.75 
in March and ~34 in November. The salinities of AASW and 
UCDW in March were less than in November. Water with 
salinity < 33 was observed during March in the area south of 
65°S. SAMW water properties were stable, with no obvious 
seasonal variability. The Southern Ocean was dominated by 
westerlies in the latitude band 40°S–60°S[2]. The less salty 
surface water masses in March resulted from melted sea ice 
driven northward to a more extensive Southern Ocean by the 
westerlies after summer.

4  Structure and seasonal variability of   
fronts in Southeast Indian Ocean

Oceanic fronts were important features in the Southern 
Ocean, and were identified by sharp horizontal water 
property contrasts between water masses[1]. Many studies 

Figure 2  T/S plot based on data collected in November 2012 and 
2013, March 2014 and 2015.

Table 1  Definition of water masses

Water mass Definition Reference

STSW Relatively high temperature (>12°C) and salinity (>35.1) Park et al.[31]

SAMW
Vertically uniform water with density between 26.90 
and 26.95 located above 450–600 dbar 

Yuan et al.[10]; Rintoul and Bullister[4]

SASW Temperature between 5°C–9°C and salinity less than 34 Talley et al.[1]; Yuan et al.[10]; Park et al.[31]

AASW Temperature below 2°C and salinity lower than 34.1 Yuan et al.[10]; Rintoul and Bullister[4]

UCDW
Below AASW, upper layer of the warm and saline water mass 
occupied most of the deep layers of the ACC

Orsi et al.[2]; Park et al.[31]; Rintoul and Bullister[4]
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4.1  Cruises during November in 2012 and 2013

According to the aforementioned criteria, the structure and 
location of fronts during November could be identified. 
XCTD sampling locations were between 90°E and 100°E 
during November 2012 (Figure 1). Section distributions of 
temperature and salinity were presented in Figures 3a and 4a. 
The STF was around 39.5°S, where the 13°C isotherm and 
35.5 isohaline were, and the depth range, as defined by 12°C 
isotherm and 34.8 isohaline, was ~250 m. The SAF was 
around 45.0°S, where the 6–9°C isotherms and 34.2–34.7 
isohalines had a strong horizontal gradient, and the depth 
range was across the entire observation layer. The PF was 
around 53.5°S, the northernmost extent of the 2°C isotherm. 
There were strong horizontal gradients between the 4–7°C 
isotherms and 34.2–34.4 isohalines around 47.5°S and 
50.0°S, respectively. According to the criteria, these could be 
identified as two other PFs. The SACCF was south of 57°S, 
where the temperature was < 0°C at 100-m depth.

The XCTD sampling locations were between 107°E 
and 114°E in November 2013 (Figure 1). Section distributions 
of temperature and salinity were shown in Figures 3b and 
4b. The double structure of the STF could be observed along 
this section. The NSTF was around 37.5°S, where the 14°C 
isotherm and 35.2 isohaline were, and the depth range, as 
defined by 12°C isotherm and 34.8 isohaline, was greater 

Figure 3  Temperature distribution along Fremantle/Zhongshan Station transect during November 2012 (a), November 2013 (b), March 
2014 (c), and March 2015 (d).

had used different criteria to identify frontal positions[2-3,10,12,31]. 
In this paper, we focused on frontal characteristics in the 
Southeast Indian Ocean. In order to compare with the 
conclusions of pervious studies, the criteria from Belkin and 
Gordon[3] in 1996 was used. Orsi et al. pointed out that the 
SAF is the northern edge of the ACC, whereas the SACCF 
was the dynamical southern boundary of the ACC[2]. We also 
describe the SACCF location according to our observation data.

The STF was identified by the 12°C isotherm at 200 m 
depth, with a maximum gradient between the 13°C and 
15°C isotherms at the surface, and surface water salinity 
between the 34.9 and 35.5 isohalines[3,10]. The SAF could 
be identified by a maximum gradient between the 4°C and 
8°C isotherms, and the 34.1 and 34.5 isohalines at 200-m 
depth[3,10,31]. The PF could be identified by the northernmost 
location of the 2°C isotherm surrounding the temperature 
minimum layer[2,3,10]. Yuan et al. stated that the location where 
isotherms were between 3 and 6°C with a strong gradient 
might also be identified as the PF[10]. The SACCF could be 
identified by temperature <0°C at depths shallower than 
150 m, or temperature >1.8°C at depths greater than 500 m[2]. 
Flow at the ASF was westward, and was mainly characterized 
by a pycnocline that angles downward toward the continental 
slope. The ASF separates cold, dense waters from offshore 
surface water masses that were always located south of 
60°S[2,32].
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Figure 4  Salinity distribution along Fremantle/Zhongshan Station transect during November 2012 (a), November 2013 (b), March 2014 (c), 
and March 2015 (d). 

than 400 m. The SSTF was around 41.0°S, where the 13°C 
isotherm and 35.0 isohaline were, and the depth range was 
only 150 m. The SAF was around 47.3°S, where the 6–9°C 
isotherms and 34.3–34.6 isohalines had a stronger horizontal 
gradient than in November 2012. The depth range again 
encompassed the entire observation layer. The PF was around 
51.0°S, the northernmost extent of the 2°C isotherm. There 
was a strong horizontal gradient between the 3°C and 6°C 
isotherms and 33.9–34.1 isohalines, located around 50.0°S in 
the upper 200-m layer. The SACCF was around 60°S, where 
the temperature was < 0°C at 100-m depth.

4.2  Cruises during March in 2014 and 2015

XCTD sampling locations were between 72°E and 85°E in 
March 2014 (Figure 1). Section distributions of temperature 
and salinity were presented in Figures 3c and 4c. The STF 
was around 40.0°S, where the 15°C isotherm and 35.1 
isohaline were, and the depth range, as defined by 12°C 
isotherm and 34.8 isohaline, was shallower than 200 m. The 
depth range and salinity of STSW were less than observed in 
November. The SAF was around 45.5°S, where the 5–9°C 
isotherms and 34.3–34.7 isohalines were. The saline front 
in the upper 100-m layer moved northward about three 

degrees of latitude to ~42.5°S, different from the saline front 
in November. The PF was around 51.5°S. The SACCF was 
around 58°S, where the temperature was <0°C at 100-m 
depth. The ASF was south of 65°S, where the 0.5–1.5°C 
isotherms were, with a maximum horizontal gradient in the 
subsurface layer.

XCTD sampling locations were between 80° and 105°E 
in March 2015 (Figure 1). Section distributions of temperature 
and salinity were shown in Figures 3d and 4d. The double 
structures of the STF could be identified from the temperature 
distribution. The NSTF was around 38.5°S, where the 17°C 
isotherm and 35.3 isohaline were. The SSTF was around 
42.0°S, where the 13°C isotherm and 34.9 isohaline were, 
and the depth range, as defined by 12°C isotherm and 34.8 
isohaline, was < 200 m. The SAF was around 46.5°S, where 
the 5–9°C isotherms and 34.3–34.7 isohalines were with 
a strong horizontal gradient. The saline front in the upper 
100-m layer moved northward about two degrees of latitude 
to ~44.5°S, the same frontal structure as in March 2014. The 
PF was around 53.0°S, the northernmost extent of the 2°C 
isotherm. There was a water mass with high temperature and 
low salinity around 50.0°S in the upper 600-m layer. The 
SACCF was around 60°S, where the temperature was >1.8°C 
at depths >500 m.
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4.3  Seasonal variability of fronts in Southeast Indian 
Ocean

Tables 2 and 3 compared the major fronts in the Southeast 
Indian Ocean in different years. Figure 5 presented the 
locations of the major fronts in Table 2 compared with the 
frontal pattern in the Southeast Indian Ocean given in Belkin 
and Gordon[3]. Together with the aforementioned section 
distributions (Figures 3 and 4), we could determine the 
structure and seasonal variability of the major fronts in the 
Southeast Indian Ocean.

The STF location in March was farther south by 
about one degree latitude relative to that in November. 

This characteristic persisted during the two cruises when 
the double STF structures were observed. The location of 
the NSTF (SSTF) in March 2015 was farther south by one 
degree of latitude relative to that in November 2013. Kim and 
Orsi also concluded that frontal locations in the Southeast 
Indian Ocean extended farther south in summer, by analyzing 
long time series of satellite SSH data[21]. The STF during 
these seven cruises in Table 2 was southward by about two 
degrees of latitude compared with the STF frontal pattern in 
Figure 5. The depth range of the STF in November was 
larger than that in March. The STF depth range was 300 m 
in November 2012, and the NSTF depth range was 400 m in 
November 2013. There was no obvious difference between 

Table 3  Statistical Analysis of Southeast Indian Ocean fronts in various years
Nov. 2012 Nov. 2013 Mar. 2014 Mar. 2015

Max-d/m Max△T/°C·(100 km)-1 Max-d/m Max△T/°C·(100 km)-1 Max-d/m Max△T/°C·(100 km)-1 Max-d/m Max△T/°C·(100 km)-1

STF 300 1.0 400 2.3
100(T)
300(S)

1.2
150(T)
300(S)

1.9

SAF
900(T)
800(S)

3.9
900(T)
700(S)

5.9
800(T)
500(S)

5.4
750(T)
450(S)

5.7

PF / 2.2 / 1.8 / 1.4 / 4.9
Notes: Max-d indicates depth range of front; T/S stands for temperature/salinity; Max△T symbolizes maximum temperature gradient

Table 2  Location comparison of Southeast Indian Ocean fronts in various years 
Nov. 1998 [10] Nov. 2012 Nov. 2013 Mar. 2000 [10] Mar. 2002 [10] Mar. 2014 Mar. 2015

STF
39.0°S

109.0°E
39.5°S

100.0°E

37.5°S(N)
41.0°S(S)

114.5°E

41.8°S
105.0°E

40.0°S
105.0°S

40.0°S
81.6°E

38.5°S(N)
42.0°S(S)

104.0°E

SAF
45.0°S

103.5°E
45.0°S
98.0°E

47.3°S
114.3°E

44.5°S
96.0°E

46.0°S
102.0°E

45.5°S
81.3°E

46.5°S
99.0°E

PF
53.5°S

101.0°E
53.5°S
90.0°E

51.0°S
113.7°E

53.0°S
84.0°E

54.0°S
92.0°E

51.5°S
81.5°E

53.0°S
92.0°E

SACCF /
57.0°S
90.0°E

60.0°S
110.0°E

/ /
58.0°S
80.0°E

60.0°S
84.0°E

Note: N/S in STF column indicates NSTF/SSTF

Figure 5  Location of STF (squares), SAF (triangles) and PF (circles) derived from cruises in March (red) and November (blue) from 
Table 2, superimposed on frontal pattern in the Southeast Indian Ocean from Belkin and Gordon[3] in 1996.
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the structure of the thermal front and saline front. The depth 
range of the thermal front structure of the STF in March 2014 
and 2015 was only 150 m. The depth range of the saline front 
reached ~300 m. The depth range difference between the 
thermal and saline front was also observed in March 2000 
and 2002[10,12]. The maximum temperature gradient of the STF 
was ~1.0–2.0°C∙(100 km)−1.

The SAF gradient was the strongest compared with 
other major fronts in the upper 900 m. The maximum 
temperature gradient was >5.0°C∙(100 km)−1. The depth 
range of the thermal front encompassed the entire observation 
depth. The depth range of the saline front in March 2014 
and 2015 was 500 m and 450 m, respectively, which was 
obviously shallower than the thermal front. The depth where 
horizontal salinity gradients weakened was the level at which 
Antarctic Intermediate Water spread northward[33]. The saline 
front moved northward about two degrees of latitude in the 
upper 100-m layer. This structural distribution of the saline 
front was also observed in March 2000 and 2002[10,12]. The 
SAF was the northern boundary of the ACC, which was the 
intersection area of the SASW and SAMW[1]. The northward 
extension of the saline front in the surface layer showed 
the influence of melted sea ice in March. There was no 
obvious seasonal variability in the SAF location which was 
45°S–46°S in the sector 80°–105°E. This was consistent with 
the SAF frontal pattern in Figure 5. The SAF location was at 
47.3°S along 114°E in November 2013. This showed that the 
latitudinal location of the SAF became more southerly upon 
moving from west to east across the Southeast Indian Ocean. 
This was evident in the frontal pattern of Belkin and Gordon 
in 1996 (Figure 5); the mean path of the SAF was believed to 
be strongly influenced by the bottom topography of the mid-
ocean ridge [3,7,31].

The PF location in Tables 2 and 3 was the northernmost 
extent of the 2°C isotherm surrounding the minimum 
temperature layer. The PF location was stable at 53°S–54°S 
in the sector 80°E–105°E, which was southward by about 

one degree of latitude compared with the PF frontal pattern 
in Figure 5. Although the distance between the two sections 
in November 2013 and March 2014 was >30° in longitude, 
the PF location during those two cruises was ~51°S. This was 
northward by about two degrees of latitude compared with 
other cruises. The reason for this required further study. The 
maximum temperature gradient was ~1.4–2.0°C∙(100 km) −1 

in the upper 300 m, which was closer to that of the STF and 
much less than that of the SAF. The location of the SACCF 
varied between the four cruises, and was 57°S–60°S in the 
sector 80°E–110°E. Because the SACCF was the dynamical 
southern boundary of the ACC, the difference of SACCF 
locations might show the variability of the ACC.

5  Seasonal variability of major fronts 
derived from satellite SST

5.1  Validation of MODIS-A SST products

To evaluate the performance of the MODIS-A SST products 
in the Southeast Indian Ocean, we took the average 
temperature of the upper 5-m layer as the observed surface 
temperature for each XCTD sampling station. Corresponding 
8-day MODIS-A SST products of 16–23 November 2012, 
24 November to 1 December 2012, 17–24 November 2013, 
25 November to 2 December 2013, 26 February to 5 March 
2014, 6–13 March 2014, 6–13 March 2015, and 14–21 
March 2015 were selected for satellite SST calculation. All 
valid SST pixels in a 20 km × 20 km box where the XCTD 
sampling station was centered (resolution 4 km, 6 pixels 

× 6 pixels; 36 pixels in total) were averaged as the satellite 
SST value at each station. Figure 6 compared the MODIS-A 
8-day SST and surface layer temperature from XCTD. There 

Figure 6  Comparison between MODIS-A 8-day SST and surface 
temperature from XCTD observations. 

Figure 7  Climatological MODIS-A SST distribution in November 
(a) and March (b). The sea surface temperature gradient along 
100°E (black vertical line) was calculated and presented in Figure 8.
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were no corresponding satellite SST values for nine XCTD 
stations, and the standard error for the other 87 stations was 
0.5687°C. The MODIS-A SST products showed excellent 
performance in the Southeast Indian Ocean. 

5.2  Seasonal variability of major fronts in Southeast 
Indian Ocean

Figure 7 depicted the climatological November and March 
MODIS-A SST distributions in the Southeast Indian Ocean. 
November was spring and March was fall in the Southern 
Hemisphere, and the isotherms moved southward clearly 
after the summer. 

To compare seasonal variability of major fronts in 
the Southeast Indian Ocean derived from the MODIS-A 
SST products, we calculated the climatological temperature 
gradient along 100°E longitude for March and November 
(Figure 8). All valid SST pixels within 0.5° latitude were 
averaged first, then temperature change every 100 km was 
calculated as the gradient for comparison. The STF was 
around 38.5°S and the temperature gradient was 0.9°C
∙(100 km)−1 in November. This front moved southward 
to ~40.5°S in March, and the temperature gradient was 
1.2°C∙(100 km)−1. The location for the front moved southward 
about two degrees in latitude, consistent with the conclusion 
from XCTD observation. We also marked STF locations 
in Figure 8 for November 2012 and March 2015, when the 
XCTD sampling stations were near 100°E. STF locations 
during those two cruises were consistent with the enhanced 
SST gradient. The temperature gradient of the SAF was 
strongest along the 100°E section, at 1.8°C∙(100 km)−1. The 
SAF location was 45.5°S–46.5°S, also consistent with XCTD 
observations from November 2012 and March 2015. Surface-
layer temperature was 8°C, consistent with the conclusion 
of Lutjeharms and Valentine[23], and there was no obvious 
seasonal difference in frontal position during March and 
November. The PF was around 54°S–54.5°S. The temperature 
gradient was 0.8°C∙(100 km)−1, smaller than the criteria for 
the PF (1.0–1.5°C∙(100 km)−1) provided by Dong et al.[27]. 
The PF was around 53°S–54°S, according to the criterion of 
the northernmost location of the 2°C isotherm. PF locations 
in November 2012 and March 2015 were also marked in 
Figure 8. This was northward by about one degree in latitude 

compared with the frontal position derived from the satellite 
SST. Many studies had mentioned the difference between the 
surface and subsurface expressions of the PF[25,27,29-30]. The 
surface expression of the PF identified by the temperature 
gradient was farther south than the subsurface expression, 
identified by the northernmost extent of the 2°C isotherm. 
This difference was about 1 or 2 degrees of latitude in the 
conclusion of Moore et al.[25]. There was a relatively strong 
temperature gradient about 56°S–57°S in both March and 
November climatological data, which could reflect the surface 
expression of the SACCF.

The distribution of major fronts along 100°E was 
typical in the Southeast Indian Ocean. Seasonal variability 
of the major fronts could be identified clearly by the 
temperature gradient curves, and this was also consistent 
with the conclusions derived from the XCTD observations. 
The MODIS-A SST products can thus be used for seasonal 
variability analysis of the major fronts across the entire 
Southern Ocean.

6  Conclusions
Four XCTD sampling sections (November of 2012 and 
2013; March of 2014 and 2015) from Fremantle, Australia 
to Antarctic Zhongshan Station and MODIS-A sea surface 
temperature products were used to study the structure and 
seasonal variability of the major fronts in the Southeast 
Indian Ocean. 

Water mass analysis showed that the surface water 
masses (STSW, SASW and AASW) were less salty in March 
than in November. There was no obvious seasonal variability 
of SAMW.

The distribution of the major fronts identified by 
XCTD observation data agreed with previous studies, and 
the various fronts had different seasonal variabilities. The 
STF was southward by one degree in March compared with 
its location in November. The thermal front in March only 
existed in the upper 150-m layer, less than the depth of the 
saline front (~500 m). The structures of the two fronts were 
consistent in November. The gradient of the SAF was strong 
and its depth range was large. There was no seasonal change 
of SAF position. The saline front in the upper 100-m moved 
northward by about two degrees latitude in March, relative 
to the location in November. The PF location, identified by 
the northernmost extent of the 2°C isotherm, was stable, and 
the temperature gradient was ~1.4–2.0°C∙(100 km)−1. The 
SACCF location was 57°S–60°S in the sector 80°E–110°E.

MODIS-A SST products showed strong performance in 
the Southeast Indian Ocean. Seasonal variability of the major 
fronts along the 100°E section as identified by the surface 
layer temperature gradient was consistent with conclusions 
from the XCTD observations. The surface expression of the 
PF derived from the temperature gradient was southward by 
about one degree of latitude compared with its subsurface 
expression derived from the northernmost extent of the 2°C 
isotherm.

Figure 8  Climatological MODIS-A SST gradient along 100°E 
in March and November. Solid squares/pentagrams/circles show 
locations of the STF/SAF/PF in March 2015, and open squares/
pentagrams/circles locations of the SSTF/NSTF/SAF/PF in 
November 2012.
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