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Antarctic sea ice decline has been detected in the Indian sector of the Southern Ocean by using ice core archives. The
causes of sea ice decline there have not yet been determined because ocean studies, particularly subsurface ones, have been
rare. After 2008, the Argo float network was extended into this high-latitude region in addition to several shipboard
observations. The integrated data enable us to investigate the interannual changes in the surface-to-subsurface oceanic state.
In this report, recent interannual changes in the near-surface ocean in this region are shown to be determined by a fast
response to the Southern Annular Mode. The deep ocean below 1000 m in depth has warmed slightly, but seems to have
had little effect on the near-surface oceanic state in this region in the past decade.
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1. Introduction

Antarctic sea ice extent/concentration is usually one of the
most important climate indices. The causes of the interannual
and longer-term changes in the amount of sea ice in the polar
region are still being determined, including in the Indian sector
of the Southern Ocean. The major factors that control sea ice
concentrations are surface forcing and subsurface water
properties. Recent model studies have proposed that causative
oceanic mechanisms may control the amount of sea ice related
to the Southern Annular Mode [SAM; Kostov et al., 2017;
Doddridge and Marshall, 2017]. These studies are considering
three-dimensional changes in the oceanic state; that is, surface
Ekman advection and the resulting entrainment or vertical
motion of subsurface waters.

The subsurface properties of the Southern Ocean are difficult
to determine because observatory cruises in the polar region are
extremely restricted due to severe conditions and limited
resources, especially during the winter season.

In the early 2000s, Argo profiling floats initiated continuous
monitoring of global ocean properties in the upper 2000 m.
The living space of the Argo floats has gradually been
extending until now. In particular, since the mid-2000s,
several floats have been covering the Southern Ocean south of
60°S.

2. Methods

Quality-controlled subsurface ocean temperature and
salinity profiles of EN4.2.1 (EN4) were used. They were
compiled by the Hadley Centre of the UK Meteorological
Office [Good et al., 2013], which includes Argo float data,

together with the observations available from the United
States National Oceanographic Data Center’s QCed software.

An ocean state estimation “Estimated STate of global
Ocean for Climate research (ESTOC),” is also used [Osafune
etal., 2015]

3. Result and Discussion

In the autumn season, when surface cooling initiated, the
surface cooling that occurred in the SF layer seemingly
penetrated into the SS layer, since the temperature of the SF
and SS layers changed mostly in phase. The surface cooling
was relatively strong in 2012 and 2013, which may even have
affected the water properties of the UD layer, which had the
lowest water temperature in 2013 (Fig. 1a). As for the salinity
near-surface variations (for the SF and SS layers), the SS layer
variations synchronized with the SF layer (Fig. 1b), similar to
water temperature variations (Fig. 1a). It is apparent that the
vertical entrainment or mixing became active through surface
cooling during autumn. Note that three peaks in surface
salinity occurred during 2008, 2012, and 2015 (Fig. 1b),
which led to prominent increase in surface water density (Fig.
1c).

This interannual variation of salinity reminds us of the "fast
response” of the Southern Ocean to SAM [e.g., Kostov et al.,
2017]. Doddridge and Marshall [2017] showed that cooling
occurs at the first stage in the first half of the year of positive
SAM around Antarctica. During the study period of 2008 to
20186, following their definition, 2008, 2012, and 2015 were
years of positive phases in terms of SAM. The salinity
variation in the SF and SS layers was possibly analogous to
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Fig 1 Temporal development of the seasonal mean (a) water
temperature, (b) salinity, and (c) neutral density (y")
for autumn (April-June [AMJ]), averaged over the
target region (80°E to 140°E, south of 60°S). Units are
degrees Celsius for (a), non-dimensional for (b), and
kg/m? for (c). LD, lower deep water; MD, middle deep
water; SF, surface layer; SS, subsurface layer; UB,
upper bottom water; UD, upper deep water. The gray
shading denotes the years when the Southern Annular
Mode had a positive phase (see the text for more
details).

the fast response of the sea surface temperature (SST). That is,
the surface Ekman current conveyed coastal cold water
offshore and increased the amount of sea ice. Meridional
gradients of SST and surface salinity around Antarctica were
mostly negative in the eastern part, including in the Indian
sector. This means that there was not a very fast response to
the SST. On the contrary, high-salinity water can make a
positive advection for salinity. This implies that a positive
SAM can promote high salinity in the target region.

The mean salinity gradient of -0.04 per longitudinal degree
for the region is relevant to changes in salinity of 0.06 for
seasonal changes, assuming a 0.02 m/s annual mean
northward surface velocity in this region from a recent ocean
state estimation (ESTOC; Osafune et al., 2015), which is
consistent with the amplitude of the salinity anomaly seen in
2008, 2012, and 2015 (Fig. 1b). This rough estimation
supports the existence of this new type of fast response,
particularly in the eastern Southern Ocean.

Although the period investigated here was short [2008 to
2016], the findings suggest that the interannual changes in the
subsurface ocean state could be explained by the oceanic
changes associated with SAM. More details are published in
Masuda [2019].
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