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Zonally asymmetric response of the Southern
Ocean mixed-layer depth to the Southern
Annular Mode

J. B. Sallée'™, K. G. Speer? and S. R. Rintoul’

Interactions between the atmosphere and ocean are mediated by the mixed layer at the ocean surface. The depth of this layer
is determined by wind forcing and heating from the atmosphere. Variations in mixed-layer depth affect the rate of exchange
between the atmosphere and deeper ocean, the capacity of the ocean to store heat and carbon and the availability of light and
nutrients to support the growth of phytoplankton. However, the response of the Southern Ocean mixed layer to changes in
the atmosphere is not well known. Here we analyse temperature and salinity data from Argo profiling floats to show that the
Southern Annular Mode (SAM), the dominant mode of atmospheric variability in the Southern Hemisphere, leads to large-scale
anomalies in mixed-layer depth that are zonally asymmetric. From a simple heat budget of the mixed layer we conclude that
meridional winds associated with departures of the SAM from zonal symmetry cause anomalies in heat flux that can, in turn,
explain the observed changes of mixed-layer depth and sea surface temperature. Our results suggest that changes in the SAM,
including recent and projected trends attributed to human activity, drive variations in Southern Ocean mixed-layer depth, with

consequences for air-sea exchange, ocean sequestration of heat and carbon, and biological productivity.

of atmospheric mass that results in changes in the westerly

winds over the Southern Ocean. The positive phase of the
SAM is associated with a poleward shift and strengthening of the
westerlies'. On timescales from a few weeks to years, the SAM
is the dominant mode of variability of the Southern-Hemisphere
atmosphere. A tendency towards an increasingly positive SAM in
recent decades is one of the strongest climate trends observed in
the Southern Hemisphere. The trend has been attributed to loss of
ozone in the polar stratosphere resulting from human activities®.
Climate models predict that increases in greenhouse-gas forcing will
cause a similar strengthening of the westerlies™*.

The influence of the SAM is manifest in many variables, in-
cluding sea-level pressure, surface air temperature and geopotential
height'. In the ocean, the SAM has been related to variability
in sea ice, eddy kinetic energy, sea surface temperature (SST)
and circulation®"2. Changes in the upper ocean associated with
SAM forcing have an impact on carbon uptake and storage
in the Southern Ocean, both directly, through upwelling and
outgassing'’, and indirectly, by influencing nutrient cycles and
phytoplankton activity'*">.

Changes in the mixed-layer depth (MLD) have significant
implications for both physical and biogeochemical processes.
Correlations between horizontal velocity and variations in the
MLD result in an exchange of fluid between the mixed layer
and the ocean interior (that is, subduction)'®. Intermediate waters
subducted in the Southern Ocean ventilate the thermocline of
the Southern-Hemisphere subtropical gyres and contribute to
global budgets of heat, fresh water and nutrients'’~?. Most of the
anthropogenic carbon stored by the Southern-Hemisphere oceans
has accumulated in the intermediate waters whose properties are
set in the mixed layer of the Southern Ocean?'. Anomalies in MLD
modulate the exchange of oxygen and carbon dioxide between the

_|_he Southern Annular Mode (SAM) refers to an oscillation

ocean and the atmosphere!*!>. The depth and the properties of the
mixed layer also influence the availability of light and nutrients to
support phytoplankton growth and therefore the overall level of
biological productivity in the sea?.

The depth and properties of the mixed layer are influenced
by mechanical stirring by the wind stress and by buoyancy
forcing: buoyancy loss drives convection and entrainment of
underlying fluid; buoyancy gain restratifies the water column
and inhibits entrainment. The mixed layer would therefore be
expected to respond to changes in the atmosphere associated with
climate variability and change, including the SAM and greenhouse
warming. However, the response of the ocean mixed layer to
changes in atmospheric forcing has not been measured owing to
a lack of long-term observations in the remote Southern Ocean.
The Argo programme now provides more than seven years of
temperature and salinity profiles, allowing a better understanding of
the dynamics and variability of the mixed layer'®**. Here we use the
Argo profiles to relate variability in the MLD to the SAM, providing
the first strong evidence of the influence of climate variability on the
stratification of the upper layer of the Southern Ocean.

Variability of the Southern Ocean mixed layer

Argo floats drift with the ocean currents and measure a vertical
profile of temperature and salinity in the upper 2,000m every
ten days. The floats have already provided more profiles than the
historical ship-based data set. We can now resolve the large-scale
structure and seasonal cycle of the MLD in the Southern Ocean
(Fig. 1). Summer MLDs reach about 100 m in the vicinity of the
Antarctic Circumpolar Current (ACC). Winter cooling destabilizes
the water column and increases the MLD. The deepest winter mixed
layers (and largest seasonal cycles) are found north of the ACC,
particularly in the eastern Indian and Pacific oceans. Removal of
buoyancy during autumn and winter gradually deepens the mixed
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