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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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Figure 1| Seasonal cycle of MLD. a,b, Summer (January) (a) and winter (August) (b) mean depth of the Southern Ocean mixed layer. ¢,d, First empirical
orthogonal function (EOF 1) mode showing the seasonal cycle (88% of the total variance). The asterisk represents the geographic South Pole.

layer between January and September, before warming during
spring and early summer rapidly re-establishes the shallow summer
mixed layer. The amplitude of the seasonal cycle exceeds 400 m in
some locations north of the ACC.

The intraseasonal and interannual variability of MLD about
this large seasonal cycle is substantial, with values exceeding
several hundred metres and a standard deviation for the whole
Southern Ocean (35°-65°S) of 20m in summer and 60m in
winter. The Argo time series is too short to allow a direct
estimate of the influence of low-frequency climate variability on
MLD. However, the response of the mixed layer to variations in
forcing on shorter timescales can provide physical insight into the
dynamical processes linking MLD changes to changes in forcing.
Here we relate MLD anomalies to a monthly index of the SAM to
investigate this relationship.

Composites of MLD anomalies during positive and negative
events of the SAM show a clear spatial pattern, suggesting marked
variability in the MLD: an average of £100m during positive
or negative SAM events (Fig.2¢,d). We find a strongly non-
zonal pattern: the MLD anomaly during positive SAM events
shows a roughly wave-3 pattern, with a deepening over the
eastern Indian Ocean (100°-140° E) and the central Pacific Ocean
(100°-140° W) and a shallowing of the mixed layer in the western
Pacific Ocean (140° E-140° W). A direct SAM-MLD relationship
is supported by the negative SAM composite, which shows an
opposite response of the MLD (Fig. 2d). We note that the SAM
during the Argo period (2002-2009) has produced a similar number
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of positive and negative events, thus covering the whole period
fairly evenly (Fig.2a). Moreover, this relationship is consistent
over the whole year, although anomalies associated with the SAM
are substantially larger in winter, when layers are deeper, than
in summer (approximately +50m variability during positive or
negative SAM in summer and 150 m in winter).

Many recent studies have pointed out the importance of the
El Nino-Southern Oscillation (ENSO) climate variability to the
Southern-Hemisphere climate®'>**%, Therefore, a similar analysis
was made to investigate the effect of ENSO on the MLD. However,
ENSO is associated with longer timescales, so fewer events fall in the
period 2002-2009 (~2 of each polarity; see Fig. 2b). No significant
results could be extracted at this time.

Forcing mechanisms
The response of the Southern Ocean to the SAM has been
widely investigated’!*. Owing to the paucity of data, studies
examining the mixed layer or the interior structure of the ocean
have mainly drawn on the results of models. These studies have
generally shown a zonal response of the MLD to the SAM, driven
by zonally symmetric Ekman pumping anomalies and Ekman
heat transport due to a strengthening of the westerly winds. In
contrast, our observations indicate a strongly non-zonal response
of the MLD to the SAM.

To determine the physical mechanism driving the non-zonal
response, we examined the air-sea heat-flux pattern associated
with the SAM (Fig. 3). As expected, the Ekman heat-flux anomaly
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Figure 2 | MLD anomaly associated with the SAM. a,b, Time-series of SAM (a) and ENSO (b). The black horizontal lines show the value of the £one
standard deviation for each index. ¢,d, The mapped composite of the MLD anomaly during positive (¢) and negative (d) SAM events from Argo data. The
cross-hatching indicates bins with mapping radius greater than 800 km. The black lines show the mean positions of the three main ACC fronts®.

associated with the SAM is indeed almost zonal (Fig. 3a,b).
However, air-sea heat-flux anomalies (departure from the clima-
tological seasonal cycle) associated with the SAM show a strongly
non-zonal distribution, with a pattern similar to the MLD anomaly
(Fig. 3a). Regression of the heat-flux anomaly onto the SAM shows
that this pattern is associated with anomalous negative heat fluxes of
about —20 W m~2 over the eastern Indian basin (100°~140° E) and
over the central Pacific basin (100°-140° W) and a positive anomaly
around 20 Wm™2 in the western Pacific basin (140° E-140° W).
This pattern persists over a suite of commonly used heat-flux
products (JRA-25, NCEP2 and objectively analysed air—sea fluxes
OAFlux). Such a pattern has also been found in models'"'>!*, and
explained by meridional wind anomalies associated with the SAM,
with northward anomalous flow bringing cold air over the central
Pacific and the eastern Indian oceans (Fig. 3a). Indeed, the sea-level
pressure regression onto the SAM reveals a zonal structure of the
SAM at lower latitudes, with one small deviation south of Tasmania
(140°E) and one large intrusion of low pressure in the eastern
Pacific (see Fig. 3a). This small non-zonality has a large impact
on meridional winds, which greatly affect the air temperature and
therefore the air—sea fluxes. The Ekman heat-transport anomaly
during a positive SAM event cools the mixed layer south of the
ACC and warms it north of fronts, except in the eastern Indian
Ocean, south of Tasmania, and the eastern Pacific Ocean, where
the Ekman heat anomaly cools the mixed layer north of the fronts
(Fig. 3b). Although Ekman and air—sea heat fluxes have similar
patterns, the intensity of the flux is largely dominated by air—sea
flux anomalies (Fig. 3c).

Such air—sea flux anomalies are likely to be associated with an
MLD anomaly. Atmospheric anomalies can influence the MLD
through increased wind stress, which deepens the surface layer
by mechanical stirring, or through buoyancy fluxes®. Simple
scaling analysis shows that in the deep mixed layers north of
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the ACC wind stirring is negligible, and the buoyancy forcing
dominates by an order of magnitude. In an attempt to estimate
the expected MLD anomaly from the observed heat forcing, we
approximate the buoyancy forcing from its heat component. The
heat forcing in the Southern Ocean mixed layer is dominated
by air-sea heat-flux forcing and Ekman transport??5. Therefore,
we estimate the expected MLD anomaly induced by the SAM
through a simplified mixed-layer heat budget forced by the air—sea
heat-flux anomalies and Ekman heat fluxes regressed onto the
SAM (see the Methods section). Figure 4b shows the expected
MLD anomaly during a positive SAM event. We find a deepening
of the mixed layer in the eastern Indian (110°-140°E) and
central Pacific (90°—~140° W) oceans of the order of 100 m, with
shallowing in the western Pacific (170° E-140° W) and in the central
Indian (50°-110° E) oceans. Composites presented in Fig. 2 mix
SAM events of different intensities and are therefore not directly
comparable. Figure 4a shows a composite of the MLD anomaly
weighted with the corresponding SAM event intensity for each
profile, thereby wrapping positive and negative SAM events into
a single map comparable to a regression of the MLD onto the
SAM. The observed MLD anomaly during SAM events is in very
good agreement with the expected deepening from surface heat
forcing. Both the pattern and size of the MLD anomaly observed
from Argo floats are well explained to first order by this simplified
heat budget (Fig. 3).

The MLD anomaly due to surface forcing is associated with
a mixed-layer temperature anomaly through the simplified heat
budget. This gives us the opportunity to test our results, because
remote-sensing products provide us with a good estimate of the
surface-temperature anomaly regressed onto the SAM (see Fig. 4c).
Once again, we find that the simplified heat budget produces
a temperature anomaly comparable to the observed anomaly
associated with the SAM. This is consistent with previous studies
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Figure 3 | Mixed-layer heat forcing associated with the SAM. a, Net air-sea heat flux from the JRA-25 reanalysis (colour) and sea-level pressure (black
lines) regressed onto the SAM. b, Ekman heat fluxes from JRA-25 regressed onto the SAM. ¢, Sum of Ekman and air-sea heat fluxes regressed onto the
SAM. Positive values refer to the ocean gaining heat. Non-significant values are cross-hatched in a and b. The black lines show the mean positions of the

three main ACC fronts®.

showing that the large-scale Southern Ocean surface-temperature
anomaly is set to first order by air—sea flux anomalies'*'2.

The effect of changes in mixed-layer depth on productivity
The relationship between MLD and phytoplankton concentration
is complex. The MLD affects both the phytoplankton growth'*?
(for example, nutrient concentration and light availability) and
the phytoplankton grazing (for example, zooplankton concentra-
tion). The effect of MLD on phytoplankton concentration can
be immediate or lagged in time. For example, the nutrient con-
centrations essential to phytoplankton growth are more likely set
by the winter maximum mixed layer than the summer MLD
(ref. 30), whereas the light availability in the summer directly affects
phytoplankton growth during this period. However, even this
summer relationship between MLD and phytoplankton biomass
is complex and nonlinear. For example, deepening of a mixed
layer that is already very deep may have little impact on light
availability, whereas small changes in depth of a mixed layer
entirely exposed to sunlight may cause significant changes in
phytoplankton growth rates. The depth of the mixed layer rela-
tive to the nutricline will determine the nutrient supply resulting
from a change in MLD, in a similar way®®. Here we investigate
whether, despite these complicating factors, there is evidence of
a relationship between changes in summer MLD and summer
phytoplankton concentrations.

Previous studies have inferred a relationship between MLD
changes and phytoplankton activity'#*. However, these studies
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assumed that the MLD anomaly was determined by the anomalous
vertical Ekman pumping and was therefore largely zonal'*. Our
results indicate that this assumption is incorrect and therefore
we reassess the connection between MLD variations driven by
SAM events and surface phytoplankton biomass inferred from
satellite ocean-colour data. Figure 4 shows the relationship between
anomalies in surface chlorophyll concentration and MLD during
positive SAM events in summer (November—February) for three
regions, in places where large MLD anomalies are observed
(that is, in the Subantartic Zone): the southeast Indian Ocean
(110°-140° E), the southwest Pacific Ocean (140-180° W) and the
central Pacific Ocean (110°-140° W).

In all three regions, an increase in MLD results in a decrease
in chlorophyll concentration. In the southeast Indian Ocean and
central Pacific, a 50m increase in MLD is associated with a
reduction in surface chlorophyll concentration of 0.021 mgm™
and 0.013 mgm~>, respectively (linear regressions significant at the
99% level; Fig. 5a,c). The relationship in the southwest Pacific is
of the same sign but is not statistically significant. We note that
the relationships found here between chlorophyll concentrations
and SAM are two to three times larger than in previous work
that did not consider variations in the MLD (ref. 14). The results
are consistent with the hypothesis that the availability of light
for phytoplankton growth in the Subantartic Zone is directly
reduced by increases in MLD associated with positive summer SAM
events. Although we consider only light availability in this study,
we note that dilution of chlorophyll and physiological adaptation
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Figure 4 | Observed and expected MLD and temperature anomaly during a SAM event. a, Composite of MLD anomaly weighted with the corresponding
SAM event intensity for each profile, providing a map comparable to a regression of the MLD onto the SAM. Cross-hatching indicates bins with mapping
radius greater than 800 km. b, Expected deepening during a positive SAM event from JRA air-sea and Ekman heat fluxes regressed onto the SAM, and
observed stratification at the base of the mixed layer from Argo. ¢, Observed surface temperature regressed onto the SAM. d, Expected temperature
change associated with the expected MLD anomaly in b. The black lines show the mean positions of the three main ACC fronts®.

of phytoplankton could also modulate chlorophyll concentration
when MLD is changed. The respective role of each of these processes
is left for future investigations.

Consequences of variations in mixed-layer depth

Meridional wind anomalies associated with departures of the SAM
from zonal symmetry advect air masses across the SST gradient and
alter the air—sea flux of heat. These anomalous air—sea heat fluxes
drive a zonally asymmetric response of the MLD to the SAM. As
variations in MLD can affect a wide range of physical, biological
and biogeochemical properties of the ocean, the demonstrated link
between the SAM and MLD has widespread implications.

Changes in depth of the mixed layer influence both the
properties and subduction rate of water masses. For example,
entrainment of fluid by a deepening mixed layer will alter the
temperature, salinity, nutrient and dissolved gas concentrations of
the mixed layer. The lateral advection of water in regions where the
horizontal gradient of MLD is large results in subduction of surface
waters into the ocean interior'®*!. MLD variations associated with
the SAM are therefore likely to have important consequences for
the ventilation of the thermocline and the rate of heat and carbon
storage by the ocean. Experiments with an idealized model showed
that variations in MLD were the main regulator of the air—sea
exchange of oxygen and carbon dioxide'. Changes in the mixed
layer also influence the availability of light and nutrients, and
therefore the rate of phytoplankton growth in the Southern Ocean
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is also linked to the SAM (Fig. 5). As primary production is linked
to the carbon cycle, SAM-driven changes in MLD and productivity
may initiate feedbacks that enhance or reduce trends in climate®?.

The SAM has experienced a significant trend towards its positive
phase in recent decades, resulting in strengthening and poleward
shift of the westerly winds®?. The increase in the SAM index over the
past 50 years is approximately equal to one standard deviation. Our
results indicate that such a change in the SAM should have caused
changes in MLD of roughly 50-100 m in the areas of deepest mixed
layers. The SAM trend is largest in the summer months®, suggesting
that a SAM-forced change in MLD would be more pronounced in
summer, the period of largest phytoplankton growth.

Given the influence of the mixed layer on the carbon cycle
and heat storage by the ocean, it is critical that climate models
can represent the mean state and variability of the mixed layer.
However, the current class of Intergovernmental Panel on Climate
Change models vary widely in their ability to reproduce the
observed mean depth of the mixed layer and its seasonal cycle®.
Models that fail to reproduce the mean state of the Southern Ocean
mixed layer are unlikely to do a good job of simulating anomalies
in MLD. Indeed, a recent coarse-resolution coupled climate model
thought to be representative of the state of the art does not capture
the observed zonally asymmetric response of the MLD to the SAM
(ref. 8). This raises concerns that the current generation of models
may not yet adequately capture the interaction between the ocean
and atmosphere, as mediated through the surface mixed layer.

277

© 2010 Macmillan Publishers Limited. All rights reserved.


http://www.nature.com/doifinder/10.1038/ngeo812
http://www.nature.com/naturegeoscience

A RTl C LES NATURE GEOSCIENCE poi:10.1038/NGE0O812

a 0.05
= -0.021 (mg m-3)/(50 m)
T Statistically significant
£ 04— SRR
b0
E : S :
-0.05 - ; ; i ‘ ‘ ' ‘
-20 -10 0 10 20 30 40 50
(m)
b 0.05
. -0.019 (mg m~3)/(50 m)
T Not statistically significant
E ok
bo
E
-0.05 1 ‘ ‘ ' ‘ ' ;
-20 -10 0 10 20 30 40 50
(m)
c 0.05
- -0.013 (mg m~3)/(50 m)
i o ! Statistically significant
1S 0 - L
0 "
E 2 :
-0.05 T T T T T T T T
-20 -10 0 10 20 30 40 50
(m)

Figure 5 | Averaged summer chlorophyll-concentration response to MLD
anomaly. a-c, Chlorophyll-concentration anomaly during a SAM event
versus MLD anomaly associated with a SAM event. Three regions where
we observe MLD anomalies above 10 m (that is, regions of the Subantartic
Zone) are shown: the southeastern Indian sector (110°-140°E) (a), the
southwestern Pacific basin (140°-180° W) (b) and the central Pacific basin
(110°-140° W) (¢).

Our observations and physical explanation for a response of the
Southern Ocean mixed layer to the SAM provide a target for future
model improvements.

Methods

In this study, we map information from Argo profiles using a loess fitting method**.
At each grid point, this method searches for the closest points within a radius of
200 km, then the radius gradually increases until it encloses at least 100 points.
We set the method to not be able grow its radius above 1,500 km. The profiles
found within the final radius size are mapped at the grid point using a loess
method. We chose to use such a method primarily because it does not require

a first-guess estimate, as does an optimal interpolation algorithm. Both radius
size and standard error enable us to assess the accuracy of the resulting field (see
Supplementary Information).

MLD, mixed-layer temperature and stratification at the base of the mixed
layer were extracted from the Argo dataset (www.argo.ucsd.edu). We calculated
the MLD for every Southern Ocean profile with a surface-density-difference
criterion”** of Ao <0.03kgm™ and mapped monthly averages by a loess fitting
method. The extensive coverage provided by the Argo dataset enabled us to obtain
monthly maps of MLD on half-degree grids with error estimates. We also produced
a database of MLD anomalies from the seasonal cycle, from which composite
databases of MLD anomalies during positive and negative SAM events were
extracted and gridded with a loess fitting method.

The monthly SAM index and the ENSO index were obtained from the NOAA
Climate Prediction Center website (http://www.cdc.noaa.gov) for the period
1979-2008. The SAM index is defined as the first principal component of monthly
700 hPa geopotential height anomalies from the NCEP-NCAR reanalysis dataset.
We also used the Nino3.4 ENSO index. Its variations are based on SST anomalies
averaged over the region spanning 5° N-5° S, 170°-120° W.

To estimate the air—sea heat-flux anomaly associated with a SAM event, we
use the JRA-25 reanalysis data (http://jra.kishou.go.jp). This recent reanalysis is
expected to be more realistic because it includes more observational data than
the other products™. To match the Argo period, we regressed anomalies of the
field from this product over the period 2002—2008. Anomalies in this study are
defined as a deviation from the climatological seasonal cycle. The integrated
Ekman heat flux in the Ekman layer was computed using winds (t) and SST
field: Ekman flux = pC,(UgVSST); where p is the density of the water, C, is
the specific heat capacity, V is the gradient operator and Ug = (1/pf )(7”, %)
is the Ekman transport.

We also compared the regressed fields of heat fluxes onto the SAM with
those from NCEP-2 (http://www.cdc.noaa.gov) and the OAFlux (objectively
analysed air—sea fluxes). All three regressions produced very similar results,
the collocated standard deviation of the three regressions ranging from 0
to 10 Wm™? with an average standard deviation over the area studied here
(—60°/-35°S) of only 2W m™2.
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Surface temperature is from the global satellite SST product from TMI and
AMSR satellites (http://www.ssmi.com/). As the area studied is mainly outside the
boundary of the TMI satellite, most of the data are from the AMSR-E satellite. A
comparison of AMSR-E SSTs with expendable bathythermograph (XBT) repeated
sections shows that the standard error is less than 0.1°C during winter®’.

Finally, we estimate the chlorophyll concentration in the surface waters
from the data provided by the SEAWIFS Project, NASA Goddard Space Flight
Center and GeoEye.

Expected MLD and temperature anomalies were estimated from heat-flux
forcing anomalies and the climatological stratification below the mixed layer.
We considered the heat budget: 8T /9t = Q/(H pC,), where H, T and p are,
respectively, the MLD, temperature and density; Q is the heat forcing and C, is
the specific heat capacity. From this equation, we could estimate the anomaly
H' of MLD created by a heat-forcing anomaly §Q applied over a time At.

To do so, we assume that the MLD anomaly H' and temperature anomaly T’
follow the slope of the climatological stratification at the base of the mixed layer:
[0T /3z]asemr = T’ /H', which is computed from the Argo array.
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