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The formation of Subantarctic Mode Water SAMW
in the Southern Ocean plays a key role in the
global oceanic uptake and storage of anthropogenic
heat and carbon. Wintertime ocean surface heat loss
is a dominant driver of Subantarctic Mode Water
formation and variability, but wintertime air-sea flux
observations in the Southern Ocean are extremely
sparse. Recent advances in our understanding of
the role of air-sea fluxes in Subantarctic Mode
Water Formation from novel ocean observations are
summarized here, particularly the role of synoptic
atmospheric extreme events, and the drivers of
interannual variations in SAMW. These advances
in understanding have important implications for
variability in Southern Ocean heat and carbon uptake,
and can inform future Southern Ocean observing
system design.

This article is part of a discussion meeting issue
‘Heat and carbon uptake in the Southern Ocean: the
state of the art and future priorities’.

1. Introduction
In the wintertime in the Southern Ocean, thick homo-
geneous layers of well-mixed waters up to 700 m deep
form on the northern flank of the Antarctic Circumpolar
Current (ACC) in the Indian and Pacific sectors. These
thick layers of well-ventilated water subduct into the
ocean interior and spread northward, ventilating the
subtropical thermocline. This water mass has a relatively
large volume compared with surrounding water masses,
and thus is referred to as Subantarctic Mode Water
(SAMW) [1]. SAMW, together with underlying Antarctic
Intermediate Water (AAIW), which is denser than
SAMW and generally characterized by a salinity
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Figure 1. Climatological September mixed layer depth (m) using gridded Argo float data from [6]. Black lines show the
approximate positions of the Subantarctic and Polar Fronts from [7]. Yellow regions north of the Subantarctic Front with mixed
layers in excess of 300 m show the SAMW formation regions. (Online version in colour.)

minimum [2], form the northward moving component of the upper branch of the Southern Ocean
overturning circulation.

SAMW and AAIW are important in the uptake and storage of anthropogenic heat and carbon,
with approximately 70% of anthropogenic heat uptake and 40% of the anthropogenic carbon
dioxide uptake occurring in the Southern Ocean [3,4]. Additionally, the nutrients supplied to
the low latitude thermocline from the Southern Ocean are estimated to fuel three-quarters of the
biological production north of 30◦S [5].

The maximum mixed layer depth (MLD), which occurs at the end of Austral winter (figure 1),
is a strong determinant of the volume of SAMW formed in a given year, and hence the relative
amount of carbon and heat subducted into the ocean interior [8,9]. As a result, wintertime
processes that drive mixed layer deepening control SAMW formation. Among these processes,
wintertime ocean heat loss [10,11], and Ekman transport of relatively cold, fresh water northward
across the Subantarctic Front [12], are the dominant processes controlling the mixed layer
deepening. Several other processes have been found to contribute to SAMW formation, including
freshwater fluxes [13,14], eddy heat diffusion [15], upwelling [16], diapycnal ocean mixing [17]
and eddy-driven jet scale overturning circulation [18]. Yet, due to the wild wind and wave
conditions of the open Southern Ocean, wintertime processes are the most difficult to measure,
and as such very few wintertime observations of air-sea fluxes exist [19,20].

In situ observations of surface variables needed to estimate air-sea fluxes of heat, freshwater
and momentum using bulk formulae require simultaneous measurements of the surface ocean
and overlying atmosphere (air and sea surface temperature, specific humidity, air density, wind
speed, surface current speed, shortwave and longwave radiation, evaporation and precipitation)
[21]. Until recently, these observations have been largely limited to measurements collected
aboard research vessels. As a result, open Southern Ocean air-sea flux measurements are
sparse year round, and almost non-existent in winter [19,20]. In regions covered by sea-ice
seasonally and where ship access is difficult, the data coverage is even poorer, but is of great
importance and has been shown to influence the downstream production of SAMW to the north
[22]. In the SAMW formation regions in the Southeast Indian and Southeast Pacific sectors,
targeted ship-based process studies have allowed for more spatially and temporally dense
sampling, particularly the Southeast Pacific SAMW, revealing the relative importance of different
processes in SAMW formation [10]. Additionally, the multi-decadal time series of Argo float
data has allowed a recent boom of research into interannual variability [23–25] and decadal
trends [25,26] of SAMW. This has revealed a significant increase in the volume and change in
properties of SAMW, with implications for the future uptake of carbon and nutrients in SAMW
[25,26].

Over the past 12 years, a combined engineering effort and large scientific investment has
resulted in two multi-year surface flux mooring deployments in the Southern Ocean. The
Southern Ocean Flux Site (SOFS) mooring has been deployed annually southwest of Tasmania
in the Indian SAMW formation region since 2010 and is ongoing [27]. The Ocean Observatories
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Initiative (OOI) mooring, the southernmost surface flux mooring ever deployed, was deployed at
55◦S southwest of South America from 2015 to 2020 [28].

These two overlapping mooring time series offer a unique opportunity to investigate high-
and low-frequency temporal variability in air-sea fluxes and SAMW formation, validate satellite-
based air-sea flux products and weather predictions, and give insight into future observational
needs for better constraining air-sea fluxes in the Southern Ocean [23,27,28]. In particular, these
moorings offer a window into the role of wintertime air-sea heat loss events associated with
synoptic storms in driving variability in MLDs and subsequent SAMW formation.

In §2, the key role of synoptic extreme events on air-sea fluxes and consequent SAMW
formation is described. The drivers of interannual variability in fluxes and SAMW formation
and the implications for carbon and nutrient transport are discussed in §3. Finally, §4 discusses
implications for future ocean observing system design.

2. The role of high-frequency events in air-sea heat flux and SAMW formation
Mooring time series of air-sea fluxes in the Southern Ocean show that the wintertime heat loss
is characterized by extreme heat loss events occurring on timescales of a few days, driven by
atmospheric storm systems [23,28]. These heat loss events are dominated by the turbulent heat
flux, which is a combination of sensible heat flux (dependent on air-sea temperature difference)
and latent heat flux (dependent on the air-sea humidity difference), both of which are modulated
by wind speed [21]. Storms bring large temperature and humidity anomalies, which result in
large air-sea gradients, which when combined with strong wind speeds drive strong turbulent
ocean heat loss. As a result, the formation of SAMW in a given winter is inferred to be highly
dependent on the frequency and intensity of extreme events.

Understanding the origin and transport of atmospheric storm events, and how this relates
to the geography of the continental land masses surrounding the Southern Ocean, is useful for
revealing the differences in wintertime ocean heat loss and SAMW formation in the Indian and
Pacific SAMW regions. The frequency of winter extreme heat loss events was found to be higher
at the SOFS mooring in the Southeast Indian than at the OOI mooring in the Southeast Pacific
[23]. Two regimes of extreme heat loss events are present in the Southeast Indian as observed
at the SOFS mooring: storms originating from the Australian continent carrying anomalously
dry air to the region, and anomalously cold air carried in storms originating from Antarctica.
In the Southeast Pacific, the absence of a landmass to the north and west restricts extreme
turbulent heat loss events to a single regime of cold air from the south [23]. The extreme heat
loss events that occur due to cold air advected from the south are typically associated with
marine cold air outbreaks from the Antarctic continent, which are northward excursions of cold
Antarctic air masses across the sea ice boundary [29]. Cold air outbreaks are linked to cyclone
frequency, with a peak in winter, and explain a majority of extreme events in turbulent heat
fluxes in the subpolar Southern Ocean, with their impact extending northward to the SAMW
formation regions [29]. These regional differences emphasize the need for considering land
masses and synoptic atmospheric processes in understanding wintertime ocean heat loss and
SAMW formation variability.

Although the role of extreme events in heat loss variability is relatively well established,
understanding on carbon fluxes is lacking. While analysis of SOFS mooring time series of
mixed layer CO2 partial pressure reveals variability due to synoptic extreme events [30], there
have not been any further attempts to quantify the impact of storms on the total carbon flux
variability at the SOFS mooring, and CO2 fluxes at the OOI mooring have not been explored.
Recent observations from Uncrewed Surface Vehicles emphasize the role of storms in mixed layer
deepening and carbon fluxes in the subpolar Southern Ocean [31], but these results indicate that
the impact of storm events on carbon fluxes is highly dependent on regional variations in the
depth of the maximum winter mixed layer, and the vertical and horizontal gradients of dissolved
inorganic carbon [31]. Further work is needed to understand the role of winter extreme events in
the CO2 uptake and storage within SAMW.
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Figure 2. Schematic illustrating the location and relative physical and biogeochemical properties of each of the Central Indian,
Eastern Indian, Central Pacific and Eastern Pacific SAMW formation pools. (Online version in colour.)

3. Interannual variability in SAMW formation
The maximum MLD and total formation of SAMW can vary greatly year to year, and on
interannual timescales are modulated by climate modes including the El Niño Southern
Oscillation (ENSO) and the Southern Annular Mode (SAM) [11,16,22,32–34]. Interannual
variability and trends in SAMW volume and formation is often analysed in an integrated view,
summed either by basin or across both the Indian and Pacific SAMW regions. However, within
each of the Indian and Pacific SAMW formation regions, strong regional differences are present in
anomalies of air-sea heat fluxes, mixed layers, and water mass formation that are masked when
integrating by basin. Therefore, regional analyses are essential for characterizing interannual
variability in SAMW formation and properties.

Multiple recent independent analyses of mixed layer depths and SAMW formation using over
a decade of Argo float data have shown a consistent dipole pattern of positive and negative
anomalies in MLD or SAMW thickness within the central and eastern Pacific SAMW pools
in a given year (figure 2) [23–25,35,36]. This dipole pattern is also evident in the central and
eastern Indian SAMW formation regions [23,25,36]. In years with a deeper MLD and stronger
SAMW formation in the eastern Pacific and weaker formation in the central Pacific, the dipole
pattern tends to reverse in the following year, leading to what has been referred to as a
‘see-saw’ [24], or quasi-biennial variation [25] in mixed layers, SAMW thickness and SAMW
subduction.

Much of this recent research effort has focused on identifying the role of major Southern
Hemisphere climate modes, which drive changes in SAMW via anomalous air-sea fluxes and
wind stress-induced Ekman transport and wind stress curl-induced Ekman upwelling [23–
25,35,36]. One analysis of Argo data found that both the SAM and ENSO indices are positively
correlated to SAMW thickness in the eastern Pacific SAMW pool and negatively correlated to
SAMW thickness in the central Pacific SAMW pool. As a result, when SAM and ENSO are in
phase, the dipole pattern in SAMW layer thickness is reinforced; when SAM and ENSO are out
of phase, the anomalies in SAMW thickness are less coherent [24]. A separate analysis of Argo
data found that MLD variability is modulated by the SAM via changes in wind stress curl-driven
Ekman upwelling and wind stress-driven northward Ekman transport across the Subantarctic
Front [25]. The Quasi-biennial Oscillation [37] may also be important for modulating the SAMW
variability given the quasi-biennial variation seen in SAMW anomalies [38]. Analysis of a high-
resolution ocean model was able to link basin scale changes to Rossby wave teleconnections
emanating out of the tropical Pacific and Indian Oceans to the dipole in MLD anomalies in the
central and eastern SAMW formation regions [35]. These results indicate an influence of tropical
teleconnections on SAMW variability from the Indian Ocean (Indian Ocean Dipole) as well as
ENSO.
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There are significant quasi-stationary zonal asymmetries in the Southern Ocean zonal
atmospheric flow, and these are mostly associated with wave number 1 and wave number 3
[39,40]. The Zonal Wave 3 index is strongly correlated to the SAM [41], and is also spatially
correlated with the anomalies in mixed-layer depth and subsequent SAMW formation [23].
However, a mechanistic relationship between Zonal Wave 3 and SAMW variability has not been
demonstrated. A significant drawback of using atmospheric pressure in these analyses is that
they are defined as stationary, while the peaks and troughs of the non-zonal patterns in these
modes (such as Zonal Wave 3) can propagate over time. Given the year to year see-saw nature of
alternating anomalies, it is reasonable to hypothesize that propagating modes may be important
in forcing this variability. A newly developed Zonal Wave 3 index using both the magnitude
and the phase [42] could facilitate novel investigation of the role of propagating Zonal Wave 3
anomalies in SAMW formation.

Physical and biogeochemical properties differ between central and eastern SAMW pools,
and as a result the interannual see-saw impacts heat and carbon uptake. The lightest, warmest,
and lowest carbon and nutrient concentrations occur in the central Indian SAMW pool, with
increasingly dense, salty, cool, and carbon- and nutrient-rich SAMW moving progressively to the
east (figure 2) [43]. This anti-correlation between temperature and nutrients/carbon implies that
the see-saw variability may have opposite impacts on heat and carbon uptake by SAMW: we
would expect more heat uptake and storage in years with anomalously strong formation in the
central Indian/Pacific SAMW (and weak formation in the eastern Indian/Pacific SAMW), but
more carbon uptake in alternating years with stronger formation in the eastern Indian/Pacific
SAMW. This hypothesis has not yet been tested, however as the data available from BGC Argo
floats in SAMW formation regions increases over time, there will be opportunity to investigate
the role of the SAMW see-saw in carbon uptake.

A notable result of these analyses is the consistency of the see-saw in MLD and SAMW
anomalies observed from year to year. This suggests there may be an important role for ocean
advection in the SAMW pools from the central SAMW formation region in the Indian/Pacific
to the eastern SAMW formation region, preconditioning the downstream region for mixed layer
deepening in the following winter. Analysis of the SAMW subduction supports this hypothesis,
showing eastward propagation of these anomalies [25]. Given the complex coupling between the
lower atmosphere and upper ocean, untangling the impact of ocean advection from atmospheric
forcing is challenging. Forced experiments in a coupled ocean-atmosphere model could yield
insight into the role of advection in interannual variability in SAMW.

Another open research question is how the frequency and intensity of synoptic storm events
imprint on the major atmospheric modes, like the SAM. Typically SAM indices are diagnosed
on monthly and seasonal timescales, but these mean wind conditions are the product of the
frequency and intensity of synoptic atmospheric events. A recent analysis of Southern Ocean
surface winds linked the SAM to cyclone intensity and extreme westerly winds [44]. The
strengthened westerlies during positive SAM conditions lead to stronger northerly winds along
the cold front of a low pressure system, while in negative SAM conditions the southeasterly
winds on the western side of a low pressure system are enhanced [44]. These meridional wind
anomalies drive large turbulent heat fluxes [23], and imply that atmospheric cyclones would
lead to anomalously weak ocean heat loss (or ocean heat gain) in positive SAM conditions,
and vice versa. This connection between the synoptic atmosphere, and the large-scale climate
modes that are correlated to SAMW variability, is useful to move toward greater process-based
understanding of what ultimately drives heat and carbon uptake in SAMW.

4. Implications for observing system design
Observations that capture synoptic temporal scales and sub-basin spatial scales are needed to
improve process-based understanding of SAMW formation and the associated heat and carbon
uptake. Importantly, the processes driving mixed layer deepening and SAMW formation occur
predominantly in winter, highlighting the need for wintertime observations. Observing such high
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temporal frequencies simultaneously with regional spatial variations in winter in the Southern
Ocean is a very challenging undertaking. However, the recent results reviewed here can provide
some guidance on the needs of the future observing system.

Given the importance of high-frequency extreme heat loss events in SAMW formation,
there is a need to maintain air-sea flux moorings over an extended time period. These data
additionally provide a fixed reference point for comparison to floats observations, which can alias
high-frequency synoptic events with the typical 10-day profiling rate. The availability of high-
frequency in situ winds can also help validate flux calculations based on ocean measurements
and satellite-derived winds. Mooring time series additionally offer an opportunity to evaluate the
performance of reanalysis wind and flux products, and these data have been shown to improve
regional weather prediction [28]. The SOFS mooring has now been redeployed continuously since
2010, and the continuation of this time series is crucial as decadal variability and trends begin to
emerge from the extended time series.

Deploying a larger array of moorings would help constrain the variance in air-sea fluxes, and
the placement could be optimized to capture separate central and eastern SAMW formation pools
in the Indian and Pacific. As shown here the single SOFS mooring is not representative of the
broader SAMW formation regions, and the flux variability in the SAMW formation regions is
uniquely different from that further south in the Antarctic Circumpolar Current and Marginal Ice
Zone, where no flux moorings have been deployed. Observing System Simulation Experiments
are useful to inform the amount of variance captured in given mooring deployment locations [45].
However, maintaining a mooring array may be cost prohibitive, and Uncrewed Surface Vehicles
[46] can offer a more affordable, dynamic platform to collect observations on broader spatial scales
and close the wintertime gap in ship observations, and could piggyback on the existing mooring
deployments.

Coupled atmosphere-ocean models must be used in tandem with expanded observations
to maximize the value of the observations and better understand the processes governing air-
sea fluxes and SAMW variability. The ongoing development of mesoscale and sub-mesoscale
resolving (5 km or less horizontal resolution) coupled models [47] offer new opportunities
to study air-sea fluxes at smaller spatial and time scales. For example, models could be
used to untangle complex air-sea interaction processes occurring during high-frequency heat
loss events that have been observed and understand the relative role of atmospheric forcing
and ocean advection and mixing processes on mixed layer and SAMW formation variability
on different timescales. Expanding observations of fluxes and water mass formation in the
Southern Ocean are necessary to further improve model representation of these upper ocean
processes, and in turn high-resolution models must be used to inform optimal observing system
design.

Finally, more observations of biogeochemical properties and carbon fluxes in the SAMW
formation regions are needed to understand the differences in uptake and transport of carbon and
heat by SAMW. Biogeochemical float data are now allowing for an initial look at the carbon and
nutrient characteristics of the different SAMW pools [43], but limited data coverage is an ongoing
challenge. The continued growth of the global biogeochemical Argo program, ongoing mooring
deployments, and increasing development and deployments of Uncrewed Surface Vehicles in the
Southern Ocean in the wintertime will create an opportunity to greatly increase our ability to
characterize the variability and controls on carbon uptake by SAMW.

Data accessibility. Mixed layer depth data from [6] are available for download from http://mixedlayer.ucsd.edu.
Surface flux mooring data discussed in this review are available for download from https://portal.aodn.org.
au (SOFS) and https://ooiui.oceanobservatories.org/data_access/#GS (OOI).
Authors’ contributions. V.T.: conceptualization, data curation, formal analysis, investigation, methodology,
visualization, writing—original draft, writing—review and editing.
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