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Wind-blown Antarctic sea ice helps drive ocean circulation
Study first to quantify influence of Antarctic sea ice 

 Antarctic sea ice is constantly on the move as powerful winds blow it away from the coast 
and out toward the open ocean. A new study shows how that ice migration may be more 
important for the global ocean circulation than anyone realized. 

A team of scientists used a computer model to synthesize millions of ocean and ice 
observations collected over six years near Antarctica, and estimated, for the first time, the 
influence of sea ice, glacier ice, precipitation and heating on ocean overturning circulation. 
Overturning circulation brings deep water and nutrients up to the surface, carries surface 
water down, and distributes heat and helps store carbon dioxide as it flows through the 
world's oceans, making it an important force in the global climate system. The scientists 
found that freshwater played the most powerful role in changing water density, which drives 
circulation, and that melting of wind-blown sea ice contributed 10 times more freshwater 
than melting of land-based glaciers did. 

A vital contributor to the process, the scientists discovered, was the seasonal migration of the 
ice, which is largely driven by winds. If the sea ice were instead forming and melting in the 
same place, there would be no net effect. 

If these winds are turn off and eliminate that pathway for moving sea ice away from 
Antarctica, it would probably significantly reduce the strength of the overturning circulation,
said lead author Abernathey. 

The study, published this week in the journal Nature Geoscience, uses a sophisticated 
approach to examine on the complex problem of what is happening down under the ice, 
where direct observations are hard to come by. It provides new insight into the basic physics 
of the ocean that may be critical for answering future questions about climate change, such as 
how loss of sea ice or changing winds could affect global ocean circulation, said Abernathey.

When sea ice forms around the edges of Antarctica each winter, the salt in the ocean water 
doesn't freeze; it stays behind. That makes the water near the coast much saltier and therefore 
denser than water off shore. Denser water sinks, and in doing so pushes less dense water up, 
driving circulation. Meanwhile, as sea ice melts farther out in the open ocean, it deposits its 
less-dense freshwater, moving denser water down. 

Scientists have known for some time that changes in water density, particularly the sinking 
of cold, saline water, contribute to the ocean's "abyssal circulation," the deepest, coldest 
branch of the ocean conveyor belt, which moves cold Antarctic water northward along the 
ocean bottom. What has been less well understood is the role salinity might play in the 
"upper circulation," which carries mid-depth water up to the surface in the Southern Ocean 
and eventually toward the tropics. 

Using an analysis technique called water-mass transformation, the scientists were able to 
quantify the rate at which ice freezing and melt contribute to the upper circulation by making 
water near the coast denser and water in the open ocean lighter. 

Ocean circulation is critical to the climate system because it distributes heat and helps store 
carbon dioxide in the deep ocean. Major climate changes in the past, including glacial 
periods, are believed to have involved changes in ocean circulation. To understand how 
circulation may be changing today, the next steps will be to look more closely at how salinity 
and wind speeds changed in the past, Abernathey said. 

This work shows really clearly that Antarctic sea ice plays a crucial role in the circulation of 
the world's oceans. For many years it is known that the freezing of Antarctic sea ice in winter 
is responsible for forming the very deepest waters in the world oceans, but this study shows 
that melting the ice in summer also governs the formation of shallower waters. This advance 
has only been made possible by the state-of-the-art computer model used in this study, which 
assimilated millions of ocean observations. 

Reference:  Ryan P. Abernathey, Ivana Cerovecki, Paul R. Holland, Emily Newsom, Matt 
Mazloff, Lynne D. Talley. Water-mass transformation by sea ice in the upper branch of the 
Southern Ocean overturning. Nature Geoscience, 2016; DOI: 10.1038/ngeo2749 (pdf 
follows). 
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Water-mass transformation by sea ice in the
upper branch of the Southern Ocean overturning
Ryan P. Abernathey1*, Ivana Cerovecki2, Paul R. Holland3, Emily Newsom4, Matt Mazlo�2

and Lynne D. Talley2

Oceanoverturning circulation requires a continuous thermody-
namic transformation of the buoyancy of seawater. The steeply
sloping isopycnals of the Southern Ocean provide a pathway
for Circumpolar DeepWater to upwell frommid depth without
strong diapycnal mixing1–3, where it is transformed directly
by surface fluxes of heat and freshwater and splits into an
upper and lower branch4–6. While brine rejection from sea ice
is thought to contribute to the lower branch7, the role of sea
ice in the upper branch is less well understood, partly due to
a paucity of observations of sea-ice thickness and transport8,9.
Herewequantify thesea-ice freshwaterfluxusing theSouthern
Ocean State Estimate, a state-of-the-art data assimilation
that incorporates millions of ocean and ice observations.
We then use the water-mass transformation framework10 to
compare the relative roles of atmospheric, sea-ice, and glacial
freshwater fluxes, heat fluxes, and upper-ocean mixing in
transforming buoyancy within the upper branch. We find that
sea ice is a dominant term, with di�erential brine rejection
and ice melt transforming upwelled Circumpolar Deep Water
at a rate of ∼22×106 m3 s−1. These results imply a prominent
role for Antarctic sea ice in the upper branch and suggest
that residual overturning andwind-driven sea-ice transport are
tightly coupled.

The Southern Ocean State Estimate (SOSE) is an ice/ocean data
assimilation produced for the time period January 2005 through
December 2010. (See Methods and Supplementary Information for
SOSE details and validation.) The bulk freshwater fluxes at the
ocean surface south of 50◦ S, as estimated by SOSE, are summarized
in Fig. 1a. When sea ice forms, nearly all of the salt remains
behind in the underlying seawater (a process called brine rejection);
when the ice melts, liquid freshwater is returned to the ocean.
Direct open-ocean precipitationminus evaporation (0.28 fwSv) and
glacial ice melt (0.05 fwSv) are both smaller than net sea-ice melt
(0.50 fwSv) and brine rejection (0.36 fwSv). (Bulk freshwater volume
fluxes are given in units of freshwater sverdrups11, 1 fwSv= 106 m3

freshwater s−1 ' 3.15× 104 Gt freshwater per year.) Melt exceeds
brine rejection because sea ice incorporates snowfall at a rate
of 0.14 fwSv. Moreover, wind-driven sea-ice transport creates a
freshwater conveyor belt from the Antarctic coast to the open
ocean12, leading to sharp gradients in freshwater flux. The spatial
structure of the sea-ice redistribution is assessed in Fig. 1b by
comparing the annualmean freshwater flux leaving the atmosphere,
land and glaciers (left panel) with that entering the ocean (right
panel); the difference is due to sea-ice freshwater redistribution
(middle panel, vectors show the ice thickness transport). From

the atmosphere, widespread precipitation over the Southern Ocean
leads to a broadly distributed downward freshwater flux with a
characteristic magnitude of 0.5m yr−1, and glacial ice melt provides
a stronger freshwater source near the Antarctic coast. (SOSE does
not include subsurface ice-shelf fluxes.) Sea ice reverses the sign
of the freshwater flux near the coast, through both brine rejection
and snow interception. Ice is blown away from Antarctica by winds
and melts near the Southern Front of the Antarctic Circumpolar
Current, where the melt flux exceeds the precipitation rate. The
large sea-ice freshwater fluxes have a major impact on the density
of seawater, and consequently, the stratification and circulation of
the Southern Ocean.

The importance of brine rejection for the production of high-
salinity shelf water (HSSW), and eventually Antarctic BottomWater
(AABW), is broadly accepted, although the magnitude of the
production rate is highly uncertain7. Modelling studies have shown
a relationship between lateral transport of Antarctic sea ice and
the strength of the AABW cell13–15. Model experiments have also
shown that the excess freshwater exported via sea ice to the open
Southern Ocean contributes to the production of fresh Antarctic
Intermediate Water (AAIW), suggesting that sea ice helps sustain
the upper branch of the overturning16. It has further been argued
that the buoyancy gain in upwelling Circumpolar Deep Water
(CDW) comes primarily from freshwater fluxes, not heat fluxes17.

To quantify the role of sea-ice processes on the overturning
circulation, we apply the water-mass transformation framework10,
which quantifies the rate at which a given water mass is made
lighter (negative transformation rate) or denser (positive) due to
diabatic processes, that is, surface fluxes and mixing. (See Methods
and Supplementary Information for details of the calculation.)
Integrated over a basin, the transformation rate represents the
net volume flux across an isopycnal surface. If this volume flux
is not constant in the upper ocean over a given density range,
it implies that water must be subducted to or upwelled from
the interior in that range order to satisfy mass continuity18,
providing a quantitative link between surface thermodynamic
processes and overturning circulation. A few past studies have
calculated the transformation rate due to ocean–ice freshwater
exchange as part of more general analyses of model simulations17,19.
Here we apply this approach within the SOSE framework of
assimilated observations, thereby making dynamically consistent
use of all the streams of observational data. By separately diagnosing
the density transformation driven by sea-ice, atmospheric and
glacial freshwater exchange, as well as by heat fluxes and upper-
ocean mixing, we quantify the importance of each process in
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Figure 1 | Surface freshwater exchange in the SOSE. a, Schematic depicting the various bulk contributions to the freshwater exchange at the ocean surface
south of 50◦ S (positive downward). Net fluxes are given in units of freshwater sverdrups11: 1 fwSv= 106 m−3 freshwater s−1

'3.15× 104 Gt freshwater
per year. For reference, 1 fwSv' 1.9 mm d−1 of rainfall distributed over the region. b, Annual mean freshwater fluxes for the period 2005–2011. The left
panel shows the flux leaving the atmosphere and land, and the right panel shows the flux entering the ocean. The centre panel shows the sea-ice
redistribution flux (the di�erence between the two), with arrows indicating the lateral sea-ice thickness transport.

the thermodynamics of overturning. (Transformation rates are in
sverdrups, 1 Sv= 106 m−3 seawater s−1.)

First we consider the overall transformation rate in the upper
ocean in Fig. 2a (black), decomposed into the surface heat flux
contribution (red), the surface freshwater flux contribution (blue),
and interior mixing (dashed black). In agreement with other
studies, surface freshwater fluxes dominate17,20. The freshwater-
driven transformation is characterized by a broad region of strongly
negative transformation (that is, buoyancy gain) in the density
range 26.6<γn< 27.6 kgm−3, peaking at more than 25 Sv, and a
region of positive transformation (buoyancy loss) at higher densities
(γn > 27.6 kgm−3). In Fig. 2b, the freshwater-flux transformation
is decomposed into contributions from direct exchange with the
atmosphere, land, and terrestrial ice (evaporation, precipitation and
runoff/glacial ice melt; green), brine rejection from freezing sea
ice (purple), and freshwater from melting ice (orange). Freezing
and melting both contribute strongly, and in opposite senses
(approximately ±20 Sv), to the transformation but do so over
different density ranges. The positive peak in net freshwater-
induced transformation near γn = 27.7 kgm−3 is caused by brine

rejection, while the transformation due to melting sea ice is larger
than that due to precipitation. An alternative decomposition is to
calculate the difference between the transformation that would have
occurred if all of the precipitation passed directly to the ocean
(dashed green) and the actual transformation (Fig. 2a, solid blue);
this difference can be attributed to sea-ice freshwater redistribution
(dashed blue), which is largely driven by the winds. The difference
between the dashed and solid green lines reveals the effect of snow
interception and transport by sea ice, whichweakens transformation
by up to 10 Sv in the Upper CDW (UCDW) range.

Upper-ocean mixing and mixed-layer entrainment also
contribute significantly to water-mass transformation18,21. As
sea-ice growth, brine rejection and vertical mixing have a tightly
coupled relationship in the Southern Ocean22,23, mixing-induced
transformation must be considered together with the surface
fluxes. Figure 2c decomposes the mixing-induced transformation
into contributions from vertical (solid) and horizontal/isopycnal
(dashed) mixing of heat (red) and salinity (blue) in the upper
670m (a depth that mostly encompasses the seasonal mixed
layer; see Methods). Mixing is weaker overall than surface
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Figure 2 | Components of water-mass transformation and formation in SOSE in neutral density (γn) coordinates. The total transformation rate represents
the net volume flux (in sverdrups, 1 Sv= 106 m3 s−1) across an isopycnal surface. a, Total water-mass transformation (black) decomposed into
contributions from surface heat flux (red), surface freshwater flux (blue), and upper-ocean mixing (dotted black). b, Decomposition of the
surface-freshwater-flux-driven transformation into contributions from direct exchange with the atmosphere, land and terrestrial ice (evaporation,
precipitation and runo�/glacial ice melt; green), brine rejection from freezing sea ice (purple), and freshwater from melting ice (orange); the three solid
lines in b sum to give the blue line in a. An alternative decomposition of the freshwater-driven transformation into the sum of the potential transformation
that would have occurred due to the atmospheric freshwater flux (dashed green) and the redistribution of freshwater by the sea ice (dashed blue). atm.,
atmosphere. c, Decomposition of mixing-induced transformation into contributions from vertical (solid) and horizontal/isopycnal (dashed) mixing of heat
(red) and salt (blue) in the upper 670 m (a depth that encompasses most of the seasonal mixed layer). The black dotted line represents total mixing.
d, Formation rates, summed in 0.1 kg m−3 neutral density bins, representing the convergence or divergence of water-mass transformation in the upper
ocean. The total formation (black) is the sum of the coloured bars, which represent direct exchange with the atmosphere, land and terrestrial ice
(evaporation, precipitation and runo�/glacial ice melt; green), sea-ice brine rejection and melt (purple), surface heat flux (red), and mixing (blue). The
large-scale water masses are abbreviated as thermocline water (TW), Subantarctic Mode Water (SAMW), Antarctic Intermediate Water (AAIW), Upper
Circumpolar Deep Water (UCDW), Lower Circumpolar Deep Water (LCDW), and Antarctic Bottom Water (AABW).

transformation. As in previous studies, vertical mixing of salinity
is the dominant term17. The net mixing-induced transformation
(black) is clearly homogenizing in nature, acting to densify water

of γn < 27.5 kgm−3 and lighten water above this value. The net
upper-ocean transformation rate, comprising both surface fluxes
and mixing, is shown in Fig. 2a as the solid black line. Downward
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Figure 3 | Time series of freshwater transformation over the six-year state estimate, as a function of time (x axis) and neutral density γn (y axis).
a, Surface transformation due to direct freshwater exchange with the atmosphere (evaporation minus precipitation). The grey shaded area indicates
isopycnals that outcrop neither under air nor ice, and the grey contours show the density-averaged sea-ice concentration (contours at 5%, 50% and 90%).
b, Surface transformation due to ice freezing and melting. c, Transformation due to mixing of salinity in the upper 670 m.

mixing of freshwater from AAIW densities counteracts the positive
transformation caused by surface fluxes (mostly brine rejection) in
the UCDW range.

In Fig. 2d, we plot the formation rate, integrated in 0.1 kgm−3
density bins, for a select combination of components. The formation
rate is the derivative of the transformation rate with respect to
density. It represents the volume convergence in density space:
negative formation (that is, destruction) in the upper ocean over
a particular density range indicates that water in that range must
be upwelled from the ocean interior. Examining first the net
formation (black), we see a strong destruction of water in the
range 27.3<γn<27.8 kgm−3. Encompassing much of the UCDW
densities and also denser AAIW, this clearly corresponds with the

upwelling branch of the meridional overturning circulation and
the wind-driven Antarctic divergence. The combined effects of
ice freezing and melt (purple) make the dominant contribution
to this destruction, with precipitation (green) in second place.
These processes are partially offset by heat fluxes (red) and mixing
(blue), which instead drive formation in this range. At lower
densities (γn<27.0 kgm−3), strong formation is evident in the
Subantarctic Mode Water (SAMW) range, driven by both heat
and freshwater fluxes. In contrast with previous analysis that
showed separate Indian and Pacific peaks in SAMW formation24,
the SAMW formation here is more broadly distributed due to
interannual variability in the Indian and Pacific SAMW over the
longer averaging period. At higher densities, heat fluxes drive
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formation of AABW, with considerable opposition from vertical
mixing. However, due to the lack of assimilated surface data for
these densities, as well as the spurious nature of AABW production
in SOSE, we consider the transformation and formation rates
for γn > 28.0 kgm−3 unreliable; they are biased low compared
with estimates from inverse modelling4,6,7. (See Supplementary
Information for model validation and related discussion.) In
Supplementary Section 4, SOSE results are compared with a
model with a better representation of AABW formation. Similar
transformation rates for the lighter water masses lend confidence
to our conclusions regarding the upper branch.

While the time-mean transformation rates presented above
are what matter for net subduction and upwelling, examining the
seasonal cycle in transformation provides insight into the physics of
ice freezing and melt. In Fig. 3 we plot the temporal variability over
the six-year SOSEperiod of the dominant freshwater transformation
components: direct evaporation/precipitation/runoff/glacial ice
melt (Fig. 3a), sea-ice freezing and melt (Fig. 3b), and the vertical
mixing of salinity (Fig. 3c). This figure also shows sea-ice concen-
tration averaged in density space, highlighting the relation between
transformation and ice cover. The seasonal cycle in precipitation is
clearly present but not particularly strong. In contrast, ice freezing
and melt are extremely seasonal and correlated with the growth
of ice cover. Particularly striking is the fact that melt fluxes reach
far into the SAMW and thermocline density range25. The mixing
is also strongly seasonal, taking place mostly in summer and
autumn. Together with the surface fluxes, the temporal variability
is indicative of the creation of a shallow, fresh summer mixed layer
following ice melt, which is subsequently eroded by vertical mixing
through the autumn as ice reforms, consistent with simple models
and under-ice observations22,23,26. The intricate, temporally variable
relationship between ice formation, freshwater fluxes, and mixing
highlights the need for year-round observations to accurately quan-
tify the net water-mass transformation driven by sea-ice processes.

Trends in sea-ice concentration have received much attention as
a proxy for polar climate change27. It has also been hypothesized
that expandedAntarctic sea ice during the last glacial period was ac-
companied by a more vigorous AABW overturning circulation28,29.
From the ocean’s perspective, however, it is sea-ice freshwater trans-
port, rather than extent, that matters most. SOSE’s short six-year
time period does not permit us to examine the decadal trends
in water-mass transformation directly; however, our results sug-
gest that recent wind-driven trends in Antarctic sea-ice transport12
should be associated with changes in water-mass transformation.
It was recently proposed that these trends over the past 30 years,
and the accompanying freshwater flux anomalies, can mostly ex-
plain decadal trends in Southern Ocean salinity (F. A. Haumann,
N. Gruber, M. Muennich, I. Frenger and S. Kern., manuscript in
preparation). Our transformation calculations imply that, if wind-
driven sea-ice export increases, CDW will be converted into lighter
water at a faster rate, potentially accelerating the upper limb of the
overturning circulation.

Methods
Methods, including statements of data availability and any
associated accession codes and references, are available in the
online version of this paper.
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Methods
Southern Ocean State Estimate. Sparse observations are a major obstacle to
accurate characterization of Southern Ocean physics. Current Antarctic sea-ice
thickness and velocity measurements do not provide sufficient spatial and temporal
resolution for an observationally derived sea-ice freshwater budget; nevertheless,
there have been a few attempts to estimate the seasonal freshwater fluxes associated
with sea-ice growth and melt from the limited observations8,9 (F. A. Haumann,
N. Gruber, M. Muennich, I. Frenger and S. Kern., manuscript in preparation). All
of these studies have shown that sea-ice-induced freshwater fluxes are large
compared with typical precipitation rates. In addition to ice data, the water-mass
transformation calculation further requires knowledge of the time-varying
correlation between surface fluxes and the underlying water temperature and
salinity. Given these challenges, our approach here is to use a highly realistic,
carefully validated data-assimilating numerical model to examine the effects of
sea-ice processes on Southern Ocean water masses.

Ocean state estimation is a form of data assimilation that provides an optimal
synthesis of diverse observations consistent with known physical and
thermodynamic constraints. It can be viewed as a logical extension of classical
hydrographic inverse modelling30. In its modern form, state estimation involves the
use of a numerical general circulation model and its adjoint31,32.

The Southern Ocean State Estimate33 (SOSE) has been employed for numerous
studies on topics including overturning circulation34,35, air–sea fluxes36, mode water
formation24,25, eddy mixing37, and anthropogenic carbon transport38. We employ
SOSE iteration 100, a high-resolution general circulation model that has been
constrained, via an adjoint method, to nearly all available observations, including
sea-ice concentration, in the 2005–2010 period. This approach provides an optimal
synthesis of the observations that is also consistent with known physical and
thermodynamic constraints.

The numerical model underlying SOSE is the MITgcm39,40. The model is
configured on a 1/6◦ latitude–longitude grid with 42 unevenly spaced levels. This
resolution is eddy permitting, and vigorous mesoscale motions are present in the
solution. Mixed-layer physics are represented through the nonlocal K-profile
parameterization scheme41. No mesoscale subgrid parameterization is used. The
domain extends from the Antarctic coast to 24.6◦ S. SOSE is coupled to a
viscous–plastic dynamic–thermodynamic sea-ice model42. Initial and open
boundary conditions for SOSE temperature, salinity and velocity are taken from
the Ocean Comprehensible Atlas global state estimate43.

The adjoint method adjusts these initial and open boundary conditions, and the
atmospheric variables that appear in the surface boundary conditions (collectively
called the control variables), within their uncertainty range to minimize (in a
least-squares sense) a cost function. The cost function is defined as the
uncertainty-weighted misfit of the model state to the observations. Observational
data sets include Argo profiles, Global Ocean Ship-based Hydrographic
Investigations Program (GO-SHIP) data hydrographic data, Marine Mammals
Exploring the Oceans Pole to Pole (MEOP) elephant-seal hydrographic data,
infrared and microwave satellite sea-surface temperature,
satellite-altimetry-derived sea-surface height, and several others33. This adjustment
process has been shown to reduce known biases in the NCEP (National Centers for
Environmental Prediction) air–sea fluxes36, lending confidence to the accuracy of
the solution.

Optimization of the atmospheric state in SOSE was carried out in two stages.
First, 2005–2007 was optimized, constrained to NCEP–NCAR (National Center for
Atmospheric Research) reanalysis44. Subsequently, 2008–2010 was optimized, using
the more modern ERA-Interim reanalysis45. For both simulations, fluxes of heat,
freshwater and momentum were determined using a standard atmospheric
boundary-layer scheme46. SOSE does not include an ice-shelf model, and
continental runoff/glacial ice melt was prescribed using a standard climatology47.
As precipitation is a control variable, it was possible for the optimization to change
freshwater input near Antarctica, but inputs below the ocean surface, such as may
be expected from ice-shelf influences, were not present. It was recently argued that
subsurface glacial melt, while important for determining the salinity of AABW,
does not make a large contribution to the open-ocean freshwater budget, which is
our main focus here (F. A. Haumann, N. Gruber, M. Muennich, I. Frenger and
S. Kern., manuscript in preparation). Nevertheless, the absence of subsurface glacial
melt from SOSE is a serious limitation that may be addressed in future iterations.

SOSE was also constrained to sea-ice concentrations derived from passive
microwave satellite radiometers. For the 2005–2007 optimization, concentrations
were estimated using the ‘bootstrap algorithm’48. Due to lack of availability of this
product when the 2008–2010 optimization began, for this period the
concentrations were taken from the NASA-Team product49,50. Descriptions of these
products, including the satellite measurements they used, are available at
http://nsidc.org. For both products, a spatially and temporally varying uncertainty
of between 8.5 to 18% is prescribed51.

Comprehensive validation of SOSE sea ice and hydrography can be found in
Supplementary Information. This validation indicates that SOSE hydrography
agrees very well with observations in the SAMW, AAIW and UCDW range, which

are the primary focus of this study. The sea-ice model shows good agreement with
remotely sensed sea-ice thickness and concentration data throughout the seasonal
cycle. As with many numerical models52, SOSE does not properly represent the
production of AABW (γn>28.2 kgm−3) on the continental shelves. Although
coastal polynyas, with high rates of sea-ice production, are present, HSSW is not
formed at a significant rate. One possible reason is the treatment of glacial ice
melt/runoff, which is applied at the surface right at the coast, rather than in
subsurface ice cavities and broadly distributed iceberg melting. This freshwater
source counteracts the brine rejection on the shelves in SOSE and prevents
sufficient quantities of HSSW from forming. Another likely reason is the lack of
sufficient resolution to represent boundary currents and cross-slope exchange,
leading to biases in stratification and circulation53–55. These shortcomings mean
that we have low confidence in the SOSE estimate of transformation rates for
Lower CDW (LCDW) and AABW ranges. In Supplementary Section 4, we
compare the transformation rates from SOSE with a different model56, which has a
much better representation of shelf processes and HSSW production. The overall
magnitude and structure of transformation, including the sea-ice components, are
similar in both models, although the other model looks different in the LCDW and
AABW ranges. This suggests that the representation of shelf processes in SOSE
does not heavily bias our main conclusions regarding the role of sea ice in the
upper branch of the Southern Ocean overturning.

Water-mass transformation. Transformation is calculated as

Ω(σ , t)=
∂

∂σ

∫
σ ′<σ

(
∂σ

∂θ
θ̇+

∂σ

∂S
Ṡ
)
dV (1)

where σ is potential density, t is time, and θ̇ and Ṡ represent all non-advective
sources (that is, external forcing and mixing) of potential temperature (θ) and
salinity (S), respectively. The transformation rateΩ can be linearly decomposed
into many different contributions from different processes, and the volume integral
reduces to a surface integral for surface fluxes. Transformation was calculated
‘online’ within the model at every time step using the MITgcm LAYERS package.
(Further technical details of the calculation are described in Supplementary
Information.)

As this study is concerned with upper-ocean processes, we calculate
transformation with respect to surface-referenced potential density (σθ ); however,
we interpolate potential density to neutral density (γn) when plotting to best
identify well-known water masses. (See Supplementary Information for details of
relabelling procedure.) We focus on the density range γn>26.0 kgm−3. We define
thermocline water (TW; γn<26.6 kgm−3), Subantarctic Mode Water (SAMW;
26.6<γn<27.0 kgm−3), Antarctic Intermediate Water (AAIW;
27.0<γn<27.5 kgm−3), Upper Circumpolar Deep Water (UCDW;
27.5<γn<28.0 kgm−3), Lower Circumpolar Deep Water (LCDW;
28.0<γn<28.2 kgm−3) and Antarctic BottomWater (AABW; γn>28.2 kgm−3)
following previous studies4,20.

The specific choice of the upper 670m for the integration volume of interior
mixing terms was dictated by the depth of the discrete model grid cells. Sensitivity
tests using integration depths ranging from 500 to 1,000m showed that the results
are not very sensitive to this choice.

Code availability. All code used to produce this study is public and freely available.
The code used to produce SOSE, including the adjoint model, is part of the
MITgcm framework and is available for download via http://mitgcm.org. The
analysis was conducted using the open-source scientific Python software stack
(http://scipy.org), and the analysis code is archived in a public Git repository
https://bitbucket.org/ryanaberanthey/sose_water_mass_transformation.

Data availability. All data supporting the findings of this study are open and freely
available. SOSE output can be downloaded at http://sose.ucsd.edu. Sea-ice
thickness and concentration data (used for validation) are available from the
National Snow and Ice Data Center: http://nsidc.org. GO-SHIP hydrographic data
(used for validation) are available through the CLIVAR and Carbon Hydrographic
Data Office website: http://cchdo.ucsd.edu. The Argo data were collected and made
freely available by the International Argo Program and the national programmes
that contribute to it (http://www.argo.ucsd.edu, http://www.jcommops.org/argo).
The Argo Program is part of the Global Ocean Observing System.
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