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Key Points:

* Seasonal climatologies of Antarctic Winter Water (WW) and its properties are mapped
using 18 years of in-situ observations.

e Observations reveal the distinct seasonal and regional characteristics of WW and
their connections to processes such as sea-ice formation.

 Localized redistribution of WW properties equatorward is steered by large topo-
graphic features.
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Abstract

The Southern Ocean is central to the global overturning circulation. South of the Antarc-
tic Polar Front, Antarctic Winter Water (WW) forms in the wintertime mixed layer be-
low sea ice and becomes a subsurface layer following summertime restratification of the
mixed layer, overlaying upwelled deep waters. Model simulations show that WW acts

as a conduit to seasonally transform upwelled deep waters into intermediate waters. Yet,
there remains little observational evidence of the distribution and seasonal characteris-
tics of WW. Using 18 years of in situ observations, we show seasonal climatologies of WW
thickness, depth, core temperature and salinity. This study reveals, for the first time,

the distinct regionality and seasonality of WW. The seasonal cycle of WW character-
istics is tied to the annual sea ice evolution, whilst the spatial distribution is impacted

by the main topographic features in the Southern Ocean driving an equatorward flux

of WW. Through the identification of these localized northward export regions of WW,
this study provides further evidence suggesting an alternative view from the conventional
‘zonal mean’ perspective of the overturning circulation. We show that specific overturn-
ing pathways connecting the subpolar ocean to the global ocean can be explained by ocean-
topography interactions.

Plain Language Summary

The Southern Ocean around Antarctica is central to the global ocean circulation
system. The cold wintertime atmosphere drives ocean cooling and sea ice formation, which
causes surface waters to become denser, mixing with deep waters that rise to the sur-
face from the deep ocean. As the ocean surface layer warms in summer, there remains
a cold layer below the surface known as Antarctic Winter Water (WW). This layer warms
throughout the summer, thinning the WW layer. However, the properties of WW (tem-
perature, salinity, thickness, depth) vary in space around the Southern Ocean and in ero-
sion rate. By compiling 18 years of ocean observations, we investigate the physical dy-
namics that determine how WW changes in space and over the average annual cycle. We
find that there are localized regions across the Southern Ocean where WW properties
are transported northwards as part of the ocean circulation system, which typically align
with large topographic features and act to connect Southern Ocean water masses to the
global ocean.

1 Introduction

The Southern Ocean (SO) is characterized by the zonally unbounded energetic flow
of the Antarctic Circumpolar Current (ACC), which consists of several baroclinic jets
that delineate hydrographic properties (Orsi et al., 1995). South of the Antarctic Polar
Front, salinity is the dominant property of density in the upper ocean due to a low ther-
mal expansion coefficient (Stewart & Haine, 2016; Roquet et al., 2022). Consequently,
this allows for the formation of a cold subsurface layer known as Antarctic Winter Wa-
ter (AAWW; henceforth WW) that resides below the summertime mixed layer (Toole,
1981).

WW lies above the salty and relatively warm Circumpolar Deep Water (CDW),
which has been upwelled along isopycnals from the deep ocean (Tamsitt et al., 2017).
CDW gets transformed to become either dense bottom water in the southern upwelling
limb, sinking back to the abyssal ocean (Ganachaud & Wunsch, 2000; Jacobs, 2004; van
Sebille et al., 2013), or transformed to intermediate water north of the ACC (Munk, 1966;
Whitworth et al., 1994). Evans et al. (2018) showed, using a general circulation model,
that WW acts as a seasonal conduit to connect CDW to Antarctic Intermediate Water
in summertime which, when subducted, forms the downwelling limb of the SO merid-
ional overturning circulation (Speer et al., 2000; Marshall & Speer, 2012; Talley, 2013).
Water mass transformation in the upper SO is associated with net freshening due to sea
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ice export and melt (Abernathey et al., 2016; Pellichero et al., 2018), and Tamsitt et al.
(2018) showed that upwelled CDW becomes fresher and colder before transforming into
intermediate waters, further implying the seasonal role of WW in the overturning cir-
culation. Drake et al. (2018) show through investigation of Lagrangian pathways that
CDW upwelling is not well represented via the time mean overturning framework, and
thus, by implication, a similar argument likely applies to the representation of WW in
the same zonally integrated overturning framework. Given these findings, the evolution
and characteristics of WW are important to the overall SO’s role in the global overturn-
ing circulation.

WW forms in the wintertime mixed layer (ML; Figure 1a), which deepens through
buoyancy loss via cooling and sea ice formation. Brine rejection deepens the under-ice
ML, driving entrainment of the warm subsurface CDW and thus increases ML heat and
salinity (Gordon & Huber, 1984). In turn, this melts sea ice and freshens the ML to re-
duce its buoyancy; thus, through this feedback system, sea ice thickness is maintained
as relatively thin (~0.5 m) (Shaw & Stanton, 2014) and the under-ice ML is generally
confined to less than 200 m depth (Martinson, 1990; Biddle & Swart, 2020; Wilson et
al., 2019). Following a change in sign of the atmospheric heat flux, the summertime ML
shoals becoming warm and fresh with a depth of only tens of meters (Pellichero et al.,
2017), leaving a residual subsurface cold wintertime ML below the summer-warmed sur-
face layer (Figure 1b) and thus creating a warm-cold-warm layering of ML-WW-CDW
(Park, Charriaud, & Fieux, 1998).

Eventually, WW erodes over the annual cycle or is re-entrained into the following
winter ML. Giddy et al. (2023) found that WW erosion rates are primarily driven by en-
trainment of WW into the mixed layer through mechanical mixing, with further warm-
ing due to double diffusive convection from below. However, these findings are specific
to the Weddell Sea where there is typically a sharp thermocline yet a weak pycnocline
(Wilson et al., 2019), which impacts the temperature gradient as well as the rate of mix-
ing that takes place. Further, variability of WW properties have been observed in re-
gions up- and downstream of large topographic features that interact with the ACC, en-
hancing the downstream mesoscale field, such as that found by Sabu et al. (2020). Lund
et al. (2021) show similar spatial variability across the circumpolar SO via climatolog-
ical WW temperatures. Sabu et al. (2020) also observe the WW layer responding to large-
scale atmospheric variability, finding enhanced warming in years of positive Southern An-
nular Mode, likely due to elevated wind-driven mixing from stronger winds. The vari-
ability of WW observed is tied to various mechanisms that impact upper ocean struc-
ture, such as varying eddy kinetic energy (Dove et al., 2022; Nikurashin et al., 2013), dif-
fering wind stress fields (Abernathey et al., 2011; Lin et al., 2018), and CDW outcrop-
ping pathways (Narayanan et al., 2023; Tamsitt et al., 2021).

In this study we provide revised criteria for defining the vertical distribution of WW.
We apply this to 18 years of in-situ observations over the SO to examine the spatiotem-
poral distribution of WW, its properties using seasonal climatologies and the dynam-
ics governing these distributions. A seasonally evolving heat budget for WW is estimated
to shed light on the dominating processes which impact the evolution and erosion of WW
and to better understand its connection to the surface layer of the ocean and meridional
circulation. Finally, we reveal linkages between WW distribution and its properties to
the underlying topography of the SO. WW variability is directly tied to rates of over-
turning, so determining possible pathways of enhanced overturning is critically impor-
tant in understanding our global climate and the redistribution of oceanic properties.
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Figure 1. Conceptual view of Antarctic Winter Water. (a) WWy, in wintertime and
(b) WWgg in summertime following summertime mixed layer restratification. Shown are the

various physical mechanisms that impact the formation, distribution and erosion of WW.
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2 Data and Methods
2.1 Hydrographic Profiles

This study uses hydrographical profiles south of 40°S from the period 2004 to 2021
compiled using the Argo float dataset (Wong et al., 2020), tagged marine seals dataset
(MEOP: Marine Mammals Exploring the Oceans Pole to Pole) (Treasure et al., 2017),
Southern Ocean biogeochemical floats (SOCCOM: Southern Ocean Carbon and Climate
Observations and Modeling) (SOCCOM, 2019), as well as ship-based CTD casts and glider
profiles (from WOD18: The World Ocean Database 2018) (Boyer et al., 2018). Data are
relatively well distributed across the SO due to sampling from the Argo and MEOP pro-
grammes (Figures 2e-2h), which is extensive compared to limited historical CTD ship-
based data collection (Brett et al., 2020). The Pacific sector is mainly sampled through-
out the annual cycle via the Argo programme, whereas MEOP data cover a great ex-
tent south of the Polar Front, particularly in the Atlantic and Indian Ocean sectors, as
well as below sea ice and across the circumpolar continental shelf (Narayanan et al., 2023).
MEOP seals are tagged in the summertime, so provide least coverage in spring after CTD
sensors have dropped off the seals from molting their winter fur, whilst their habitat lo-
cation and foraging behavior largely dictate their spatial distribution (McMahon et al.,
2019).

Additionally, the location of float sampling is initially spatially biased to deploy-
ment location due to ship-based deployments, and subsequently follow quasi-Lagrangian
trajectories. Therefore, float data are heterogeneously distributed in space and time (Fig-
ures 2a-2d) with different regions sampled in different time periods. There are fewer to-
tal profiles per month from 2020 and onwards (Figure 2i) because of limited scientific
cruises during the global pandemic (Boyer et al., 2023; Sarmiento et al., 2023). Conse-
quently, there are limited MEOP data in 2020 and 2021, but the remaining operating
floats continued to sample the SO.

In sea-ice-covered regions, ship-based and seal-based measurements are geograph-
ically accurate as they contain GPS fixes; profiling floats, however, use a temperature-
based sea ice avoidance algorithm and cannot transmit their location when under sea
ice. Profiling floats park at depth when not profiling where the currents are assumed to
be low, so the profile locations are linearly interpolated. For this study, we take it as ap-
propriate for use since we are interested in broadscale findings, where the positional er-
rors from linear interpolation have little effect when gridding to spatial bins of 1°, as shown
by Wong and Riser (2011) who find a mean distance between profiles to be 32 km.

Float-based measurements of temperature and salinity have been corrected for any
sensor biases in real-time and undergo delayed mode quality control testing (Wong et
al., 2020). We only use data flagged as “good” and “under sea-ice” for all data sources.
Following Wilson et al. (2019), we further quality control the data such that each pro-
file contains at least five measurements in the top 300 dbar with at least one data point
in the top 25 dbar to ensure representation of the upper ocean processes of interest, en-
suring both the ML and majority of WW properties are captured. Profiles containing
unrealistic values of potential temperature and practical salinity are removed such that
-2.5 < T <16 °C and 30 < S < 36. These thresholds are obtained from the observed
range of properties south of the Subantarctic Front. Consequently, in this study, we an-
alyze 620,293 quality-controlled CTD profiles.

The profiles are linearly interpolated to a standard two dbar vertical grid followed
by a one-dimensional Gaussian filter with a standard deviation of four to smooth the data
but retain key features. Absolute salinity and conservative temperature are derived from
these gridded, quality controlled and smoothed profiles. The WW detection algorithm
(Section 2.2) is applied to each profile, with all depth-related variables converted to me-
ters, before gridding the data onto a median 1°x1° latitude-longitude seasonal climatol-
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Figure 2. Hydrographic data distributions. (a-d) Spatial distribution of the total number
of hydrographic profiles per season from winter through to autumn, respectively. (e-h) Spa-

tial distribution of the mode data source per grid cell. The black contours indicate the Polar
Front and Subantarctic Front, and the white lines are the mean 15% sea ice concentration for

the relevant season in (a-h). (i) Monthly time series of data sources (stacked) across the South-
ern Ocean. (j) Total proportion of data per data source as a percentage. (k) Southern Ocean
bathymetry map with bathymetric features and seas. Thin black lines denote 1, 2 and 3 km
bathymetric contours. Abbreviations are as follows: RS=Ross Sea, PAR=Pacific-Antarctic Ridge,
ABS=Amundsen and Bellingshausen Seas, DP=Drake Passage, SSA=South Sandwich Arch,
WS=Weddell Sea, SWIR=Southwest Indian Ridge, KP=Kerguelen Plateau, SEIR=Southeast
Indian Ridge.
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ogy. Since the formation and annual cycle of WW is tied to sea ice evolution, we define

the climatological seasons based on the annual cycle of sea ice formation and melt such

that January, February, and March represent summer, and so on (Holland, 2014; Goosse
et al., 2023).

2.2 Antarctic Winter Water Algorithm

WW definitions vary in present literature. Park, Charriaud, Pino, and Jeandel (1998)
define WW as a relatively homogenous subsurface layer south of the PF with a subsur-
face temperature minimum, defining the upper boundary with a strong hydrographic gra-
dient (thermo-, halo-, pycnocline) and the lower boundary as strong temperature and
salinity gradients. Evans et al. (2018) define WW via a temperature threshold such that
© < 0.5. Sabu et al. (2020) define WW as the depth of the coldest temperature inver-
sion observed below the ML. Giddy et al. (2023) use a more comprehensive definition:
the upper boundary as the mixed layer depth (MLD), core depth as the temperature min-
imum below the MLD, and lower boundary as the max temperature gradient below the
WW core, marking the boundary between WW and CDW.

We characterize WW into two classifications: mixed layer WW (WWyyy,, Figures
la and 3e) and subsurface WW (WWgg, Figures 1b and 3f-3h). WW)yy, is defined as con-
strained to mixed layer (ML), taking the upper bound as the ML reference depth and
the lower bound as the mixed layer depth (MLD); we assume the ML is well-mixed, and
therefore take the mid-depth of MLD as the WW core depth, whilst the core properties
are defined as the mean properties across the ML. WWgg only exists if there is a tem-
perature inversion below the ML. That is, WWgg only exists if there are at least 10 in-
versions, equivalent to 20 m, between the mean ML temperature and subsurface tem-
peratures. We describe WWgg through its core properties (the temperature minimum,
the depth at which the temperature minimum occurs, as well as the salinity and den-
sity at that depth) and thickness (difference in depth between upper and lower bound-
ary). We summarize the property definitions of the WW classifications in Table 1. Note
that we define the MLD following the density difference criterion of 0.03 kg m~2 from
a reference density taken from the surface at 10 dbar, as per de Boyer Montégut (2004).

WW only exists if the core temperature is below 2 °C since this temperature de-
notes the boundary for the PF at 200 m depth (Belkin & Gordon, 1996; Morrow et al.,
2008; Pollard et al., 2002). The PF is a baroclinic barrier to WW, marking the transi-
tion from beta- to alpha-dominating regimes in the upper ocean, which determines the
existence of temperature inversions (Orsi et al., 1995; Stewart & Haine, 2016; Caneill et
al., 2023). If the temperature at the lower bound is warmer than 2 °C, the 2 °C isotherm
depth is used as the WW lower boundary instead. Further, if the core depth is deeper
than the lower bound depth, we conclude no WW exists in that profile. Similarly, if the
core temperature is warmer than 2 °C then we conclude no WW exists in that profile.
The lower boundary and, or core depth of WW can feasibly reach depths below 300 m,
for example via deep convection cells as a result of polynya driven processes, which typ-
ically are found close to the Antarctic continent (Morales Maqueda et al., 2004; Tamura
et al., 2008; Mohrmann et al., 2021; Whitworth et al., 1994). However, these processes
are associated with deep water formation (Jacobs, 2004; Johnson, 2008; Kusahara et al.,
2017; Meredith, 2013), and therefore associated with dynamics outside the scope of this
study. WW is otherwise typically found in the bounds of 50-200 m (Lund et al., 2021;
Sabu et al., 2020) (Figure 3). Hence, WW profiles with a lower boundary deeper than
300 m are removed.

In total, 43% of all profiles (266,856 profiles) contain WW: 105,588 WWyr, pro-
files and 161,268 WWgg profiles (Figures 3a-3d). We then compute the climatologies,
which are smoothed using a 3°x3° latitude-longitude rolling mean and interpolated across
a maximum gap of three missing grid cells to the maximum WW extent.
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Figure 3. Antarctic Winter Water classification. (a-d) Spatial distribution of the mode
classification of WW for each grid cell from winter through to autumn, respectively, where blue
(orange) represents WWy, (WWgs) profiles. The black lines denote the PF and SAF of the
ACC, and the white lines show the seasonal mean 15% sea ice concentration; the dotted black
line shows the cross section location in (e-h) and the star denotes the profiles in (i-1). (e-h)
Smoothed meridional cross section along 0°E for each season. The solid black vertical lines de-
note the PF; the light gray dashed lines denote the upper and lower bounds of WW | the black
dashed line denotes the WW core, and the white dashed line denotes the 2 °C isotherm. The
dotted black lines show the location of the star in (a~-d) and are the profiles shown in (i-1). (i-1)
show profiles of conservative temperature (black) and potential density (red) from the location
59°S, 0°E throughout the seasonal cycle. The light gray dashed lines denote the upper and lower
bounds of WW, and the black dashed line denotes the WW core as in (e-h). The classification is
shown by shading: blue (orange) shading represents WWyr, (WWgg) profiles, as in (a-d).
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2.3 Temperature Tendency / Heat Budget

Adapting the temperature tendency equation of Giddy et al. (2023) to Equation
1, we compute a temperature tendency of WWgg to investigate the dynamics that im-
pact how WW evolves and erodes over the annual cycle to better understand the con-
nection between the subpolar surface ocean and the meridional circulation system.

(1

—— (II) (I11) (Iv)
o Tww 1 — —— ———
= ACQSW + Qmia:ing + Qentrainment
at poCphww
+ Qformation/erosion + Qresidual) . (1)
~———
(V) (V1)

Term (I) is the temperature tendency of the WWgg system, which can be calcu-
lated by taking the time derivative of the WW integrated heat content, 5T(‘§‘;W = % ( L Ik thickness@&z)

hww

(Huguenin et al., 2022), after adjusting © by the freezing point of seawater to negate sign
errors.

Term (II) represents the penetrative shortwave radiation absorbed by the WW layer,
which is the difference in shortwave entering at the upper boundary and leaving at the
lower boundary. This term is approximated via exponential decay of shortwave solar ra-
diation from the surface using Jerlov water type II as per Paulson and Simpson (1977):

Rs(z) = Rs(0) [0.77 exp( i) )+0.23 exp( Zl2l )]
14 14

Term (III) is the down-gradient turbulent heat flux term across the ML-WW in-
terface due to wind-driven mechanical mixing. Nicholson et al. (2022) show a close cor-
relation between theoretical and observed dissipation rates in Southern Ocean summer-
time (r?2 = 0.75, see their Figure S5 in Supporting Information). Hence, we calculate
the diffusivity, k, such that:

K= F%
where the mixing coefficient is a constant, which we take as the modified Osborn
number for a transitional regime, I' = 0.2 (Osborn, 1980; Bouffard & Boegman, 2013,;
Gregg et al., 2018). Assuming winds is the dominant driving factor, we approximate tur-
bulence dissipation, (g) at the base of the mixed layer (i.e., thg upper boundary of the
WW) via law of the wall (von Kdrman, 1931) such that € = Z—; using frictional veloc-

ity, ud =, /p%, where 7 is the climatological mean wind stress and pg, = 1035 kg m—3

is the reference density of seawater (Huguenin et al., 2022). Further, we use von Kdrméan’s
constant, k = 0.41, and z as the MLD. N? is the stratification across the upper bound-
ary of the WWgg.

Term (IV) measures the change in WW heat from entrainment and detrainment,
which results in a flux of temperature, at both the upper (ML-WW) and lower (WW-
CDW) boundaries. Term (IV) is calculated using the general formula, Qent = %wel AT,
where H is the Heaviside function of vertical velocities such that

H (we,p) =0 if we,, <0,
1 if we,, > 0.

—10-
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where w,,, = ‘fl—’; is the vertical velocity and IF is the interface between water
masses. AT is taken across the ML-WW interface as the difference between the ML tem-
perature and 15 m below the MLD (Pellichero et al., 2017; du Plessis et al., 2022). Across
the WW-CDW layer, we use the average WW temperature minus the temperature 5 m

below the WW, as per Giddy et al. (2023).

Term (V) represents temperature due to the formation or erosion of WWgs. WWgg
is created following the restratification of the wintertime ML, resulting in a warm and
fresh summertime ML that caps a cold layer of remnant wintertime ML that we have
defined as WWgs. WWagg is formed if there exists no WWgg in ¢;,_1 and WWgg exists
in ¢;, which results in an input of heat into the WWgg system, thereby warming WWgs.
Conversely, we assume WWgg has been eroded if there is WWgg in ¢;_1 and no WWgg
in t;, which causes a cooling of WWgg. This assumes that WWgg totally erodes over the
annual cycle and that WWyy, formation includes remaining WWgg re-entrained into the
wintertime ML. However, given the temporal resolution of the seasonal climatology, it
does not allow for direct observation of total erosion WWgg.

Lastly, term (VI) incorporates any processes not accounted for in the other terms,
which includes (but is not limited to) background mixing, diffusive convection, small-
scale processes, uncertainties in the calculated terms, and horizontal advection term. Dif-
fusive staircases perpetuate across large regions of the SO (van der Boog et al., 2021).
Whilst the resultant diffusive mixing is important for water mass transformation (Evans
et al., 2018), the heat flux contribution remains small (Bebieva & Speer, 2019; Giddy
et al., 2023; Wilson et al., 2019). Further, vertical processes, such as submesoscale mo-
tions, are not resolvable given the geostrophic scale of the gridded dataset, meaning their
attributed heat fluxes are not directly computable (Section 4.2), but are incorporated
as part of the geostrophic mean field flux. Given the numerical findings of Morrison et
al. (2016), who show a substantial northward heat flux by the mean flow, we therefore
assume that lateral advection dominates the residual term, similar to Pellichero et al.
(2018).

2.4 Other Data

We determine the sea ice edge using gridded daily sea ice data (Spreen et al., 2008).
Since WW evolution is tied to sea ice dynamics, we often distinguish the SO into two
domains: the under-ice zone, which we define as the region south of the 15% sea ice con-
centration line for the respective period that is typically associated with sea ice cover,
which includes a transitional region from an area of mixed sea ice and open ocean con-
ditions to the sea ice capped ocean; and the open-ocean zone refers to north of the 15%
sea ice concentration line, which is not necessarily ice-free but is an area of mixed sea
ice conditions that transitions from the sea-ice capped ocean to open ocean.

ACC boundaries of the PF and SAF were defined using absolute dynamic topog-
raphy at -0.58 m and -0.1 m, respectively (Park et al., 2019), using monthly altimetry
data via AVISO. Shortwave radiative heat flux (Qs,) and wind stress, 7, at monthly and
1° resolution from ERASH reanalysis of the European Centre for Medium Range Weather
Forecasts (Hersbach et al., 2023) are used for the calculation of term (I) and term (IIT)
of Equation 1, respectively, and are gridded before use in computation.

3 Results and Discussion
3.1 The Seasonal Cycle of Antarctic Winter Water
3.1.1 Antarctic Winter Water Spatial Extent

The annual cycle of WW is intricately linked to the sea ice cycle (Figure 3a-3d):
WW forms during the sea ice formation periods of autumn and winter in the under-ice

—11-
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zone in the ML (WWyyp,) as a cold and homogenous water mass (Figures la, 3a and 3d).
WWyy, also forms north of the 15% sea ice concentration line from ocean surface layer
cooling. In winter, WWyy, forms a mean maximum extent of 400 + 280 km (approx-
imately 3.4 £ 2.8 degrees of latitude) north of the sea ice concentration line in the open-
ocean zone. 78% of WW profiles in winter are classified as WWyr,, and the remainder

of profiles are WWgg (profiles containing a subsurface temperature minimum) in the open-
ocean zone at the northern extent of WW. The WWgg profiles are on average north of
the Southern Boundary of the ACC, as shown by Jones et al. (2023), which delineates
regions of differing oceanic properties.

During periods of sea ice melt (spring and summer), the ML restratifies and warms
from solar heating, which overlays the remnant cold ML. Consequently, there exists a
subsurface temperature minimum, WWgg (Figures 1b, 3f-h and 3j-1 ), which is sustained
via beta ocean properties (Stewart & Haine, 2016). The spring season has a heteroge-
neous mix of WWy, and WWgg classified profiles, with 76% of spring WW profiles be-
ing WWgg (Figure 3b). The WWyj, extent retreats at different rates around the circum-
polar SO during spring; across and to the west of KP remains as a mix of WWy, and
WWss in the open-ocean zone, whereas the rest of the open-ocean zone is largely WWgg.

The ocean transitions to a summer ocean that is dominated by WWgg (93% of WW
profiles; Figure 3c). WWyyy, is only found near the Antarctic continent in summer, which
are likely regions that do not form any WWgg throughout the entire annual cycle. An
example of such a region is Pine Island Bay in the Amundsen and Bellingshausen Seas
(ABS), where coastal modified CDW maintains a warm subsurface ocean and the Thwaites
glacier concurrently drives a cold surface layer (Dotto et al., 2022). Similarly, WWgg per-
sists throughout the entire annual cycle at the northernmost extent of WW domain (Fig-
ures 3a-3d and S1), which can only be sustained through cold subsurface WW being trans-
ported northward to the regions where WWyr, do not form.

Surface ocean cooling and sea ice growth during autumn lead to an increase of WWyyg,
(Figure 3d), with the under-ice zone almost totally WWyp, and localized regions form-
ing WWyr, north of the 15% sea ice concentration line. Northern portions of the under-
ice zone in the Weddell Sea and Ross Sea have a mix of WWy, and WWgg, which is
likely related to gyre circulation: cold WWs in the ML are maintained in the gyre core
and edge, whilst mixing drives warmer and deeper (subsurface) WWs at gyre periph-
eries where the ocean transitions to ACC dynamics (Jones et al., 2023). Similarly, the
northern under-ice region of the ABS has a mixed WW composition of WWyr, and WWgg.

WW profiles are largely constrained to the extent of the PF, as per the WW def-
inition (Section 2.2; Table 1), but there are regions with WW detected northward of the
PF. In the Pacific sector of the SO, WW is consistently detected north of the PF through-
out the seasonal cycle (Figures 3a-3d); SAMW, similar to WW, forms via buoyancy loss
and drives ML deepening, which takes place in the vicinity of the ACC and northwards
(Boland et al., 2021; Cerovecki et al., 2013; Meijers et al., 2019; Wang et al., 2022). Hence,
the detection of WW north of the PF in the Pacific sector where Shallow Salinity Min-
imum Water (Karstensen, 2004) is observed in a region transitioning from a beta den-
sity regime to an alpha density regime (Roquet et al., 2022) (see their Figure 2b). There-
fore, WW may potentially be aliased with the cold Subantarctic Mode Water of the Pa-
cific sector, which is also a low stratification water mass formed through surface buoy-
ancy loss in the ML (Li et al., 2021; Herraiz-Borreguero & Rintoul, 2011; Xia et al., 2022).
These WW profiles are removed from the analysis. Further, there is likely very little WW
identified between the PF and SAF due to the ACC acting as a strong baroclinic bar-
rier.
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3 3.1.2 Antarctic Winter Water Core Thermohaline Properties

302 Core temperature and salinity of WW exhibit distinct seasonal cycles (Figures 4);

343 nonetheless, both core properties exhibit large-scale spatial homogeneity in the under-

344 ice and open-ocean zones (Figures 4a, 4f, 5b and 5d). WW forms below sea ice from a

35 cold ocean nearing freezing point, so is largely homogenous in its mean temperature across
346 the SO (Figures 5a), particularly in the under-ice zone (Figures 4a and 5b). Brine re-

347 jection from sea ice formation, and surface cooling drives buoyancy loss that results in

348 a deepening of the ML (Wilson et al., 2019). Consequently, the coldest and saltiest WW
349 is consistently observed during under-ice conditions throughout the annual cycle (Fig-

350 ures 4a, 4f, 5b and 5d).

351 Spatially, WW core temperature in the under-ice zone remains largely homogeneous
352 with a mean temperature of -1.4 4+ 0.5°C in the under-ice zone, whilst core salinity ex-

353 hibits a circumpolar mean of 34.26 + 0.18 g/kg (Figures 5b and 5d). WW cores are sub-
354 stantially fresher (34.11 &+ 0.12 g/kg) in the Amundsen-Bellingshausen Seas (ABS): the
355 proximity of the ACC fronts and the eastward limb of the Ross Gyre transport CDW

356 southwards, maintaining the region as a warm shelf sea and facilitating elevated sea ice
357 melt rates, which is likely responsible for the fresher WW core salinity as well as fresh-

358 ening the under-ice zone mean and increasing the standard deviation (Figure 5c) (Nakayama
359 et al., 2018; Narayanan et al., 2023; Tamsitt et al., 2021; Thompson et al., 2018). The

360 coldest and most saline WW cores are observed within the polar gyres (approximately

361 -1.5 °C, 34.6 g/kg; Figures 4a, 4f, 5a and 5c), which are maintained through their south-
362 ern proximity and elevated sea ice production. On the other hand, there is distinct vari-
363 ability displayed in all core properties (Figures 4-7) in the open-ocean zone when com-

364 paring properties up- and downstream of large topographic features. Our findings agree
365 with Sabu et al. (2020), who show distinctly warmer core temperatures downstream of

366 Kerguelen Plateau (KP); similar distinctions can be made when considering the differ-

367 ences in core properties up- and downstream of the Southwest Indian Ridge (SWIR) and
368 the Southeast Indian Ridge (SEIR). These differences in properties may be a consequence
369 of topographic features stirring the downstream water column, which enhances mixing

370 rates (Nikurashin et al., 2013; Rosso et al., 2015; Mashayek et al., 2017; Tamsitt et al.,
3 2017) and alters the spatial gradients of WW core temperature and salinity. Nonethe-

372 less, meridional mean WW core temperatures (Figure 5a) do not differ substantially across
373 the circumpolar SO since the formation of the temperature minimum is determined dur-
374 ing WW formation in WWyyy, from wintertime net ocean heat loss, and consistently ap-

375 proaches freezing point (Figures 4b-4de and 5a).

376 Core temperature and salinity in the open-ocean zone have a strong tie to latitu-

377 dinal extent, getting warmer and fresher as latitudes extend northward with a mean warm-
378 ing rate of 0.16 °C per degree of latitude and decreasing in salinity at a rate of 0.01 g/kg
379 per degree of latitude in the open-ocean zone (Figures 5b and 5d). Note that the lat-

380 itudinal mean core salinity peaks in freshness with a large standard deviation at approx-
381 imately 70°S (34.19 £ 0.22 g/kg; Figure 5d); this is influenced by the fresh WW core salin-
382 ities in the ABS, which is the only region that has a meridional mean salinity below 34.2
383 g/keg (Figure 5¢). The mean open-ocean zone core temperature and salinity are 0.6 +

384 0.8 °C and 34.23 £ 0.10 g/kg, respectively, with the warmest and freshest cores found

385 in the northernmost domain of WW extent (~50°S; Figures 5b and 5d). WW core tem-
386 perature and salinity properties that are typically associated with under-ice conditions

387 (i.e. colder, more saline) extend northwards into the open-ocean zone in regions that align
388 with large topographic features; that is: Pacific-Antarctic Ridge (PAR), South Sandwich
389 Arch (SSA), SWIR, KP and the SEIR (Figures 4a, 4f, 5a, and 5¢). This agrees with the

390 findings of Park et al. (2009), who observed a subsurface cold water tongue advected north-

301 wards across the KP.

302 WW core temperature exhibits large changes in temperature throughout the an-

303 nual cycle, which are spatially heterogeneous (Figures 4b-4e). In winter, a net ocean-atmosphere
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Figure 5. Meridional and zonal means of Antarctic Winter Water core properties.
Meridional and standard deviation of (a) core temperature and (c) core salinity. Zonal mean and
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in (a) & (c) indicate locations of topographic features and are labeled as in Figure 2. Dashed

black horizontal lines in (b) & (d) indicate the location of the mean 15% sea ice concentration.

heat loss cools the entire SO forming cold WWyy, below sea ice (Figure 3a). WW dis-
plays the largest seasonal temperature anomaly in winter (-0.5 °C anomaly) close to the
sea ice edge, where there is the greatest change in WW core temperature throughout the
annual cycle. Further, large wintertime temperature anomalies are observed in the Wed-
dell Sea and Indian Ocean sector. The largest anomalies align with or are downstream

of topographic features. These regions have elevated mixing rates (Dove et al., 2022; Mashayek
et al., 2017; Mohrmann et al., 2022) so have warmer summertime WW temperatures.

This thereby skews the annual mean temperature, which results in a larger magnitude
anomaly signal in wintertime. Therefore, the large magnitude anomaly regions in win-
tertime may be representative of regions with elevated mixing rates. The ABS exhibits

a smaller magnitude of temperature anomaly (-0.3 °C anomaly) in winter. Similar low
magnitude temperature anomalies are observed (but positive) in the ABS during the warm-
ing season in summer (Figure 4d).

WW core temperature is at its coldest mean seasonal state in spring at -0.7 £ 1.2
°C (Figure 4c). The sea ice begins to recede as the net heat flux becomes positive be-
tween September-October (Tamsitt et al., 2016), so the SO transitions to a WWgg-dominated
ocean (Figure 3b and 3c). Localized warming of WW cores initiates downstream of the
Drake Passage (DP), as shown by the lower magnitude temperature anomaly (Figures
4c¢ and S2c in Supporting Information). This region is highly energetic, resulting in a higher
rate of mixing and, thus, a faster onset of warming due to mixing with subsurface CDW
and the warm surface ML (Stephenson Jr. et al., 2012). Large-scale warming of the WW
core follows in summer (Figure 4d and S2d), initiated in the Atlantic and Indian Ocean
sectors downstream of topographic features: DP, SSA, KP, and PAR. In the regions of
deeper bathymetry and fewer topographic features (such as west of KP and in the Pa-
cific abyssal plain), mixing rates are lower and therefore warming of WW onsets in au-
tumn, later in the seasonal cycle (Figure 4e) (Frants et al., 2013; Rosso et al., 2015; Wa-
terhouse et al., 2014). WW across the SO in autumn is at its warmest mean core tem-
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perature at -0.5 + 1.2 °C due to the erosion of WWgg in the open-ocean zone (Figure
de).

Note that there is a localized patch in the eastern Weddell Sea that has a warm
mean core temperature (59°S, 7°E, Figures 4b-4e) so appears warmer throughout the win-
ter and spring (Figures 4b and 4c¢). This patch aligns with a region of thin sea ice in the
Weddell Gyre associated with southward CDW penetration (Holland et al., 2014; Ver-
net et al., 2019).

WW core salinity (Figures 4g-4j) has a clear seasonal cycle: WW cores are fresher
in winter with a seasonal mean of 34.22 £ 0.16 g/kg. In winter, the WW is largely clas-
sified as residing in the ML (WWyyy,), which is observed as fresher than the mean core
salinity since the ML is largely composed of the fresh remnant summertime ML. The south-
ern section of the winter and spring under-ice zone has a large negative anomaly signal
due to elevated sea ice formation driving brine rejection and salinification of WWyy,. Salin-
ity increases from the Antarctic continent northward in springtime (Figures 4h and S2h
in Supporting Information) to the most saline period of the annual cycle with a seasonal
mean WW core salinity of 34.25 + 0.16 g/kg. In summer, the circumpolar SO WW core
salinity has a positive anomaly. This is driven by WWgg mixing with the underlying salty
CDW, which necessarily densifies WW through cabbelling via salinification (Figure 4i)
(Evans et al., 2018; Groeskamp et al., 2016; Jones et al., 2023), as well as a component
of salinity redistribution via advection as shown by (Pellichero et al., 2018). Regions close
to topographic features in summer have a greater magnitude in core salinity anomaly,
for example across the KP and along the PAR, because mixing rates are elevated and
thereby increase salinification through mixing with CDW. Further, the Weddell Gyre east-
ward limb has an elevated summertime core salinity anomaly due to mixing with south-
ward intruding CDW (Vernet et al., 2019; Jones et al., 2023). Around the Antarctic coast-
line, sea ice melt continues into summer leading to the freshening of WWyy, (anomaly
of approximately -0.2 g/kg). These localized coastal regions return to a positive anomaly
in autumn (Figures 4j and S2j) from an increase in salinity via sea ice formation, driv-
ing the formation of WWyyy, in the under-ice zone. The autumn under-ice zone other-
wise experiences a mass freshening, which is indicative of the change from the salty and
capped WWgg to the fresh remnant summertime ML becoming WWyr,. The greatest
changes in core salinity anomaly in autumn are observed in the under-ice zone, along the
ABS to downstream of DP, as well as along the SEIR, where there is a large change from
salty WWgg via mixing with CDW to fresher WWyyr,. In the open-ocean zone, no sea
ice formation takes place and WW remains classified as WWgg, so WW core salinity con-
tinues to increase.

3.1.3 Antarctic Winter Water Core Depth and Thickness

Over the circumpolar extent, WW has a mean core depth of 88 4+ 42 m and a mean
thickness of 99 + 30 m (Figures 6a, 6f, 7a and 7c). The mean WW core depth is shal-
lower under-ice, with a mean depth in the under-ice zone of 60 £+ 21 m (Figure 7b). Sim-
ilarly, the WW layer is thinner in the under-ice zone with a mean thickness of 87 £ 27
m (Figure 7d). Coastal polynya formation near the Antarctic continent results in deep
WW cores and thick WW layers due to extreme heat loss and are also synonymous with
more persistent WWy, conditions (Figures 3a-3d). Consequently, the standard devi-
ation magnitudes of WW core depth and thickness are large for the under-ice zone, which
is otherwise relatively spatially homogeneous (Figures 7b and 7d). Below sea ice sub-
mesoscale fluxes are heightened in the wintertime due to deeper mixed layers and stronger
lateral gradients (Biddle & Swart, 2020). Because submesoscale fluxes are associated with
enhanced vertical fluxes, which, in this region would transport warm and salty CDW wa-
ter into the WWyy,, enhanced submesoscale fluxes in winter may contribute to main-
taining a the observed consistent WW depth and thickness in the under-ice zone. WW
core depth and thickness in the open-ocean zone have a mean of 127 + 35m and 117 +
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25 m, respectively, and both have a northward latitudinal gradient in the open-ocean zone,
with an average deepening rate of 6 m per degree of latitude northward and an average
thickening rate of 3 m per degree of latitude northward. The deepest cores are found close
to the PF (Figures 6a and 7b), whilst the thickest layer of WW are observed close to the
Antarctic continent (Figures 6f and 7d). The average deepening and thickening of WW
towards the north largely follows the deepening extent of CDW equatorward of the Antarc-
tic shelf and can be associated with the reduced stratification and deep mixed layers as-
sociated with the PF region of the ACC (du Plessis et al., 2022). Other dominating pat-
terns are shallower and thinner WWs near open ocean topographic features while un-

der sea ice. These characteristics can be observed, for example, near the KP, SWIR, as
well as in the Atlantic sector near the SSA and SEIR (Figures 6a, 6f, 7a and 7c). Deep
and shallow MLs are observed up- and downstream of topographic features, respectively
(Figures S3a-S3e), which directly impact WW thickness and core depth.

One potential explanation for up- and downstream discrepancies of WW thickness
is that regions downstream of topographic features are greater in EKE (Dove et al., 2022;
Rosso et al., 2014), which results in a heightened submesoscale field due to mesoscale strain
via frontogenesis (McWilliams, 2021). This increases vertical mixing rates that act to
increase MLD variance in space and time and alter the depth and thickness character-
istics of WW (Viglione et al., 2018) from the initial stages of WWy,, particularly in the
presence of topographic features or in regions of heightened EKE in the ACC (e.g. at
KP in Figure 6f). Since summertime MLs are ubiquitously shallow across the SO (mean
summertime MLD is 41 £+ 18 m) (Caneill et al., 2023; Dong et al., 2008; Pellichero et
al., 2017), submesoscale ML restratification takes particular effect in winter when MLs
are deep (114 + 38 m) leading to more ‘patchy’ spatial and temporal variability in MLD
(Mahadevan & Campbell, 2002; du Plessis et al., 2017).

WW core depth (Figures 6b-6e) varies strongly seasonally (annual range of 88 m).
In winter, the core depth is shallowest by definition because WW is largely classified as
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WWur (Figure 3a), with a seasonal circumpolar mean of 71 + 34 m and the largest win-
tertime anomaly north of the sea ice edge where the core depth has shoaled (Figure 6b).
Wintertime WW cores are only observed to deepen in the under-ice zone (Figure S21),
particularly close to the Antarctic shelf (e.g., Eastern Antarctica). Otherwise, winter-
time core depth in the under-ice zone is relatively shallow and more spatially homoge-
neous with a seasonal under-ice zone mean of 55 + 18 m, whereas the open-ocean zone

is nearly double that with a mean winter core depth of 109 + 33 m. Spring is a tran-
sition period from a WWyy,-dominated ocean to a WWgg-dominated ocean (Figure 3b)
as per our WW classifications (Table 1). As a result, the springtime SO is a heteroge-
neous mix of WWy, and WWgg, particularly in the under-ice zone. Thus, the core depth
deepens as WWgg becomes capped by the newly formed ML (Figures 6¢ and S2m) to

a circumpolar mean of 93 + 43 m. WW core depth continues to deepen in summer to

the deepest seasonal mean of 100 £+ 43 m, with a greater magnitude anomaly downstream
of the DP and through the Weddell Gyre. In autumn, convection drives the formation

of WWyy, following sea ice formation (Figure 3d), mixing the remaining WWgg into the
mixed layer and shoaling the WW core depth in the under-ice zone (Figure 6e). This shoal-
ing leads to the largest discrepancy between mean core depth in the under-ice zone and
open-ocean zone, which are 52 + 22 m and 133 4+ 38 m, respectively.

WW thickness displays patchiness in its seasonal cycle, thickening and thinning at
different rates over the year (Figures 6¢-6j and S2q-t). WW thickness in winter (Figure
6g) has a circumpolar mean of 100 + 29 m, with a positive anomaly (thicker than the
mean) close to the Antarctic continent where deep MLs form. WW is thicker close to
the sea ice edge, such as in the Pacific and Indian sectors, which is driven by coastal polynya
convective mixing processes. Furthermore, the low EKE upstream from the KP allows
for the formation of thicker WWyr,. Downstream of the DP is a region of high EKE so
WWyiL remains thin. In spring, the SO begins to transition to a WWgg ocean and the
mean circumpolar thickness increases to 108 £+ 28 m.

Summer WW displays the thickest seasonal mean of 109 + 33 m (Figure 6i). Thick-
ening of WWgg is indicative of a deeper subsurface maximum temperature gradient, i.e.
lower boundary (Figure S3n in Supporting Information), due to CDW mixing with WWgg
which blurs the lower boundary. Close to the Antarctic continent, summertime WW thins
due to elevated mixing along the Antarctic Slope Front through the WW layer, as shown
by Hirano et al. (2010) in East Antarctica. Hirano et al. (2010) also computed an up-
ward heat flux in East Antarctica that is more than double the upward heat fluxes ob-
served in both the WS and western Peninsula shelf region (in ABS). Our results of an
elevated magnitude of shallowing of the WW lower boundary depth along the coastline
of the Indian sector (Figure S3n) agrees with these findings of increased heat fluxes. Fur-
ther, WW is observed to reduce in thickness in the Ross Gyre in summer, which may
be attributed to the seasonality in Ross gyre circulation, with a reduced summertime gyre
strength driving increased heat flux from subsurface CDW (Dotto et al., 2018). A greater
magnitude anomaly of summertime WW thickening is observed in the ABS and WS. These
appear to thicken due deepening of the lower boundary (Figure S3n), which is a signal
of WW mixing with underlying CDW resulting in the max temperature gradient (that
is, the lower boundary; Table 1) observed at a deeper depth. This posit is supported by
the core temperature increasing in summer (Figure 4d).

The seasonal mean WW thickness is observed at its thinnest in autumn with a mean
of 81 £+ 29 m (Figure 6j). Whilst WW close to the Antarctic continent is observed to
thicken due to the formation of convective cells that contain WWy,, WW otherwise thins
in the under-ice zone due to the formation of WWyr,, mixing remaining WWgg with the
ML (Figure 3d). In the open-ocean zone, WW remains as WWgg and erodes in thick-
ness from continued mixing with underlying CDW as well as via deepening of the over-
laying surface ML (Figure 31, and Figures S3j and S30).
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3.1.4 Seasonal Heat Budget of Antarctic Winter Water

Given that temperature is the determining characteristic of the existence and clas-
sification of WW, we investigate a heat budget of WWgg following Equation 1 (Section
2.3) to understand the mechanisms driving the distribution of WW properties and to
further examine the potential link in the overturning circulation system. The heat bud-
get describes the integrated heat change across the WW layer normalized by WW thick-
ness from season to season, which we decompose into its constituent terms (Equation
1; Section 2.3). Note, in this section we refer to the transition from autumn to winter
as winter (first row in Figure 8), which represents autumn subtracted from winter, and
SO on.

There are several physical processes that may impact the WWgg heat budget (Fig-
ure 1), including penetrative shortwave radiation, vertical mixing, entrainment and de-
trainment, WWgg formation (via summertime restratification of the ML, capping the
subsurface remnant wintertime ML) as well as WWgg erosion (via the onset of winter
convection). WWygg formation and erosion is the emergence and disappearance of WWgg
from one season to the next, and accounts for physical processes that may not be entirely
captured by this dataset due its temporal coarseness. The former terms can be computed
following Equation 1. The residual term consists of processes not accounted for by the
other terms, such as diffusive convection, background mixing, and lateral advection (Sec-
tion 2.3). We take advection to dominate the residual signal since diffusive and back-
ground mixing both make small contributions to heat fluxes (Bebieva & Speer, 2019; Giddy
et al., 2023; van der Boog et al., 2021), whilst lateral advection is known to play a sig-
nificant role in SO heat fluxes (Morrison et al., 2016).

The temperature tendency of WWgg (Figure 8) and its constituent terms (Figure
S4 in Supporting Information) show clear seasonality. WWgg experiences an annual ten-
dency to lose heat with an annual mean of -0.02 & 1.67 °C season™! across the circum-
polar SO. The largest mean cooling is observed in winter with a mean temperature ten-
dency of -0.9 + 1.80 °C season—! (Figure 8a), which is spatially heterogeneous. The great-
est magnitude of wintertime cooling takes place downstream of the DP (-1.89 + 1.12 °C
season~ '), which is driven by the seasonal cycle of heat flux forcing, as shown by Stephenson Jr.
et al. (2012). Conversely, spring has the largest mean warming of WWgg, warming across
the season 0.82 £ 2.17 °C season™! and greater warming rates observed in regions in close
proximity to the PF. Summer continues to warm WWgg at a circumpolar mean rate of
0.54 £ 0.74 °C season—t. du Plessis et al. (2022) observe WW warming by ~1°C over
the three months December through February at 60°S, 0°E with the largest changes in
temperature observed across December and January (their Figure 7f), which agrees with
our findings of greatest warming in spring (October to December) and continued warm-
ing in summer (January to March). In autumn, WWgg begins to cool again at a mean
rate of -0.73 & 1.39 °C season™!, cooling at greater magnitudes southeast of KP, along
the SEIR and in the DP.

The formation and erosion of WWgg is a leading order term of temperature ten-
dency, accounting for ~40% of the annual temperature tendency budget. WWgg forma-
tion represents the restratification of the ML in summertime to form a subsurface rem-
nant wintertime ML. This addition of water and heat into the WWgg system thus ap-
pears as a warming of WWgg (red in Figures 8e-8h). Conversely, the erosion of WWgg
results in the removal of heat from WWgg (blue in Figures 8e-8h), which can represent
the erosion of WWgg or re-entrainment into the wintertime ML. During wintertime, 37%
of WW profiles change from WWgg to WW), resulting in the removal of heat from the
WWygg system by a mean of -1.16 #+ 0.79 °C season™', accounting for 61% of the sea-
sonal temperature tendency. In spring, the surface ocean begins to warm such that 41%
of WWyy, profiles become (Figures 3 and S1b), resulting in a positive temperature ten-
dency with a circumpolar mean of 0.87 & 2.77 °C season~! and accounting for 54% of
the season’s temperature change. The minimum contribution (17%) from WWgg ero-
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Figure 8. Seasonal heat budget of subsurface Antarctic Winter Water. (a-d) Tem-
perature tendency where red (blue) indicates warming (cooling); (e-h) WWgg formation (blue)
and erosion (red) terms; (i-1) residual where red (blue) indicates warming (cooling) via advection.
The labels on the top of each row indicate the term from Equation 1. Black lines indicate the PF
and SAF, and gray lines indicate 1km, 2km and 3km isobaths. All terms from Equation 1 are
plotted in Figure S4 in Supporting Information.
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sion takes place in the summer season, warming by 0.54 + 0.74 °C season™! with smaller
magnitude temperature tendency close to the Antarctic continent, such as in the Wed-
dell Sea and Indian sector. Autumntime erosion of WWgg drives cooling of the WWgg
system, especially close to the Antarctic continent in the regions where WWy,y, forms,
for example southeast of KP (Figure 8h). Autumn has the largest removal of heat at -
0.47 £ 1.12 °C season™! but only accounts for 37% of the temperature tendency.

The residual, which we assume is representative of advection and refer to it as such
throughout this section, is of second order importance to the temperature tendency (Fig-
ures 8i-81). In autumn and winter, WWy, and WWgg co-exist such that deep winter-
time MLs, which experience a net heat loss, reside alongside WWgs. Consequently, cold
WWr, waters are advected into the WWgg and therefore cool the WWgg. Conversely,
in spring and summer the upper ocean is no longer cooling, and so WWyy, is no longer
forming. Therefore, advection drives warming of WWgg during spring and summer. In
winter, surface cooling initiates the formation of WWyr, and the subsequent equator-

ward advection, which results in a cooling of circumpolar WWgg by -0.33 £ 1.97 °C season™".

This advection-driven cooling is largest close to the PF at the northern extent of WW
where perennial WWgg exists throughout the entire annual cycle (Figures S1). Spring
WWgg warms by 0.31 & 0.92 °C season™!, which largely takes place close to the PF. Sum-
mer has the largest magnitude mean warming via advection at 0.37 & 0.69 °C season™!
and is spatially homogeneous (Figure 8k). Advection in autumn drives the largest mag-
nitude cooling with a seasonal mean of -0.47 + 1.12 °C season—! (Figure 81), but is low
near the Antarctic continent due to erosion of WWgg (as shown by the formation term;
Figure 8h). Spatial heterogeneity is observed in the autumntime residual term, with large
magnitude signatures near KP, SEIR and downstream of PAR.

The additional terms (II, III, and IV) of Equation 1 are presented in Figure S4 in
Supporting Information. Overall, these terms explain the remainder of the seasonal tem-
perature tendency. Wind-driven mixing consistently warms WWgg across the circum-
polar SO throughout the seasons in agreement with the findings of Giddy et al. (2023)
(Figures S4e-S4h). Heightened wind-driven mixing is particularly evident across SEIR,
where high winds are known to impart an enhanced wind-stress (Abernathey et al., 2011;
Lin et al., 2018). The largest magnitude of WWgg warming due to wind-driven mixing
occurs in autumn where there are the increased temperature gradients across the ML-
WW boundary. Entrainment/detrainment varies based on the balance between warm
CDW entrained into WW from below, driving warming, and heat removed from the WW
layer through entrainment into the ML, thus cooling WWgg. Substantial heterogeneous
cooling of WWgg due to entrainment takes place in autumn in regions void of topographic
features. This is coherent with deeper ML formation by ocean surface layer heat loss dur-
ing autumn, particularly in the subantarctic ocean (Pellichero et al., 2017), driving en-
trainment of WW into the ML and the loss of heat from WWgg.

The heat budget (Figure 8) provides key information to understand the seasonal
change of WWgg. We show that the cooling of WWgg takes place in autumn and win-
ter whilst warming and mixing with the subsurface takes place in spring and summer,
indicating the seasonal nature of heat fluxes in the upper SO and is potentially signif-
icant in water mass transformation (Abernathey et al., 2016; Evans et al., 2018; Pellichero
et al., 2018).

3.2 Mechanisms Governing the Spatial Distribution of Antarctic Win-
ter Water

Mean WW properties (Sections 3.1.2 and 3.1.3; Figures 4-7) exhibit broadscale char-
acteristics that are relatively consistent throughout all properties across the SO: that is,
quasi-homogeneous properties in the under-ice zone with meridional gradients in the open-
ocean zone that, typically, increase in the northward direction. However, there exist re-
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Figure 9. Antarctic Winter Water core density. (a) Annual mean WW core den-

sity. Yellow contours indicate 1km, 2km and 3km isobaths. (b) Absolute dynamic topography
(ADT) streamlines are depicted in green. (c¢) Annual mean WW core density mapped onto ADT-
Longitude coordinate space. (a-c) Black lines indicate the PF and SAF, and vertical dashed red

lines show regions of topographic features, which are labeled as in Figure 2.
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gions where properties associated with under-ice conditions appear to be transported north-
ward, towards the PF. These regions of conserved under-ice properties in the open-ocean
zone typically align with topographic features, and can be observed particularly clearly

in the mean WW core density (Figure 9a) with dense WW cores in the open-ocean tightly
constrained to the following topographic features: PAR, SSA, SWIR, KP, SEIR (west

to east). In order to further investigate the spatial drivers of the large-scale properties

of WW, we transform WW core density from latitude-longitude coordinate space to ab-
solute dynamic topography (ADT)-longitude space (Figures 9c).

The distribution of WW is largely constrained to along-stream transport (referring
to along-ADT streamlines). East of the PAR to the DP, in the open ocean ABS, WW
is lighter in density (27.24 £+ 0.10 kg m-3) and tightly constrained to ADT contours -
a region where there is deep ocean bathymetry and few topographic features (the Pa-
cific abyssal plane). Therefore, ocean interior mixing rates are lower than other parts of
the SO (Frants et al., 2013; Ledwell et al., 2011), arresting densification of WW via re-
duced mixing with underlying CDW. Furthermore, CDW intrusions onto the ABS con-
tinental shelf results in a warm shelf basin (Narayanan et al., 2023; Tamsitt et al., 2021).
Consequently, melt rates of sea ice are elevated in the region, as shown by the region-
ally fresh WW cores (see Section 3.2.2; Figures 4f and 7c¢). In the SO, salinity is the dom-
inating contributor towards density (Roquet et al., 2022; Stewart & Haine, 2016). Thus,
fresh WW cores lead to light WW core densities in the ABS.

Conversely, the Weddell Sea region is characterized by denser WW cores (27.43 +
0.17 kg m-3, Figures 9) that advect northwards out of the Weddell Sea and across stream-
lines of SSH, following the southward edge of the SSA. Locations of across-stream trans-
port align with topographic features throughout the SO, with the strongest across-stream
signal observed at the SWIR (Figures 9c). The locations of elevated WW density extend-
ing equatorward reflect the pathways of northwards sea ice export (Haumann et al., 2016)
and can potentially play a critical role in redistributing CDW and sea ice-driven brine
properties. Further, WW core density reflects the northward advection of surface wa-
ters from the Weddell Sea where the SSA is a region known for high rates of surface ad-
vection, as is reflected by iceberg pathways (Budge & Long, 2018), and understood in
observational studies via the use of the geostrophic thermal wind relation (Katsumata
& Yoshinari, 2010; Oke et al., 2022).

Dense WW extending northward is observed close to the SWIR, which is likely a
result of the Weddell Gyre northward circulation advecting WW northwards. Similarly,
dense WW is transported northwards across the PAR, which is facilitated by the Ross
Gyre; Zilberman et al. (2017) show similar findings of equatorward transport of ocean
interior water masses such as Subantarctic Mode Water north of the ACC. Moreover,
the regions of across-stream transport of WW coincide with the bathymetrically steered
export pathways of Antarctic Bottom Water, as detailed by Solodoch et al. (2022) as well
as others (Kusahara et al., 2017; Meredith, 2013; van Sebille et al., 2013). This also agrees
with property transport preferentially facilitated by transient eddies, which are more prob-
able to be present in regions of large bathymetric features and high EKE (Naveira Gara-
bato et al., 2011; Thompson & Sallée, 2012; Wilson et al., 2022).

4 Assumptions and Limitations
4.1 Data Limitations

Hydrographic data in the Southern Ocean is prone to patchy spatiotemporal dis-
tributions (Figures 2a-2d and 2i). Certain regions have low data coverage, such as the
Pacific sector and within the seasonal ice zone. Many factors impact the distribution of
data, for example, ship transects determine ship-based CTD cast time and location as
well as float deployments. Also, floats being largely Lagrangian are steered and entrained
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by the dominant ACC fronts (Figures 2e-2h), which leads to a somewhat reduced sam-
pling of inter-frontal zones subject to reduced current strengths or shallower areas due

to topographic steering (Kamenkovich et al., 2017). Nonetheless, profiling floats provide
impressively broad coverage of the circumpolar SO (Figure 2j). Furthermore, MEOP is
an important dataset that provides near full annual coverage in the southern domains

of the SO and sea ice regions (Figures 2a-2h). However, seal behavior restricts broad and
unbiased geographically coverage, resulting in observation hotspots (for example, the West-
ern Antarctic Peninsula in ABS and KP). Further biases are introduced due to forag-
ing preferences since seals favor frontal peripheries and regions that experience less in-
tense surface warming (Siegelman et al., 2019; Azarian et al., 2024). The data included
coincide with the Weddell Sea polynya years of 2016 and 2017 (Figures 2g and 2i), which
results in a localized sampling bias of the warm water column over Maud Rise (~65°S,
3°E) (Giilk et al., 2023; Mohrmann et al., 2022).

The ocean is also temporally variable, as noted by the differences in WW charac-
teristics shown in the varying seasons. Certain regions, particularly the sea ice impacted
ocean, have locations of limited profiles (e.g. less than 20) in the seasonal climatology
of 18 years. An implication of this is that should any interannual variability exist in the
WW characteristics, there is likely to be a bias towards the characteristics of the par-
ticular period sampled. Furthermore, should there be a bias in a given month sampled,
e.g., more profiles existed in February during the summer climatology for a given region,
then there would likely be a bias towards thinner, warmer WWsg, as indicated by the
seasonal evolution shown in this study. Such aspects around spatiotemporal data cov-
erage means that the characteristics of WW are not always consistently described in space
and time, particularly in the permanent sea ice regions of the Weddell and Ross Seas and
on parts of continental shelves. Nonetheless, to date, data coverage is at a status which
allows robust descriptions and heat budget calculations over the vast majority of circum-
polar SO and at a seasonal temporal resolution. The expected increase in observations
and spatial coverage, particularly due to the onset or growth of various programmes, such
as SOCCOM and MEOP (Figures 2i and 2j) will further narrow these observational gaps
in the coming years to better resolve aspects around interannual variability or finer scale
processes modulating WW.

4.2 Heat Budget Methodology

The heat budget work we have conducted provides information, for the first time,
of the role WWgg plays in redistributing heat in the upper SO and how this varies sea-
sonally (Section 3.3). Below, we cover the assumptions made in the heat budget com-
putation and methodology (Section 2.3). When calculating the down-ward turbulent heat
flux (Term (III), Equation 1), we use the correlation found by Nicholson et al. (2022)
between theoretical dissipation and observed summertime dissipation. Thus, we make
the assumption that this correlation holds for the circumpolar SO across the annual cy-
cle. The seasonal period is important because buoyancy plays a minor role in internal
mixing in the summer period due to stratifying the water column whereas buoyancy de-
stratifies the ML and drives convection in winter, resulting in both convection and shear
driving the dissipation of turbulent kinetic energy (Sohail et al., 2018). Since we only
apply our diffusivity parameterization to the open-ocean zone (north of the 15% sea ice
concentration) and to WWygg, the wintertime mixing terms contributes a small portion
of the heat budget (<10% for winter; Figure S4). Nonetheless, we find our diffusivity re-
sults to be comparable across the SO, which is of the O(107°) (Wu et al., 2011). Fur-
thermore, localized results agree with observations up- and downstream of DP, where
mixing regimes differ due to topographically enhanced mixing (Frants et al., 2013; Mer-
rifield et al., 2016; Whalen et al., 2012). We further cross-referenced our heat budget find-
ings with that of Giddy et al. (2023), whose mean January heat flux of 15 W m~2 in (60
°S, 0 °E) from observations agrees with our estimates. Thus, whilst this methodology is
based on assumptions with propagating uncertainties, it is a development from existing
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methodologies (Pellichero et al., 2017), who use a constant diffusivity term, whereas we
have used a spatiotemporally varying term that, to a first approximation, takes into ac-
count spatiotemporal variation in wind forcing and ocean stratification.

5 Conclusion

This study investigates Antarctic Winter Water (WW) across the circumpolar SO
using over 600,000 in-situ hydrographic observations across 18 years (Figure 2). We eval-
uate the various physical mechanisms that impact the spatiotemporal distribution of WW,
as conceptually portrayed in Figure 1. We have shown that the annual cycle of WW varies
seasonally with sea ice growth such that WWyy, forms below sea ice during sea ice for-
mation periods and is capped following ML restratification to form WWgg as sea ice melts
(Figure 3). Furthermore, we found that the properties of WW (core temperature, core
salinity, core depth, and thickness) vary seasonally with distinct annual cycles (Figures
4 and 6). However, annual means exhibit similar spatial distributions such that WW prop-
erties are largely homogenous below sea ice (south of the 15% sea ice concentration ex-
tent; Figures 4-6), with meridional gradients when north of sea ice. We find that WW
properties associated with under-ice characteristics are transported equatorwards near
large topographic features, such as the Pacific Antarctic Ridge, South Sandwich Trench,
Southwest Indian Ridge, Kerguelen Plateau and Southeast Indian Ridge. We find that
these regions show dense WW that flow across SSH streamlines (Figures 9), which is in-
dicative of elevated velocities in the equatorward direction (through the thermal wind
relation), transporting subpolar properties at different rates seasonally (Figure 8). Hence,
equatorward redistribution of under-ice associated WW properties is largely driven by
topographic steering, agreeing with findings of bathymetrically steered export pathways
of Antarctic Bottom Water (Solodoch et al., 2022) to the global ocean.

This work provides a basis for future WW studies and raises many questions re-
garding the role WW plays in the upper ocean and overturning circulation. For exam-
ple, whether subpolar properties are transported to the global ocean through the ener-
getic ACC via eddies and whether the properties are retained or mixed away. Further
studies on CDW-WW interactions will help to gain an understanding of how ocean in-
terior properties interact with the surface ocean. Critically, this work identifies poten-
tial meridional pathways for the upper limb of the overturning circulation and provides
additional evidence to support heterogeneous and seasonal localized overturning path-
ways, developing from the zonal mean overturning framework.

Open Research

All computer code and the quality controlled, vertically gridded hydrographic pro-
files are available in open-access repositories (Spira et al., 2023; Spira, 2024). The var-
ious hydrographic data were collated from the following programmes: the International
Argo Program provided the Argo floats hydrographic data (https://portal.aodn.org
.au); the marine mammal hydrographic data were sourced from the International MEOP
Consortium and the national programs that contribute to it (http://meop.net); the South-
ern Ocean biogeochemical float hydrographic data were provided by SOCCOM (https://
soccom.princeton.edu/); the hydrographic ship-based CTD casts and glider profiles
were provided by NOAA WOD (https://www.nodc.noaa.gov/0C5/SELECT/dbsearch/
dbsearch.html). ERA5 data are generated using Copernicus Climate Change Service
Information, available online at www.ecmwf.int/en/forecasts/datasets/archive-datasets/reanalysis-
datasets/era5. The sea-ice data are made available via http://data.meereisportal.de/
data/iup/hdf/s/. The ADT data used to determine the fronts are generated by the Archiv-
ing, Validation, and Interpretation of Satellite Oceanographic data service of Centre Na-
tional D’Etudes Spatiales, available online www.aviso.altimetry.fr/en/data/data-access/
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gridded-data-extraction-tool.html. Bathymetry data is available by GEBCO Com-
pilation Group (GEBCO, 2023).
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Contents of this file

1. Figures S1 to Sx
Introduction Supporting Information contains 4 additional figures that provide further
details on the seasonal cycle of AAWW. Figure S1 shows the seasonal change of WW
classification. Figure S2 shows an alternative approach from anomaly plots, as shown in
Figures 4 and 6 in main text, to show seasonal temperature change (ie, d/dt(var)), which
provides further nuances to the seasonal cycle. We provide component-wise information
to thickness variability by presenting the upper and lower bound depths as well as the
MLD in S3. Lastly, we present all the component terms of the heat budget equation

(Equation 1 in main) in S4.
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Figure S1. Seasonal change of WW classification. Orange indicates a change from
WWur to WWegg, white indicates the WW remains the same, blue indicates a change WWgg
to WWy,, and black contours indicate WW that remains unchanged throughout the entire
annual cycle. Black lines indicate the PF and SAF, white lines indicate the mean 15% sea ice

concentration for the time period, and gray lines indicate 1km, 2km and 3km isobaths.
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Figure S2. Annual mean and seasonal change of WW: (a-e) core temperature, (f-j) core
salinity, (k-o) core depth, and (f-j) thickness. Positive (negative) indicates an increase (decrease)
from the previous season. Black lines indicate the PF and SAF, white lines indicate the mean 15%

sea ice concentration for the time period, and grey lines indicate 1km, 2km and 3km isobaths.
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Figure S3. Annual mean and seasonal change of WW: (a-e) core temperature, (f-j) core
salinity, (k-o) core depth, and (f-j) thickness. Positive (negative) indicates an increase (decrease)
from the previous season. Black lines indicate the PF and SAF, white lines indicate the mean 15%

sea ice concentration for the time period, and grey lines indicate 1km, 2km and 3km isobaths.
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Figure S4.  Full seasonal heat budget of WWgg. (a-d) temperature tendency; (e-h)
turbulent vertical mixing; (i-1) entrainment/detrainment; (m-p) WW subduction/erosion; (g-
t) residual. The Roman numerals on the right hand side represent the term of the row from
Equation 1. Black lines indicate the PF and SAF, and gray lines indicate 1km, 2km and 3km

isobaths.
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