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Abstract Sub-Antarctic Mode Waters (SAMW) form to the north of the Antarctic Circumpolar Current
(ACC) through deep winter mixing. SAMW connect the atmosphere with the oceanic pycnocline, transferring
heat and carbon into the ocean interior and supplying nutrients to the northern ocean basins. The processes
controlling SAMW ventilation and properties remain poorly understood. Here, we investigate the significance
and origin of a ubiquitous feature of SAMW formation regions: The seasonal build-up of a subsurface salinity
maximum. With biogeochemical Argo floats, we show that this feature influences SAMW mixed-layer
dynamics, and that its formation is associated with a decline in preformed nutrients comparable to biological
drawdown in surface waters (~0.15 mol m~2 y~"). Our analysis reveals that these features are driven by
advection of warm, salty, nutrient-poor waters of subtropical origin along the ACC. This influx represents a
leading-order term in the SAMW physical and biogeochemical budgets, and can impact large-scale nutrient
distributions.

Plain Language Summary Sub-Antarctic Mode Waters (SAMW) form during vigorous, deep
winter mixing at the northern edge of the Antarctic Circumpolar Current (ACC). SAMW constitute an
important portion of the upper ocean volume, and slow down climate change by storing vast amounts of
anthropogenic heat and carbon. SAMW also transport Southern Ocean nutrients toward lower latitudes,
sustaining primary productivity around and north of the tropics. Using data from biogeochemical Argo floats,
we investigate the seasonal dynamics of SAMW formation, which are hitherto poorly understood due to the
region's remoteness and harsh winter conditions. We show that SAMW formation regions feature the seasonal
build-up of a subsurface salinity maximum along with a decrease in nutrient levels, which are the imprint

of the along-ACC transport of salty, nutrient-poor waters of subtropical origin. These findings highlight the
important contribution of subtropical waters to SAMW heat, salt and nutrient budgets, which contrasts with the
widespread view that SAMW form primarily through atmospheric lightening of cold, fresh Antarctic waters.
These diverse views involve different feedback mechanisms between climate and SAMW formation and have
divergent implications for understanding the impacts of climate change on heat and carbon sequestration, and
nutrient redistribution, by SAMW.

1. Introduction

Sub-Antarctic Mode Waters (SAMW) are a central component of the ocean's large-scale circulation, constituting
together with Antarctic Intermediate Waters (AAIW) the northward-flowing branch of the upper meridional
overturning cell in the Southern Ocean. The subduction of SAMW and AAIW compensates for the upwelling of
deeper, southward-flowing Circumpolar Deep Waters along the sloping density surfaces of the Antarctic Circum-
polar Current (ACC) (Marshall & Speer, 2012; Sloyan & Rintoul, 2001). SAMW ventilate the lower pycnocline
of the subtropical gyres (Jones et al., 2016; McCartney, 1982; Morrison et al., 2022), playing a major role in a
series of important climate-related processes. SAMW are responsible for a substantial fraction of global uptake
and storage of anthropogenic heat (Roemmich et al., 2015) and carbon (Gruber et al., 2019; Sabine et al., 2004)
and, in returning nutrients from the Southern Ocean to the northern ocean basins, sustain biological produc-
tion and carbon export there (Sarmiento et al., 2004).

SAMW form through convective mixing in a relatively narrow latitudinal band of deep (>300 m) winter
mixed-layers in the sub-Antarctic zone (SAZ), north of the sub-Antarctic front (SAF) at the ACC's equatorward
edge (Hanawa & Talley, 2001; Holte & Talley, 2009). Deep mixed-layers leading to SAMW production occur
mostly in the central and eastern Pacific and Indian oceans (Sallée et al., 2010). These formation regions are
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associated with SAMW pools of different properties, becoming progressively fresher, cooler, and denser from
the western Indian to the eastern Pacific Ocean (Herraiz-Borreguero & Rintoul, 2011; Li et al., 2021; Sallée
et al., 2010). The ventilation of the SAMW pools takes place through the subduction of fluid from the deep
mixed-layers at the end of winter (Williams et al., 1995). Therefore, the properties of SAMW are a consequence
of the processes which, acting over the previous annual cycle, determine winter mixed-layer characteristics.
Such processes include air-sea fluxes (Holte et al., 2012; McCartney, 1977), northward Ekman transport of cool,
fresh upper-ocean waters across the ACC (Rintoul & England, 2002), eddy-induced cross-frontal exchanges
(Herraiz-Borreguero & Rintoul, 2010; Holte et al., 2013; Sallée et al., 2008) and advection of subtropical waters
by the gyre- and mesoscale circulation (Small et al., 2021; Wang et al., 2014). Quantifying the variable interplay
between these contributions is key to understand the sensitivity of SAMW formation rates and properties to
climate variability (Gao et al., 2018; Meijers et al., 2019; Naveira Garabato et al., 2009; Portela et al., 2020; Qu
et al., 2020; Rintoul & England, 2002), as well as the implications for oceanic heat (Gao et al., 2018) and carbon
(Hauck et al., 2013) storage and the fertilization of low-latitude oceans (Ayers & Strutton, 2013).

Despite recent efforts, the balance of processes controlling the physical and biogeochemical properties of SAMW
is only partially understood. Although modeling studies have documented the relevance of the contribution of
subtropical waters to SAMW volume and property budgets, with a specific focus on anthropogenic carbon (Groe-
skamp et al., 2016; Iudicone et al., 2011, 2016), this contribution has received comparably little attention and
remains poorly constrained with observations. Here, we shed light on this problem by using observations with
biogeochemical (SOCCOM) and regular Argo floats to unravel the seasonal dynamics of SAMW formation
regions. In particular, we investigate the origin and significance of a conspicuous feature characterizing these
regions: The seasonal formation of a subsurface salinity maximum (DuVivier et al., 2018; Holte et al., 2012).
We show that this feature arises from the advection along the northern flank of the ACC of warm, saline, nutri-
ent-poor waters of subtropical origin, and assess the relevance of this transport for the SAMW heat, salt and nutri-
ent budgets. The study focuses on the SAMW formation regions of the Indian Ocean, but our main conclusions
hold for the Pacific (detailed results in that region presented in the Supporting Information).

2. Methods
2.1. Seasonal Means in the SAMW Formation Regions

The seasonal dynamics at the SAMW formation sites were investigated by computing seasonal means of
conservative temperature (), absolute salinity (S,) (McDougall & Barker, 2011), neutral density (y,) (Jackett &
McDougall, 1997), large-scale potential vorticity (PV) and nitrate (NO,) using profiles (0-2,000 m) collected by
SOCCOM biogeochemical Argo floats (Johnson, Plant, Coletti, et al., 2017; Talley et al., 2019) within three longi-
tude-latitude boxes encompassing the SAMW formation areas in the eastern Indian (90°E-160°E, 40°S-52°S),
and central (200°E-240°E, 45°S-55°S) and eastern Pacific (300°E-360°E, 50°S-60°S). The SOCCOM data set
includes data from 267 floats between January 2009 and May 2021. Prior to time-averaging, the profiles were
mapped onto a homogeneous vertical grid of 5 m. Then, seasonal cycles were calculated at 1-day intervals using
a running Gaussian-weighted mean with an e-folding time of 60 days. The mixed-layer depth (MLD, or /) calcu-
lation followed a density difference criterion with respect to 10 m depth (de Boyer Montégut, 2004). The density
threshold was 0.03 kg m~3 for in situ profiles and 0.125 kg m~ for seasonal-mean profiles. Large-scale potential
vorticity was estimated as PV = (f/p)(dp/dz), where g is gravity and p is a potential density, p = 1,000 + y,.

2.2. Lagrangian Particle-Tracking

Particle-tracking experiments were performed to assess the origin of the water masses reaching the SAMW
formation regions, and to test whether the formation of the subsurface salinity maximum may be explained by
salt advection by the large-scale flow, for which we focus on horizontal geostrophic transport pathways below
the surface Ekman layer. One thousand virtual particles were released at the depth of the salinity maximum at
random locations within areas of deep mixed-layers (maximum annual MLD >500 m) and advected horizon-
tally backwards in time using annual-mean geostrophic velocities. Those were computed from the annual-mean
density field derived from the Roemmich and Gilson (2009) Argo climatology and referenced to a no-motion
level at 2,000 m depth. The particles were tracked for 1 year and the time-integration was completed with a fourth
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order Runge-Kutta scheme in 1-day time-steps. Unresolved eddy diffusion was accounted for by introducing a
random-walk term (e.g., Ross & Sharples, 2004) with a horizontal diffusivity of 1,000 m? s~!, a representative
value for the Southern Ocean (Gille et al., 2022), but this choice had little impact on the results. Salinity at the
particles' positions was obtained through linear interpolation of the annual-mean fields from Roemmich and
Gilson (2009). In this way, we implicitly accounted for the mean diabatic transformations affecting the water
mass properties along particle trajectories, which are not explicitly resolved in our analysis.

2.3. Upper-Ocean Heat and Salinity Budgets

The contribution of transport processes to SAMW properties was assessed with annual-mean upper-ocean budg-
ets using monthly climatological data (Roemmich & Gilson, 2009). Specifically, the monthly salinity budget was
computed by vertically integrating the following equation from the surface to the annual maximum MLD at each
grid-point of the climatology:

054

S a5
ot -4 _ (Ugeos + UBkm + Ueddy) -4 + R, (1)

= - (ugeos + Upkm + ueddy) Ix ()y

where dS,/0t is the monthly temporal trend; dS,/dx and dS,/dy, the zonal and meridional gradients, respectively;
Ugeos (TESP. Vyeo)s Upyy (T€SP. Vi) and uyyq, (resp. v,qq) are the eastward (resp. northward) geostrophic, Ekman
and eddy-induced velocities; and R is a residual term calculated as the difference between the right-hand and
left-hand terms. R is assumed to be dominated by air-sea fluxes, but also includes contributions from other
neglected processes, such as diapycnal mixing and upwelling across the maximum MLD. Geostrophic velocities
were calculated from monthly density fields, referenced to 2,000 m. Horizontal Ekman velocities were derived
from monthly wind stress from the data-assimilative Biogeochemical Southern Ocean State Estimate (B-SOSE)
(Verdy & Mazloff, 2017). The eddy-induced velocities were calculated with the Gent and McWilliams (1990)
parameterization and an eddy diffusivity computed following Visbeck et al. (1997) (Supporting Information S1).
The procedure is repeated with a heat budget using pc, 0 instead of S, where ¢, is the specific heat capacity.

3. Seasonal Dynamics at the SAMW Formation Sites

Hydrographic properties display comparable seasonal patterns in the SAMW formation areas in the eastern Indian
(Figure 1), and central (Figure S1 in Supporting Information S1) and eastern Pacific (Figure S2 in Supporting
Information S1). In the Indian sector, mixed-layer temperature (6) is maximum (10.5°C) in February—April,
when the mixed-layer is shallowest (<100 m), and minimum (8.5°C) in August-October, when the mixed-layer is
deepest (~400 m) (Figure 1b). mixed-layer salinity (S,) is minimal in June (34.66 g kg~') and maximal (34.74 g
kg~!) in November (Figures 1c and 1e). Between 200 and 600 m depth, low PV (<0.5 X 1071 m~! s~1) denotes
the presence of the weakly stratified SAMW pool, in the y, = 26.9-27.1 kg m~3 range (Figure 1d). In the seasonal
pycnocline —between the summer and winter mixed-layer bases—, € and S, display marked seasonal cycles, with
amplitudes of ~0.4°C (8.6-9.0°C) and ~0.7 g kg~! (34.73-34.8 g kg™!), respectively, and maximum values in
fall (April-June, Figures 1b—1d). The amplitude of the subsurface salinity cycle is comparable to that in the
mixed-layer, even if not directly influenced by air-sea fluxes or Ekman transport. The 8-S, variations are almost
density-compensated (Figure 1d), but not fully, contributing to the re-stratification of the SAMW pool with a
moderate PV increase from spring to late fall (Figure 1e).

As a consequence of these patterns, a salinity maximum develops over summer at 150200 m depth, capping the
SAMW pool, and is subsequently eroded by deep winter mixing. This subsurface salinity maximum enhances
stratification at the mixed-layer base, conditioning its seasonal evolution (Figure 1f). This figure shows the rate
of mixed-layer deepening (dh/dt) and the contributions to stratification at the mixed-layer base by salinity (N;)
and temperature (N 92) The mixed-layer deepens from January, with the deepening rate accelerating gradually to
~1 m d~! by April. Before March, stratification is temperature-dominated (2 X 107> s72), with a smaller salinity
contribution (<1 X 10~° s72). From March, the mixed-layer feels the influence of the salinity maximum, and
salinity stratification gains relevance. Mixed-layer deepening accelerates to ~2 m d~! in May-June, when haline
stratification becomes dominant, as the mixed-layer reaches the salinity maximum's upper edge. When the mixed-
layer crosses the salinity maximum, deepening accelerates sharply at ~7 m d~!, favored by neutral/inverse haline

CASTRO ET AL.

3of11



Ay )
Fa\C 1% Geophysical Research Letters 10.1029/2021GL097560

ADVANCING EARTH
AND SPACE SCIENCE

! f 4.0
! — 2
61 Ne |35
&7 L3.0
; L2.5 2
9 41 7
g 3 F2.0 £
< L1538
! =
€7 L10 °
N 0.5
° 0.0
J
0
29
200 .
£ E 400 \s
: g 20
8 & 600
17
800 .
g. NO;3 (umol kg?)
1000 .
° 12
1
200 0
8
= E 400
L = 6
e & 600 \
800 2
c.Sa(gkg™) h. NO; regenerated (umol kg') 0
| FMAM | J] ASORNTD . Lapg [t e 274
J FMAM]J J ASONTD
96 0 -
19
—9.8 200 2
-10.0 2
= _102 £ 400 y
: g 15
8 -10.4 g 600
-10.6 1
13
-10.8 800
-11.0 i. NO; preformed (umol kg~!) 12
' 1000 -
D -
N 0.4 J /_\\
EINIAVUEA
= T 0.2 \/
A 27
I 2 oo ™~ \ /
[ / N
M & _gold
N 0.2 ><
3 —— ANOsP™
<
M -0.4 1 ANO.9 »
- F —— ANOstet J
8.0 . . . ; : J | Aot
34,55 34.60 34.65 34.70 34.75 34.80 34.85 e —— -
Salgkg™) JFM AM]J J ASOND |
Figure 1.

CASTRO ET AL. 4of 11



~1
AGU

ADVANCING EARTH
AND SPACE SCIENCE

Geophysical Research Letters 10.1029/2021GL097560

stratification. The mixed-layer then reaches its maximum annual extent. These non-linear mixed-layer dynam-
ics are illustrated with observations by float WMO05903593 at 100-110°E, 42-47°S between August 2013 and
October 2014 (Figures 2a and 2b). This float was chosen because of its small displacement over the course of
1 year, sampling a relatively small geographic area. The float data shows the formation of the salinity maximum
below the mixed-layer during summer, and the slow mixed-layer progression from January to August, followed
by a sharp deepening down to 600 m, after the salinity maximum was crossed.

4. Origin of the Subsurface Salinity Maximum

The Lagrangian experiments show that a significant fraction of the particles reaching the seasonal pycnocline
at SAMW formation sites with the mean geostrophic flow are advected from the west (Figure 3a). The mean
salinity change along particle trajectories is consistent with the seasonal salinity evolution described above, in
that salinity increases by ~0.7 g kg™! after 1 year of simulation (Figure 3b). The increase is larger (>1 g kg~!)
for the particles initialized at the southern rim of the SAMW formation region, which originate further west.
These findings suggest that the formation of the salinity maximum is driven by advection along the ACC's
northern flank of saltier waters originating at the western portion of the basin, where subtropical pycnocline
waters flowing southeastward in the western boundary currents (at the Agulhas Current and Retroflection in the
Indian Ocean) interleave with the northern ACC waters, increasing their salinity (Pollard & Read, 2001; Wang
et al., 2014). Comparable salinity increases were found along geostrophic pathways in the Pacific (Figures S3 and
S4 in Supporting Information S1).

To corroborate that the salinity maximum is generated by geostrophic advection, we used climatological Argo
data to compute geostrophic salt transport in the region sampled by float WMO05903593 (Figure 2). The seasonal
salinity evolution inferred from the Argo climatology (Figure 2d) in the float-sampled area (cyan box in Figure 2a)
follows the same pattern as the direct observations, as well as the seasonal cycle described above (Figures lc
and 2b). Salt convergence by geostrophic transport is maximum (0.3 g kg=! yr~!) at the top of the seasonal
pycnocline (150-400 m) during summer, in coincidence with the salinity maximum, and exhibits weak values
below the SAMW pool (below 27.0 kg m—3) (Figure 2e). The time-integrals of the salt convergence (dashed lines
in Figure 2f) closely track the salinity increase between January and July at different depths within the seasonal
pycnocline, confirming that the salinity maximum build-up can be explained by geostrophic advection.

5. Contribution to SAMW Heat and Salinity Budgets

We next assess the influence of geostrophic transport in the heat and salinity budgets of the SAMW formation
sites. Budget terms averaged in a 5-degree latitudinal band to the north of the SAF indicate that Ekman transport
cools and freshens the SAZ. Ekman cooling and freshening are maximal around the Kerguelen Plateau (75°E),
and minimal in the western Pacific, downstream of the Campbell Plateau (170-190°E), and in the eastern Pacific,
upstream of Drake Passage (260°E-300°E) (Figures 4c and 4e). Northward Ekman fluxes are compensated by
warming and salinification by southeastward geostrophic and eddy transfers. The sign of the residuals representing
the air-sea flux varies zonally, but corresponds mainly to cooling and freshening, more consistently in the Pacific.
Geostrophic warming and salinification are maximal in the Indian Ocean within 50°E-140°E, downstream of the
Agulhas region where eddy warming and salinification reach their circumpolar maxima (Figures 4c, 4,e and S5).

The budget terms averaged in the areas of deep mixed-layers (>500 m) show that, at the eastern Indian SAMW
formation region (Figure 4d), Ekman freshening (=29 g kg=! m yr™!) is compensated by geostrophic salinifi-
cation (+17 g kg~! m yr~!), with secondary contributions by air-sea (+8 g kg~! m yr~!) and eddy fluxes (+4 g
kg™! m yr~!). In the central and eastern Pacific formation regions, freshening is effected through a combination

Figure 1. (a) Location of Southern Ocean Carbon and Climate Observations and Modeling (SOCCOM) float profiles (gray) in the Sub-Antarctic Mode Waters
(SAMW) formation area of the eastern Indian Ocean (pink dots delimited by red box); (b) conservative temperature (6); (c) absolute salinity (S,); (d) potential vorticity
(PV); (e) temperature-salinity diagram in the mixed-layer (ML) and in the pycnocline (PY); (f) rate of mixed-layer deepening (dh/dt, black) and thermal (N 3, blue)

and haline (N2, orange) stratifications at the mixed-layer base; (g) total, (h) regenerated and (i) preformed nitrate (NO,) and (j) their depth-averaged anomalies (A)
with respect to the annual-mean in the seasonal pycnocline (PY). In (a), filled contours represent the mean September mixed-layer depth (MLD) from Roemmich and
Gilson (2009) and the black contour, the sub-Antarctic Front (SAF) following the Naveira Garabato et al. (2009) definition. In b—d, g—i, the black thick line represents
the mixed-layer depth (MLD); the gray dotted lines, neutral density, and the white dotted lines in (d), PV = 0.5 x 10719 m~! s~!,
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Figure 2. (a) Location of the profiles collected by float WM05903593 between August 2013 and October 2014 in the eastern Indian Ocean (circles); (b) absolute
salinity (S,) and (c) preformed nitrate (NO,) profiles recorded by the float, with the mixed-layer represented as a black thick line and isoneutrals as dotted lines; (d)
mean seasonal S, cycle from the Roemmich and Gilson (2009) climatology computed in the cyan box in (a); (e) salinity convergence due to geostrophic transport; (f)
seasonal S, trends at different depths within the cyan box and time-integrated geostrophic salt convergence (black dots). In (a), filled contours represent the annual-
mean S, at 300 m; white contours, the annual maximum mixed-layer depth (MLD) of 500 m, and the black contour, the SAF. Note that the y-axes in panels d and e are

the same as in b and c.

of air-sea (—13 and —11 g kg=! m yr~!, respectively) and northward Ekman fluxes (—10 and —4 g kg=! m yr~!),
balanced mainly by southeastward geostrophic advection (+20 and + 14 g kg~! m yr™!) and eddy transport (+3
and + 1 g kg=! m yr~!). Geostrophic heat advection is also the main warming term in all regions, opposing Ekman
advection in all areas and atmospheric cooling over the eastern Pacific (Figure 4f), consistent with the heat budget
in a regional ocean model (Tamsitt et al., 2016).

6. Influence on Nutrient Concentrations

To assess the biogeochemical relevance of the subtropical influx to SAMW, we examine nitrate seasonality in the
Indian sector (Figures 1g and 1j). In the surface layer, nitrate follows the characteristic pattern of spring-summer
depletion due to biological uptake (Johnson, Plant, Dunne, et al., 2017) and subsequent accumulation of organic
matter (Figure S6 in Supporting Information S1). However, in the seasonal pycnocline, nitrate decreases over
summer-fall, contrary to the expectation of organic matter remineralization prevailing in twilight layers (Arteaga
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Figure 3. (a) Examples of the backwards trajectories of 20 Lagrangian particles following the geostrophic flow in the Indian
Ocean (90°E-135°E), and (b), mean (black line) and standard deviation (shading) of the annual-mean absolute salinity change
(AS, =S, (1) — S, (t=0)) along backward trajectories. In (a), filled contours represent the climatological mean S, at 300 m;
black contour, the sub-Antarctic front (SAF); white contour, the seasonal maximum MLD of 500 m, and, white dots, the
particles' initial positions.

et al., 2019). To explain this pattern, we decompose the nitrate signal into the regenerated (NO3™¢ = RyoAOU,
where AOU is the apparent oxygen utilization and Ry, = 16/170 the nitrogen:oxygen ratio of remineralization),
and the preformed pools (NO3‘°"e =NO; — NO;"eg) (Williams & Follows, 2011). The former pool accounts for
nitrate released by remineralization, while the latter is a quasi-conservative tracer indicative of water masses of
contrasting origin, with subtropical waters having lower preformed nitrate than subpolar waters. Note that NO;"#
includes the effects of air-sea oxygen disequilibrium on AOU, but its contribution is secondary (~10%, Figure S7
in Supporting Information S1) in this region, and was neglected for the qualitative description of the system. The
regenerated pool increases as expected in the summer pycnocline (Figures 1h and 1j), due to an enhancement
in AOU (Figure S7), but the increase is overridden by a larger decrease in preformed nitrate (~0.8 umol kg™,
Figures 1li and 1j), concurrent to the salinity increase (as illustrated by the example float, Figures 2b and 2c).
Similar patterns were observed in the Pacific (Figures S1 and S2 in Supporting Information S1).

These results suggest that the advection of subtropical waters with low preformed nitrate reduces nutrient concen-
trations in the SAMW formation region, as supported by the negative correlation between depth-averaged nitrate
and salinity in the SAMW density range for all the float profiles in the Indian SAZ (NO, « — 11.15,, r* = 0.816,
Figure S8e in Supporting Information S1) (see Figures S9 and S10 in Supporting Information S1 for similar
results in the Pacific). This correlation is driven by the inverse relationship between preformed nitrate and salinity
(NOY® & —13.1.84, r* = 0.95, Figure S8f in Supporting Information S1), partially compensated by a weaker posi-
tive correlation with regenerated nitrate (NO}® o 2.0.54, > = 0.140, Figure S8g in Supporting Information S1).
The magnitude of nitrate depletion by along-ACC advection, estimated by multiplying the nitrate:salinity slope
(—=11.1 ymol kg~! (g kg~")~!) by the geostrophic salt flux (17 g kg™! m yr™!), is &# — 0.19 mol m~2 yr~!. The
magnitude of biological carbon export production in the SAZ is estimated at about 2 molC m~2 yr~! (Arteaga
et al., 2019; Johnson, Plant, Dunne, et al., 2017), which is equivalent (using a C:N ratio of 106:16) to a nitrate
drawdown of ~0.30 mol m~2 yr~! from the photic zone. Since a fraction of this nitrate is remineralized above
the winter mixed-layer depth, this estimate represents an upper-limit for nitrate drawdown from the upper ocean
by biological export, indicating that advection of subtropical waters can be as significant as biological processes
for the SAMW nutrient budget. This conclusion is supported by a circumpolar nitrate budget in the SAZ using
climatological nutrient data (Garcia et al., 2018) (Figure S11 in Supporting Information S1), which shows that
Ekman transport supplies 0.43 mol m~2 yr~! of nitrate to the SAZ, opposed at similar rates (~%—0.15 mol m~2 yr~')
by the geotropic flow, eddy transport and a residual term attributed to biological uptake.
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Figure 4. Mean (a) 6, S, and (b) potential density (o,, with contributions from # and S,) in the upper 1,000 m of the SAZ (a 5° latitudinal band to north of the SAF,
Figure 1a). The annual maximum MLD is shown in color insets. Salinity and heat budget terms averaged in the SAZ (c and e) and in the SAMW formation regions
(maximum annual MLD >500 m) (d and f). Error bars represent standard errors. Budget Terms: geostrophic (Geos.), Ekman (Ekm.) and eddy advection, and residual
(Res.). Budget terms in ¢ and e were smoothed with a 30-degree running mean.

7. Discussion and Conclusions

Cooling by air-sea fluxes and Ekman transport are often invoked as the main forcing mechanisms driving deep
winter mixing in the SAZ, and controlling the spatio-temporal variability of SAMW properties (Gao et al., 2018;
Holte et al., 2012; Hong et al., 2020; McCartney, 1977; Naveira Garabato et al., 2009). Implicit in this view is
a densification of SAZ waters by these fluxes, which drive the deep convection leading to SAMW production.
However, the origin and renewal of SAZ waters has received less attention, except for a few modeling studies
illustrating the contribution of along-ACC advection from subtropical-gyre western boundaries, specifically the
Agulhas current (Small et al., 2021; Wang et al., 2014). Our analysis supports the generality of this finding, by
attributing the subsurface salinity maximum characterizing SAZ deep-convection regions (DuVivier et al., 2018)
to advection of warm, saline waters of subtropical origin.

The convergences of heat and salt associated with the northern ACC are linked to the progressive decrease of
temperature and salinity along the SAZ (driving a partially compensated density increase), from the western
Indian to the eastern Pacific (Figures 4a and 4b). We explain this decrease in temperature and salinity, which
shapes the properties of the different SAMW pools (Herraiz-Borreguero & Rintoul, 2011; McCartney, 1977),
by the following sequence of processes. First, the northern ACC gains heat and salt through interaction with the
western boundary currents —mainly the Agulhas Return current (Pollard & Read, 2001) and, to a lesser extent,
the Brazil and East Australian currents (Figure 4a)—, where eddy fluxes are maximal (Figures 4c and 4e). Second,
air-sea fluxes and northward Ekman transport drive a progressive freshening and cooling of surface waters along
the ACC path. Deep convection across the SAMW density range regularly transfers the gradient created by
surface fluxes downward over the seasonal pycnocline. This horizontal gradient supports transport convergence
in the seasonal pycnocline, triggering the subsurface salinity maximum formation.
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The influx of subtropical waters carries implications for SAMW physical and biogeochemical properties, and
for the mixed-layer dynamics controlling SAMW ventilation. The advection of warmer, saltier waters repre-
sents a leading-order term in the heat and salt budgets of the SAZ balancing, along with eddy transport, fresh-
ening and cooling by Ekman and air-sea fluxes. Although in absolute terms the subtropical content of SAMW
decreases eastward from the Indian to the eastern Pacific Ocean (as reflected by decreasing temperature and
salinity, Figure 4a), the magnitude of the geostrophic heat and salt convergences is comparable across SAMW
formation regions in both basins (Figures 4c—4f), resulting in a similar amplitude of the salinity cycle in the
pycnocline (Figures 1, S1 and S2 in Supporting Information S1). The subsurface salinity maximum caps the
SAMW pool after winter mixing, enhancing stratification at the mixed-layer base, which hinders mixed-layer
deepening in the following fall and winter seasons (Figure 1f). Therefore, the salinity maximum behaves as a
gate-keeper of the SAMW pool, potentially acting to inhibit SAMW ventilation in years of weak atmospheric
forcing.

From a biogeochemical viewpoint, the influx of subtropical waters reduces nutrient concentrations in SAMW
formation regions. SAMW is a major source of nutrients for the global ocean pycnocline, sustaining biologi-
cal productivity in low-latitude regions (Fripiat et al., 2021; Hauck et al., 2018; Palter et al., 2010; Sarmiento
et al., 2004; Williams et al., 2006). The relatively high nutrient concentrations of SAMW are the result of the
northward Ekman transport of Antarctic surface waters. As these waters acquire high nutrient levels from
upwelling of Circumpolar Deep Water around and south of the ACC, it is widely viewed that SAMW nutrient
content is determined by biological consumption during the upwelled waters' northward transit. The degree of
biological drawdown depends on several factors, including limiting micronutrients like iron, and the transit time
of upwelled waters before subduction, which is related to the strength of meridional overturning. In this frame-
work, decadal- and centennial-scale variations in SAMW nutrient content and low-latitude productivity have
been interpreted in terms of such factors (Ayers & Strutton, 2013; Marinov et al., 2006; Nissen et al., 2021;
Sarmiento et al., 2004). Our analysis calls for a re-examination of this view by showing that the influx of subtrop-
ical waters can be as relevant as biological drawdown in lowering SAMW nutrient concentrations with respect to
incoming Antarctic waters. The redistribution of nutrients between high and low latitudes may thus be subjected
to additional climate sensitivities and feedback mechanisms involving the gyre circulation, not considered in the
current overturning-centered paradigm.

The along-ACC advection of warm, salty and nutrient poor waters of subtropical origin described here provides
a dynamic link between the western boundary currents and the SAMW formation regions, consistent with the
delayed connections (with a lag of a few years) between them identified with an adjoint ocean model (Boland
et al., 2021). Our findings suggest that this long-range connection is of primary relevance for SAMW dynamics
and their physical and biogeochemical characteristics, potentially influencing the drawdown of heat, carbon and
nutrients into the global pycnocline. The eastward transport along the ACC's northern flank may have acceler-
ated in recent decades as a result of ocean warming (Shi et al., 2021), which could have enhanced the subtropical
contribution to SAMW. These changes should be considered alongside local wind and buoyancy forcing, when
assessing the influence of natural climate variability and anthropogenic climate change on SAMW formation
rates and properties. The mechanistic understanding gained here through the analysis of biogeochemical float
data should contribute to the assessment and advancement of the representation of SAMW in ocean models
(Hong et al., 2021; Sallée et al., 2013), which is key to understanding and predicting the impacts of these
changes.

Data Availability Statement

The SOCCOM data set used in this study was published on May 2021 with doi: 10.6075/J0T43SZG and is availa-
ble at https://soccompu.princeton.edu/www/index.html. Data from the iteration 133 of B-SOSE can downloaded
from http://sose.ucsd.edu/BSOSEG6_iter133_solution.html. The Roemmich and Gilson (2009) climatological
data can be obtained from http://sio-argo.ucsd.edu/RG_Climatology.html. Additional Argo data were collected
and made freely available by the International Argo Program and the national programs that contribute to it
(http://www.argo.ucsd.edu, http://argo.jcommops.org). The Argo Program is part of the Global Ocean Observing
System.
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