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ABSTRACT

Subantarctic Mode Water (SAMW) is examined using the data-assimilating, eddy-permitting Southern
Ocean State Estimate, for 2005 and 2006. Surface formation due to air-sea buoyancy flux is estimated using
Walin analysis, and diapycnal mixing is diagnosed as the difference between surface formation and transport
across 30°S, accounting for volume change with time. Water in the density range 26.5 < oy < 27.1 kg m > that
includes SAMW is exported northward in all three ocean sectors, with a net transport of (18.2,17.1) Sv (1 Sv=
10° m® s~ %; for years 2003, 2006); air-sea buoyancy fluxes form (13.2, 6.8) Sv, diapycnal mixing removes (—14.5,
—12.6) Sv, and there is a volume loss of (—19.3, —22.9) Sv mostly occurring in the strongest SAMW formation
locations. The most vigorous SAMW formation is in the Indian Ocean by air—sea buoyancy flux (9.4, 10.9) Sv,
where it is partially destroyed by diapycnal mixing (—6.6, —3.1) Sv. There is strong export to the Pacific, where
SAMW is destroyed both by air-sea buoyancy flux (—1.1, —4.6) Sv and diapycnal mixing (—5.6, —8.4) Sv. In
the South Atlantic, SAMW is formed by air-sea buoyancy flux (5.0, 0.5) Sv and is destroyed by diapycnal
mixing (—2.3, —1.1) Sv. Peaks in air—sea flux formation occur at the Southeast Indian and Southeast Pacific
SAMWs (SEISAMWs, SEPSAMWs) densities. Formation over the broad SAMW circumpolar outcrop
windows is largely from denser water, driven by differential freshwater gain, augmented or decreased by
heating or cooling. In the SEISAMW and SEPSAMW source regions, however, formation is from lighter

water, driven by differential heat loss.

1. Introduction

The Southern Ocean is a region of intense water mass
transformation and formation, thus having a vital role in
redistributing heat and freshwater in the global over-
turning circulation (Macdonald and Wunsch 1996; Sloyan
and Rintoul 2001a,b; Talley et al. 2003; Talley 2008). A
major component of the Southern Ocean overturning
circulation consists of the northward export of Subant-
arctic Mode Water (SAMW) and Antarctic Interme-
diate Water (AAIW) (McCartney 1982; Rintoul 1991;
Sloyan and Rintoul 2001b), which ventilates large areas
of the lower thermocline in all three Southern Hemisphere
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oceans (Schmitz 1996; Hanawa and Talley 2001). These
water masses play a significant role in Southern Hemi-
sphere heat and freshwater transport, and also impor-
tantly impact the oceanic sink for tracers including
anthropogenic CO, (Sabine et al. 2004) and chlorofluo-
rocarbons (Willey et al. 2004).

SAMW and AAIW are formed by winter cooling of
waters just to the north of the Subantarctic Front (SAF)
and northward cross-frontal fluxes of Polar Zone surface
water, which give rise to vertical convection on the
equatorward flank of the SAF, the northernmost core of
the Antarctic Circumpolar Current (ACC), resulting in
deep winter mixed layers that dominate subtropical gyre
ventilation to the north. McCartney (1977, 1982) was the
first to describe and name these thick winter mixed
layers. The associated winter mixed layer depths range
from 200 to 300 m in the Atlantic and western Indian
Ocean to more than 500 m in the southeast Indian and
Pacific Oceans (e.g., Dong et al. 2008). SAMW is the
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warmest in the western Atlantic (15°C, 35.8 psu, and 26.5
o) where the SAF is farthest equatorward, and coldest
just west of Drake Passage (4°-5°C, 34.2 psu, and 27.1
o) where the SAF is farthest poleward. McCartney
considered the densest SAMW in the southeastern Pa-
cific and Scotia Sea to be the principal precursor of
AAIW, the low salinity water mass that fills the South-
ern Hemisphere subtropical gyres and the tropical oceans
at 800-1000-m depth (Hanawa and Talley 2001). This
hypothesis was confirmed as part of an in situ study of
SAMW and AAIW formation in the southeast Pacific
in 2005/06 (Talley et al. 2006; Talley 2007; Holte 2010;
Holte et al. 2012; Holte et al. 2013). This nearly point
source of AAIW, with only minor modifications owing
to mixing across the ACC at other longitudes, stands in
contrast to the near circumpolar formation of SAMW
(McCartney 1982; Rintoul et al. 2001).

Despite the fundamental importance of SAMW/AAIW
for global ocean circulation and also for uptake of
anthropogenic CO, (Sabine et al. 2004), the relative
roles of differing physical processes important for
SAMW formation and destruction are still not com-
pletely understood (e.g., Naveira Garabato et al. 2003;
Sloyan and Kamenkovich 2007). The complex mix of
processes affecting the SAMW source in the winter
mixed layer includes air—sea buoyancy fluxes, lateral
circulation, Ekman and eddy-induced transport, and
diapycnal mixing and upwelling (e.g., Sallee et al.
2010; Sloyan et al. 2010; Holte et al. 2012, 2013). These
same processes, along with other biogeochemical phe-
nomena, govern air-sea CO, exchange. Using the high-
resolution (¥° X 6°) Southern Ocean State Estimate
(SOSE; Mazloff et al. 2010), recent advances have been
made toward understanding the uptake and transport
of anthropogenic CO,, highlighting the importance of
SAMW formation in CO, subduction (Ito et al. 2010).
The same SOSE solution is used here to quantify the
formation rate of SAMW and AAIW and export of
these water masses northward out of the Southern
Ocean.

Transformation of water from one density class to
another is driven by air-sea buoyancy flux and diffu-
sive processes (e.g., Tziperman 1986). The formation
of water in each density class is given by the diver-
gence of transformation with respect to density. Walin
(1982) developed a method to estimate water mass
formation due to air-sea heat flux, assuming that the
error in ignoring diffusive diapycnal flux is no larger
than the uncertainty in the air-sea heat flux estimates.
Walin’s method was subsequently applied by Speer
and Tziperman (1992) and Speer et al. (1995) to esti-
mate global-scale surface water mass formation rates
from observations.
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The Walin (1982) method has been extended to in-
clude the effects of diapycnal mixing using models
(Garrett et al. 1995; Marshall et al. 1999; Nurser et al.
1999), and to estimate global average diapycnal diffu-
sivities implied by global-scale transformation, using ob-
servations (Zhang and Talley 1998). Since diapycnal
mixing is difficult to represent accurately in the models,
and difficult to observe globally at all depths, its local role
in water mass formation is still poorly quantified (e.g.,
Tudicone et al. 2008b; Sloyan and Kamenkovich 2007).
Nevertheless, it has been shown that diapycnal mixing in
the Southern Ocean cannot be neglected (e.g., Speer et al.
2000; Sloyan and Rintoul 2001a,b; Iudicone et al. 2008a,c)
especially over rough topography (e.g., Heywood et al.
2002; Naveira Garabato et al. 2004, 2007), and is essential
for water mass modification, especially when considering
the very large spatial scales of the global overturning cir-
culation. We here quantify the effects of diapycnal ocean
mixing as the difference between the air—sea flux forma-
tion and the meridional transport of SAMW out of the
Southern Ocean, accounting for the internal storage rate.

SOSE is particularly well suited to the problem of
Southern Ocean water mass formation because of the
following. (i) It is constrained to a large suite and number
of oceanic observations, bringing SOSE oceanic fields
close to the observations (Mazloff et al. 2010). The op-
timization procedure used in SOSE greatly reduces the
misfit between its estimates of temperature and salinity
and numerous observations (e.g., Argo profiling float
data, the Southern Elephant Seals as Oceanographic
Samplers project, hydrographic sections) thus yielding
a much more accurate surface and interior density dis-
tribution (Mazloff et al. 2010). (ii) It has the full spatial
and temporal resolution of a numerical model. (iii) It has
internally and dynamically consistent oceanic fields and
adjusted air—sea fluxes (evaluated in Cerovecki et al.
2011), so that they exactly satisfy the ocean circulation
model equations. (iv) It is an eddy-permitting model
that evolves rather than parameterizes eddy processes,
which is especially important in the Southern Ocean
where the meridional overturning circulation in the
SAMW density range is believed to be a balance be-
tween the Eulerian mean flow and eddy-induced mean
flow (e.g., Karsten and Marshall 2002) and is important
given that many aspects of meridional overturning cir-
culation differ in coarse and high-resolution models
(Hallberg and Gnanadesikan 2006; Spence et al. 2009).
Eddy effects are also important in water mass formation,
as eddy buoyancy supply can be comparable in magni-
tude to buoyancy supply by air-sea fluxes (Cerovecki
and Marshall 2008).

We are using SOSE iteration 22, which provides a
state estimate for years 2005 and 2006, because Mazloff
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et al. (2010) has verified the high accuracy of its oceanic
fields relative to observations. (More recent SOSE it-
erations include a longer time period, which are being
used in subsequent work.)

In section 2 the SOSE setup, its adjusted air-sea
buoyancy fluxes and sea surface density fields are pre-
sented, together with an outline of the methods. The
spatial distribution and properties of SAMW and AAIW
in the 2005/06 SOSE run are discussed in section 3.
SAMW formation rates using Walin (1982) analysis with
SOSE air-sea buoyancy fluxes and sea surface density
are presented in section 4. For comparison, formation
rates computed using other commonly-used air—sea buoy-
ancy flux products appear in the Appendix. In section 5,
the effects of diapycnal mixing on SAMW formation
and destruction are diagnosed as the difference between
the air-sea flux formation and the meridional transport
of SAMW out of the Southern Ocean, accounting for the
internal storage rate. Discussion and conclusions are
provided in section 6.

2. Datasets and methods
a. Air-sea fluxes in SOSE

The Southern Ocean State Estimate (Mazloff et al.
2010) provides a complete dataset including atmo-
spheric forcing fields and three-dimensional oceano-
graphic fields south of 24.7°S at '/s° horizontal resolution.

SOSE utilizes an adjoint model [four-dimensional
variational data assimilation (4D-Var) method] to solve
for the initial conditions and atmospheric state (air tem-
perature, specific humidity, downwelling shortwave ra-
diation, wind velocity, and precipitation) required to
bring the ocean circulation model results into con-
sistency with oceanic observations [see, for example,
Stammer et al. (2004) or Wunsch and Heimbach (2007)].
The first-guess oceanic initial conditions are derived
from and constrained to the 1° resolution Ocean Com-
prehensible Atlas (OCCA) global state estimate (Forget
2010). The northern open boundary condition is also
derived from OCCA. For the initial atmospheric state
estimate, as well as constraints, SOSE uses the National
Centers for Environmental Prediction—National Center
for Atmospheric Research Reanalysis 1 (hereafter NCEP1)
(Kalnay et al. 1996). As described in Mazloff et al.
(2010), the adjusted atmospheric variables are combined
with the Large and Pond (1981) bulk formulas to obtain
the air—sea heat and freshwater flux forcing fields. This
bulk formulation is used for historical reasons; the re-
sults are insensitive to this choice compared with more
modern Coupled Ocean—Atmosphere Response Exper-
iment (COARE) bulk formulas.
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The SOSE net air-sea heat fluxes for 2005/06 are
shown in Fig. 1. The most intense ocean heat loss is over
the subtropical western boundary currents. The ocean
also loses heat in the southernmost part of the Southern
Ocean. The ocean gains heat over large regions of the
subtropical gyres in the Pacific and Indian Oceans. Ro-
bust regions of large (>50 W m~?) ocean heat gain oc-
cur where cold polar waters flow northward beneath
a more temperate atmosphere (e.g., Large and Yeager
2009, hereafter LY09), in the Malvinas Current east of
Drake Passage, and east of New Zealand where the
Subantarctic Front is steered northward. A significant
band of heat gain that is unrelated to such northward
flow is found in the Indian Ocean between the Sub-
antarctic and Subtropical Fronts, between 40° and 50°S
and is also a feature of all of the other flux products
compared here (Fig. 2).

To compare the air-sea heat flux and freshwater flux
contributions to buoyancy flux, we convert freshwater
and buoyancy fluxes to heat flux units of watts per
squared meter (e.g., Moore and Renfrew 2002;
Cerovecki et al. 2011). We express freshwater flux as the
freshwater heat-equivalent flux defined by

QFW = —pOBSCp(E - P)/a’ (1)

where p is a reference density, S is salinity, ¢, is the
specific heat for seawater, E is evaporation (m s~ '), Pis
precipitation (m s~'), B is the saline contraction co-
efficient, and « is the thermal expansion coefficient (as in
Gill 1982), and positive flux results in increased buoy-
ancy (decreased density) (opposite of Gill’s conven-
tion). A heat flux contribution of 1 W m™~? to ocean
buoyancy flux is equivalent to 1 mg (m* s) ! freshwater
flux, or ~3.1 cm yr ' of E — P at 5°C (Large and Nurser
2001). The buoyancy heat-equivalent flux is the sum of
the net air—sea heat flux and freshwater heat-equivalent
flux. Positive heat/freshwater/buoyancy flux implies
a decrease in surface density (an increase in surface
buoyancy).

The SOSE freshwater heat-equivalent flux (Figs. 1c,d)
shows net evaporation in the subtropical gyre and net
precipitation in higher latitudes. The freshwater flux
contribution to the buoyancy flux becomes increasingly
important in higher latitudes owing to nonlinearity in
the equation of state (Moore and Renfrew 2002). Thus,
in the cold waters of the polar latitudes, the freshwater
flux contribution is the same order as or larger than the
heat flux contribution; the two reinforce each other in
the broad heat gain regions of the ACC, while in regions
of cooling, the freshwater and heat contributions to buoy-
ancy flux may nearly cancel (Figs. le.f) (e.g., Warren et al.
1996; Speer et al. 2000).
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Year 2006
b) Net air—sea heat flux [W,'m2]
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FI1G. 1. (a),(b) SOSE air-sea heat flux, (c),(d) freshwater heat-equivalent flux from Eq. (1), and (e),(f) buoyancy
heat-equivalent flux given by their sum, time averaged for years (left) 2005 and (right) 2006 (W m~2). Positive fluxes
imply a decrease in surface density (increase in surface buoyancy). The color contours are climatological positions of
the fronts given by Orsi et al. (1995): Subtropical Front (STF, black), SAF (red), Polar Front (PF, green), and

Southern ACC front (SACC, blue).

Significant discrepancies between different air-sea
buoyancy flux products are evident in Fig. 2 where the
NCEP1 ocean buoyancy gain in polar latitudes (average
for years 2005/06) is much stronger than in the European
Centre for Medium-Range Weather Forecasts
(ECMWEF) Interim Re-Analysis (ERA-Interim), the LY09
flux product, and SOSE, whereas OCCA is character-
ized by ocean buoyancy loss rather than gain. These
result in differing Walin formation rate estimates for the
various flux products (see appendix), highlighting the
importance of using air-sea fluxes that are consistent
with the interior ocean properties, for example, SOSE.

b. Formation rate estimates

The density of a water parcel is predominantly changed
at the sea surface through air-sea buoyancy fluxes, but it
can also be changed in the interior through the usually

weaker diapycnal fluxes associated with mixing. Surface
SAMW formation in SOSE is estimated using the
“Walin” approach (section 4). The SOSE velocity and
density fields are then used to calculate net meridional
export or import of water in isopycnal layers across 30°S,
zonal transports between the ocean basins, and the net
storage rate in isopycnal layers during the 2-yr run
(2005/06) (section 5). Finally, the formation rate due to
diapycnal mixing is diagnosed as the difference between
the surface formation and the sum of the export and
interior storage rate (section 5c).

Our analysis is carried out only for densities lower
than the densest variety of SAMW (o = 27.1 kg m )
because the simplified sea ice model in this SOSE iter-
ation reduces confidence in transports for higher densi-
ties that outcrop in the sea ice zone south of the Polar
Front. Because of our cutoff at oy = 27.1 kg m >, the
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Buoyancy heat-equivalent flux [W/m2]
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FIG. 2. Time-mean surface density (o units, contours) and buoyancy heat-equivalent flux (W m ™2, color shading),
averaged for years 2005/06, obtained by (a) SOSE, (b) NCEP1, (c) ERA-Interim, (d) LY09, and (e) OCCA. Color

contours are as in Fig. 1.

isopycnal layers are shallower than ~1000 m, and we
can use potential density relative to the sea surface to
approximate neutral surfaces.

1) WALIN METHOD

The Walin (1982) method quantifies the rate at which
water is added to or destroyed within a specific density
class. This “formation rate” is given by the divergence
with respect to density of the ‘“‘transformation rate,”
which is the rate at which water is transformed from one
density class to another via a diapycnal volume flux A
either at the sea surface or in the interior of the ocean. In
an inviscid, incompressible fluid, the transformation rate
A depends only on the nonadvective buoyancy supply to
the volume considered, while the advective supply of
buoyancy only deforms the bounding material surface
without changing the volume. Following Garrett et al.
(1995) and Marshall et al. (1999), the transformation
rate A is

A=F(o,1)— @, (2)
Jo

where F(o, f) is the net air-sea buoyancy flux integrated
over the outcrop window bounded by isopycnal surfaces
o * Acg/2 (next subsection), and D is the diapycnal
buoyancy flux with diapycnal divergence dD/do. The
water mass transformation rate A has units cubic meters
per second.

2) SURFACE FORMATION RATE ESTIMATES
The buoyancy flux B is given by (e.g., Gill 1982)

_g aQnet
B==|—F=— S(E—P)|, 3
Po cp P()B( ) ()

where Q. is the net surface heat flux (positive for ocean
heat gain). Positive buoyancy flux implies an increase in
surface buoyancy (a decrease in surface density). (The
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sign convention is opposite that of Gill.) The associated
transformation rate F(o, ¢) is the air—sea buoyancy flux
integrated over the outcrop window bounded by iso-
pycnal surfaces o = Ac/2, given by

_ Po H / /
F(o,t)=—— Bé..(d',Ac)dA", 4
0= ||, Bor a0 )

in which A'(o, 7) is the instantaneous surface bounding
the volume within which the density is o * Ao/2, py is
the reference surface density, g is gravitational acceler-
ation, and 87(¢”, Ac) is a top-hat function of ¢’ which is
zero except in the interval o £ Ao/2, where it has unit
value (see, e.g., Speer and Tziperman 1992; Marshall
et al. 1999). This equation holds for time dependent as
well as steady flows (e.g., Marshall et al. 1999) because
A’ is the instantaneous bounding surface. Positive F cor-
responds to transformation toward increasing density.

The net water mass formation (destruction) rate FR
resulting from the air—sea buoyancy fluxes in the density
layer o = Ao7/2 is obtained as the difference of the trans-
formation rates at the two isopycnal surfaces bounding
this isopycnal layer:

fR=F<a+%>—F<a—%), )

where FR also has units of cubic meters per second.
3) FORMATION RATES BY DIAPYCNAL MIXING

Calculation of water mass formation rates using air—
sea fluxes alone, following the Walin (1982) approach,
ignores diapycnal processes [e.g., Equation (2)]. At the
largest global spatial scales, the isopycnal layers are
completely closed at the surface, and any net formation
or destruction by air-sea fluxes at the sea surface must
be balanced by diapycnal processes. Calculation of these
rates yields a diagnosis of globally averaged diapycnal
diffusivity for the given isopycnal (e.g., Zhang and
Talley 1998). Because SOSE provides consistent air—
sea fluxes, velocity, and temperature/salinity fields,
and includes the relevant diapycnal processes, we can
estimate the effect of diapycnal processes by quanti-
fying the proportion of SAMW that is formed (or
destroyed) in the ocean interior, separate from air-sea
fluxes. To do this, we calculate the volume transport
between the Southern Ocean and the rest of the ocean
across 30°S (section 5a), and the internal storage in
isopycnal layers (section 5b), which is nonzero be-
cause the SOSE runis only two years and the system is
not in steady state. The difference between the air—
sea flux formation rate and the export of water in a
given density range corrected for internal storage is
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equal to the rate of gain or loss owing to diapycnal
mixing (section 5c).

Volume transport V in isopycnal layers across a verti-
cal section is calculated as

V(O’Hi%) =—” vdA, (6)
0,%(Ad/2)

where o is potential density anomaly referenced to the
surface, v is the velocity component perpendicular to
the section, and dA is the area of the vertical section
bounded above and below by the isopycnals oy = Ao/2.
Here, V has units of cubic meters per second. In our
calculation the width of density bins Ao is 0.1 kg m .
Both v and o are five day averages of SOSE output.

The interior storage rate dV[op=(Ad/2),t]/dt for each
of the two years is the change in volume V of each
isopycnal layer from the beginning to the end of each
year of the SOSE simulation. Finally, the rate of for-
mation or destruction due to the diapycnal mixing
0’D[oy+(Ac/2)]/d0? [from Egs. (2) and (5)] is estimated
considering the volume budget of each density layer
(o) *Ao/2:

Ao
6V<0'6 * B

) Ao
= + )+ FR+
- v<ag 2) R+DR, (7)

where dV[op*(Ac/2),t]/dt is the storage rate, V[op=*
(Ao/2),1] is the volume transport in (or out of) the same
isopycnal layer in the relevant ocean sector (meridio-
nally across 30°S and zonally into and out of the ocean
sector) [Eq. (6)], where positive (negative) transport is into
(out of) the relevant ocean sector, and FR is forma-
tion by air-sea fluxes [Eq. (5)]. DR is the diapycnal
mixing equivalent to R, and, from Egs. (2) and (5),

is given by
Ao oD Ao

DR = D (0’ +
Jo

Since the terms comprising D have not been archived
for the SOSE simulation analyzed here, we can calculate
the net formation/removal rate DR due to the diapycnal
mixing from Eq. (8), but we cannot determine the
dynamical source of the mixing (e.g., boundary layer
dynamics, eddy stirring, wave breaking, wind mixing).

3. SAMW spatial distribution and properties

Before estimating the formation rates, we examine
the distribution of SAMW (and AAIW) in SOSE. The
high spatial resolution of SOSE provides much greater
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FIG. 3. Potential vorticity given by Eq. (9) [10™'? (m s) "], on constant ¢, surfaces ranging from (a)—(f) 26.50 to
26.75 with the contour increment of 0.05, averaged over years 2005 and 2006 from SOSE. Black line is the 300-m
contour of September mixed layer depth from Dong et al. (2008). Thick gray line is the climatological position of the
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SAF given by Orsi et al. (1995).

detail than previously published maps based on hydro-
graphic profile data; the bulk SAMW properties in SOSE
are comparable to previously-published descriptions.
Mode water is a thick layer of nearly homogeneous
water extending over a large area, usually situated be-
tween the seasonal and the main pycnoclines (e.g.,
Hanawa and Talley 2001). Because of its vertical ho-
mogeneity, mode water is characterized by low potential
vorticity (PV). Neglecting relative vorticity, PV is

PV = (flp,)op,/oz, 9)

where f is the Coriolis parameter and py = oy +
1000 kg m~?is the potential density. The PV values that
define the boundaries of specific mode waters in the
literature are generally obtained empirically from ob-
servations. Following their eastward evolution along the
ACC, we describe the Indian and then the Pacific Ocean
SAMW distributions, and then briefly the South At-
lantic’s much weaker (relatively high PV) SAMW (e.g.,
McCartney 1982; Hanawa and Talley 2001).

a. Indian Ocean

Mode Water properties overall in the south Indian
Ocean range from o, = 26.5 to 26.9 kg m >, including
both Subtropical Mode Water and SAMW (Fine 1993;
Wong 2005). Two major types of SAMW are identified:
a lighter and less well-developed SAMW (relatively
higher PV) in the west, with oy = 26.70 kg m >, origi-
nating in the Subantarctic Zone between 70° and 80°E,
and a stronger (lower PV) type of SAMW in the east,
with oy = 26.85 kg m >, originating in the Subantarctic
Zone between 100° and 110°E (McCartney 1982) (Figs. 3¢
and 4b). The denser SAMW is the southeast Indian
SAMW (SEISAMW), which originates from especially
deep mixed layers. After subduction it remains the most
well developed and pervasive mode water in the Indian
Ocean, and in fact is one of the dominant mode waters
of the global ocean (e.g., McCarthy and Talley 1999;
Hanawa and Talley 2001).

Deep winter mixed layers north of the Subantarctic
Front, which are the source of SAMW, deepen toward
the east in the Indian Ocean [evident in the Dong et al.
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FIG. 4. As in Fig. 3, but showing o surfaces ranging from (a)—(f) 26.80 to 27.05.

(2008) climatology superimposed in Figs. 3 and 4], with
an especially large increase east of Kerguelen Plateau,
becoming more than 500-550-m deep south of Tasma-
nia. Using the 95% oxygen saturation depth as proxy for
the mixed layer depths, Talley (1999) showed an abrupt
onset of high oxygen and deep mixed layers in the cen-
tral Indian Ocean east of Kerguelen Plateau, at 50°-
60°S, 80°E. Very low PV in the annual mean SOSE so-
lution coincides with these very deep austral winter
mixed layers (Figs. 3f and 4a).

In SOSE the very low PV of SEISAMW is well de-
picted, as is the congruence between the location of
lowest PV on the representative SEISAMW isopycnals
op = 26.75 and 26.8 kg m > and the location of deep
winter mixed layers north of the Subantarctic Front
(from Dong et al. 2008) (Figs. 3f and 4a). The low PV
distribution on the oy = 26.8 surface closely resembles
that shown in McCarthy and Talley (1999), with PV
values of about 40 X 1072 (ms) "

The SOSE representation of SEISAMW potential
temperature and salinity (Fig. 5) is consistent with
Thompson and Edwards (1981), Talley (1999), and
Dong et al. (2008), among others. Thompson and
Edwards (1981) observed winter formation of SEISAMW

with potential temperature 8°-9°C, salinity 34.55, and
op = 26.85 kg m . For comparison, at o = 26.8 and
26.9 kg m >, SOSE potential temperature is 8°-9°C
and salinity is 34.6-34.7.

b. Pacific Ocean

As originally described in McCartney (1977), SAMW
density increases progressively eastward from the western
Indian Ocean to the southeast Pacific Ocean, where
the southeast Pacific SAMW (SEPSAMW) is formed
(Figs. 4e,f from SOSE). SEPSAMW is the densest va-
riety of SAMW. The lowest values of PV associated with
the global distribution of SAMWs, less than ~20 X
1072 (m s) ™', are found in the southeast Pacific. Low
PV values and deep winter mixed layers result from
strong wintertime convection, which was observed di-
rectly in 2005 (e.g., Sloyan et al. 2010; Holte et al. 2012).
McCartney (1977, 1982) and Piola and Georgi (1982)
showed that SEPSAMW lies in the oy range 27.05—
27.1 kg m . In SOSE, the lowest PV, characteristic of
SEPSAMW at oy = 27.0 kg m™~3, lies west of the south-
west corner of Chile and protrudes northwestward into
the subtropical gyre (Figs. 4e.f), reflecting subduction and
advection.



JuLy 2013

0 60E

120E 180 120W 60W 0

CEROVECKIET AL.

. Depth (m) 0,.=26.9

1493

0 60E 120E

180 120W 60W 0

6 60E 120E 180 120W 60W 0

120E 180 120W 60W 0

0 60E

0 60E 120E 180 120W 60W 0

FIG. 5. (a),(b) Isopycnal distribution of depth (m), (c),(d) potential temperature (°C), and (e),(f) salinity averaged
over years 2005/06 from SOSE at: (left) oy = 26.8 and (right) 26.9. Thick line is the climatological position of the SAF

(Orsi et al. 1995).

On all isopycnals in Fig. 6, the lowest salinity is in the
southeastern Pacific east of ~120°W, where PV is also
lowest. The lowest PV is at oy = 27.0 and 27.1 kg m >,
marking the SEPSAMW (Figs. 6e,f), which is the dens-
est SAMW. Its potential temperature and salinity are
4°-6°C and 34.0-34.3, consistent with the 4°-5°C and
salinity of 34.2 summarized by Hanawa and Talley (2001).
The associated isopycnal depths of 600-700 m agree
with the inferred maximum depth of convection of more
than 600 m in this region based on oxygen (Tsuchiya and
Talley 1998); mixed layer depths of 550 m were ob-
served directly in winter 2005 (Holte et al. 2012). This
coldest, freshest, and densest SAMW is associated with
AAIW (McCartney 1977), which is the vertical salinity
minimum of the Southern Hemisphere. A portion of
AAIW subducts northward into the South Pacific sub-
tropical gyre and a portion of AAIW proceeds eastward
into the Drake Passage (McCartney 1982; Talley 1996).

The eastward increase of SAMW density from the
western Indian to the eastern South Pacific is also evi-
dent in vertical sections of PV at various latitudes (Fig. 7).
The SEISAMW low PV pool at oy = 26.8 kg m >

extends eastward from south of Australia to the central
South Pacific, whereas the SEPSAMW low PV pool at
op = 27.0 kg m ™ is located west of Chile.

c. Atlantic Ocean

In comparison with the Indian and South Pacific, the
South Atlantic forms only lighter mode waters, centered
at oy from 26.5 to 26.7 kg m > (Figs. 3b,c), and con-
centrated in the southwest; these have been considered
to be either SAMW associated with the multiple fronts
of the Malvinas-Brazil Current and the Subantarctic
Front (McCartney 1977, 1982; Tsuchiya et al. 1994) or
Subtropical Mode Waters associated with the Brazil
Current (Provost et al. 1999). The South Atlantic mode
waters are much weaker (higher PV) than the Indian or
South Pacific SAMWs, as seen from the weaker low PV
pool on these isopycnals (Figs. 3a—e).

The ridge of low PV in the Atlantic at o from 27.0 to
27.3 kg m 3 (Figs. 7b,c) is the SEPSAMW/AAIW from
the southeastern Pacific, which is modified by air-sea
buoyancy fluxes and mixing through the Drake Passage
and the Malvinas Current. The result is a denser variety
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FIG. 6. As in Fig. 5, but for (left) oy = 27.0 and (right) 27.1.

of AAIW in the Atlantic compared to the Pacific (e.g.,
Piola and Georgi 1982; Talley 1996), which is also evi-
dent in our Fig. 6f.

4. SAMW transformation and formation by air-sea
buoyancy fluxes

To estimate global SAMW formation by air-sea
buoyancy fluxes, we use the five-day-averaged air-sea
buoyancy flux and sea surface density fields from SOSE
(south of 24.7°S, years 2005/06, considering oy, <
27.1 kg m ) as input in the Walin analysis (section 2).
The buoyancy flux was integrated over the individual
five-day averaged outcrop windows [Eq. (4)], with out-
crop windows of width A = 0.1 kg m ™. These five-day-
average transformation rate estimates were subsequently
averaged over one year. Formation rates were then
calculated as the difference of the transformation rates
at the two isopycnal surfaces bounding each isopycnal
layer [Eq. (5)].

We first estimate global transformation and formation
rates for the entire Southern Ocean (section 4a), con-
sidering the isopycnal outcrops that cover not only the

0 60E 120E 180 120W 60W 0

 G= 27..1

0 60E 120E 180

120W  60W 0

120E 180

0 60E 120W  60W 0

deep mixed layer regions where the low PV SAMWs
originate but also all of the remaining circumpolar re-
gions. We refer to these global calculations as “forma-
tion in the SEISAMW/SEPSAMW density range.” To
diagnose regional processes, we second consider trans-
formation and formation in individual ocean sectors,
integrating the air-sea fluxes in each ocean, and ad-
justing the rates for the zonal transports between the
ocean sectors within the isopycnal layers. Divisions
between the oceans are taken at 150°E, 70°W, and
20°E. In both the global and regional estimates we
consider isopycnal outcrop windows 0.1 kg m > wide,
centered at the SEISAMW density (26.75 < gy <
26.85 kg m?), SEPSAMW density (26.95 < oy <
27.05 kg m %), and South Atlantic SAMW density
(26.45 < 07y < 26.55 kg m>). Finally, to better describe
the flux processes in the lowest PV/deepest mixed layer
regions and which are therefore associated with SAMW
formation per se, we describe the geographic distribu-
tion of transformation and formation using maps (sec-
tion 4c). Throughout this section, we report formation
rate estimates in pairs, for year 2005, followed by the
estimate for year 2006. The associated uncertainty comes
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primarily from errors in air—sea buoyancy flux fields, and
to a lesser extent from biases in the sea surface density
distribution. It was shown in Cerovecki et al. (2011) that
SOSE estimates of air-sea buoyancy fluxes are within
the range of the other commonly used air—sea buoyancy
flux products, but since the air—sea buoyancy flux esti-
mates in the Southern Ocean are poorly known (e.g.,
Bourassa et al. 2013), there is no “truth” to use as a
reference for air-sea buoyancy fluxes (e.g., Taylor 2000).
This renders it difficult to make quantitative error
estimates.

a. SAMW transformation and formation by surface
heat and freshwater fluxes

The most important feature of the annually averaged
transformation rates is ocean buoyancy loss (becoming
more dense, with positive transformation rates) at lower
densities and buoyancy gain (becoming less dense with
negative transformation rates) at the higher densities
shown in Figs. 8a,c,e. At the lower densities, which
outcrop in the subtropics, the net buoyancy loss was
predominantly due to ocean heat loss, although net
evaporation also contributed. In the SAMW density
range (26.5-27.1 kg m~?), freshwater input (net pre-
cipitation) contributed to buoyancy gain in both years,

but the heat flux changed sign: net heat loss in 2005, and
net heat gain in 2006. As a result, in 2005, the ocean lost
buoyancy at densities up into the SAMW range oy <
26.85 kg m >, while in 2006 ocean buoyancy loss was
confined to densities lighter than oy = 26.1 kg m ™. In
both years, freshwater gain was principally responsible
for buoyancy gain at higher SAMW densities, although
heat gain also contributed in 2006. This counterintuitive
result, that even at these high latitudes buoyancy gain
owing to both freshwater and heat gain is integral to
global (circumpolar) transformation of water in the
SAMW density range, has been described previously
(Speer et al. 2000; Sloyan and Rintoul 2001a; Sallee et al.
2010).

Formation occurred in both years throughout the
SAMW density range. The largest rates, at oy = 26.8 and
27.0 kg m 3, correspond to SEISAMW and SEPSAMW
(section 3) (Figs. 8b,d,f). There were also smaller forma-
tion peaks at oy = 26.5 and 26.2 kg m >, corresponding to
South Atlantic SAMW and Subtropical Mode Water.
Both freshwater fluxes and heat fluxes contributed to the
formation. Because of monotonically larger freshwater
gain with increasing density (i.e., farther poleward),
differential freshwater input to the ocean contributed
to formation throughout the SAMW density range. In
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FIG. 8. The global ocean (south of 24.7°S) (left) transformation and (right) formation rates (Sv) from five-day-averaged
SOSE heat flux (HF—positive values correspond to ocean heat loss, ocean density increase), freshwater heat-equivalent
flux (FWF-positive values correspond to freshwater loss by evaporation, ocean density increase), and buoyancy heat-
equivalent flux (shown in Fig. 1, BF) and sea surface density, subsequently averaged over years (top) 2005, (middle) 2006,
and (bottom) 2005/06. A positive transformation rate corresponds to conversion of light water into denser water across
a given isopycnal 0. Dark vertical lines mark the oy values of southeast Indian SAMW (26.8) and southeast Pacific

SAMW (27.0); light vertical lines show the limits of the corresponding outcrop windows, each 0.1 o, wide.

general, SAMW formation due to freshening was com-
parable in magnitude to SAMW formation (or destruction)
because of heat flux.

1) FORMATION IN THE SEISAMW DENSITY
RANGE

Globally the net formation by air-sea buoyancy fluxes
for the narrow SEISAMW density range oy = 26.75—
26.85 kg m > was (5.6,8.2) Sv (1 Sv=10° m® s !; Fig. 8
and Table A1); the first number in parentheses is for
2005 and the second is for 2006, here and throughout. In
both years, freshwater gain was stronger at higher den-
sities so that more (denser) water was transformed into
the SEISAMW range than was transformed out of the
range, yielding (1.8, 4.0) Sv of the total SEISAMW

formation in (2005, 2006). Heat flux contributed to for-
mation in both years, but for different reasons: in 2005,
3.8 Sv were formed from excess ocean heat loss of
lighter waters relative to denser waters, and in 2006,
4.2 Sv were formed by excess ocean heat gain from
denser waters relative to lighter waters.

Regionally, when Walin integration is performed only
over the Indian Ocean sector with adjustment for iso-
pycnal layer transport into and out of the sector, we still
find that water in the SEISAMW density range was
formed from denser water through buoyancy gain in
both years. But within just the very lowest PV region
indicating the source region of the true mode water,
formation maps (section 4c) show that buoyancy loss
(due to cooling) dominates the formation locally, in both
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FIG. 9. (left) Transformation and (right) formation rates (Sv), using five-day-averaged SOSE buoyancy heat-
equivalent flux (whose annual average is shown in Fig. 1) and sea surface density for (top) 2005, (middle) 2006, and
(bottom) average over both years, as in Fig. 8. Shown are the estimates for the global ocean south of 24.7°S as well as
for the three individual ocean basins: Pacific, Indian, and Atlantic, where transports through the lateral sides of each

ocean region in the uppermost layer of SOSE have been taken into account.

years. This comparison illustrates the high regional varia-
blity emphasized, for example, by Sallee et al. (2010).

2) FORMATION IN THE SEPSAMW DENSITY
RANGE

Globally, in both years, water in the SEPSAMW
density range oy = 26.95-27.05 kg m > was formed
through buoyancy gain from denser water. In 2005,
freshening and cooling contributed 3.6 and 2.7 Sv,
respectively. In 2006, freshening formed 4.0 Sv, while
0.8 Sv were destroyed by heat gain. The net forma-
tion was 6.3 Sv in 2005 and 3.2 Sv in 2006 (Fig. 8 and
Table Al).

In contrast to this global estimate, SEPSAMW within
the Pacific Ocean sector, as well at its lowest PV source
region (section 4c), was predominantly formed from
lighter water by buoyancy loss due to cooling. This is

also true for the full SAMW density range within the
Pacific (Fig. 9).

3) FORMATION IN THE SOUTH ATLANTIC SAMW
DENSITY RANGE

Winter mixed layers are much shallower in the At-
lantic sector of the Southern Ocean than in the Indian
and Pacific sectors, resulting in weaker South Atlantic
SAMW (Figs. 3a—e) (Tsuchiya et al. 1994; Provost et al.
1999). The global formation rates have a peak in 2006
(but not in 2005) at the density of South Atlantic mode
water (o9 = 26.5 kg m ) (Fig. 8). In 2006, this formation
was from denser waters converted to SAMW through
freshening and heat gain that were both more intense at
higher densities.

Regionally, when the Walin integration is performed
only over outcrops in the Atlantic sector, with corrections
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for isopycnal layer transports in and out of the sec-
tor, the result is similar: formation of South Atlantic
SAMW from denser water through buoyancy gain
(Fig. 9).

b. Comparison with recent global Walin formation
rate estimates

The overall pattern of buoyancy gain (rather than
buoyancy loss) due to freshening, and to a lesser extent
heat gain, over the SAMW outcrop windows agrees with
numerous previous studies (Marsh et al. 2000; Speer
et al. 2000; Karstensen and Quadfasel 2002; Sallee et al.
2010). We compare our formation estimates with several
recent estimates also obtained using the Walin method.
Badin and Williams (2010), using two different air-sea
flux climatologies, showed a transformation from dense
to light water in the SAMW o, range 26.8-27.2 kg m >,
whereas lighter waters (25.0 < oy < 26.5 kg m>), out-
cropping farther equatorward, were transformed to
denser waters by ocean heat loss. They estimated 16 Sv
of formation of light water at oy = 26.6 and 15 Sv of
destruction of dense water at oy = 27.0 emphasizing that
the balance of freshwater and heat components differed
in the three flux datasets.

Using a coarse resolution (2° X 2°) global coupled ice—
ocean model, Tudicone et al. (2008a) found that south of
50°S the heat flux is uniformly close to zero or slightly
positive (ocean heating) and the buoyancy flux is dom-
inated by freshening. Their associated Walin analysis
yielded formation of 40 Sv in the broad o range of 26.0—
27.2 kg m >, of which 12 Sv were formed by ocean heat
loss from thermocline water (with oy < 26.0 kg m™?),
while 28 Sv of the denser varieties of mode water were
formed by freshening of denser waters. For comparison,
averaged over 2005/06, SOSE formation of water in
the o range 26.0-27.2 kg m > is 6.6 Sv, with 11.0 Sv
formed by freshwater flux (almost entirely by fresh-
ening of denser water) and 4.4 Sv destroyed by air-sea
heat flux (almost entirely because of ocean heat loss,
transforming more water out of than into the SAMW
density range).

SOSE formation is thus weaker than Iudicone et al.’s
(2008a) model-based result, and also weaker than Downes
et al.’s (2011) results from the global 1°ECCO model
and three free-running coupled climate models, which
produced 26-51 Sv in the o, range 26.0-27.2 kg m >
The SOSE estimates of mode water formation are
smaller because SOSE’s adjusted surface fluxes show
much weaker ocean heat loss over the whole Southern
Ocean and lower precipitation in the polar regions
compared to the other widely used air-sea flux products,
such as NCEP1, ERA-Interim, and LY09 (Cerovecki
et al. 2011), resulting in smaller differential cooling and
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freshwater gain over the outcrops bounding the wide
SAMW density range considered in the other studies
(0p = 26.0 and 27.2 kg m ) (see also the appendix).

The SAMW formation rate diagnosed from SOSE is
closer to that diagnosed by Marsh et al. (2000) from
a global isopycnal general circulation model. They es-
timated 11 Sv of SAMW formation in the circumpolar
zone 25°—42.5°S primarily resulting from surface cooling,
whereas south of 42.5°S water mass transformation in
the SAMW density range was due to buoyancy gain
(freshening dominating over cooling), which together
with equally important diapycnal mixing formed a net
4.5 Sv of dense SAMW and AAIW.

Although the rates differ, the patterns of transfor-
mation in SOSE and in these other results are similar,
with water in the SEPSAMW and SEISAMW density
ranges formed mainly through buoyancy gain due to
freshening and to a lesser extent heat gain, while lighter
waters (with oy < 26.2 kg m>) were formed through
heat loss and evaporation.

c. Seasonal and geographic distributions of SAMW
formation

The seasonal cycle of buoyancy gain and loss for each
global density outcrop is depicted through monthly av-
erages of the five-day-averaged transformation rate es-
timates from section 4a (Fig. 10). From April through
September (austral winter), transformation rates are
positive (the ocean loses buoyancy), while from October
through March (austral summer), transformation rates
are negative (the ocean gains buoyancy), as expected.
Transformations resulting from winter cooling and
summer warming, whose magnitude reaches more than
200 Sv at the lower densities shown in Fig. 10, nearly
cancel, so that the annually averaged transformation
rates, of less than 10 Sv, are much smaller than the
monthly mean rates.

Following Brambilla et al. (2008) and Maze et al.
(2009), we next consider geographical maps of trans-
formation and formation for different seasons and the
annual mean, which provide more physical understand-
ing of the water mass formation process. Figures 11 and
12 show that both the SEISAMW and SEPSAMW
outcrop windows move poleward in summer (October—
March) and equatorward in winter (April-September),
as expected.

The strongest local transformation of water into
the SEISAMW density range is due to large ocean
buoyancy loss during austral winter south of Australia
and New Zealand as well as in the central South Pa-
cific (Figs. 11c,e). Here more water is added at oy =
26.75 kg m > than is removed at o, = 26.85 kg m ™ (cf.
Figs. 11c,d), resulting in SEISAMW formation (Figs. 13c,e).
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FIG. 10. Monthly mean estimates of (left) transformation and (right) formation (Sv), using SOSE five-day-averaged
buoyancy flux (shown in Fig. 1) and sea surface density. Estimates are for the global ocean south of 24.7°S, time-
averaged for 2005/06. Red lines show transformation and formation rates averaged over 2005/06, identical to the black

lines in Figs. 8e.f.

These SEISAMW formation regions coincide with the
location of deepest winter mixed layers (Dong et al.
2008) and the lowest PV pools in the SEISAMW density
range (Figs. 4a—c).

The southeast Pacific is another region with strong
winter transformation of water into the SEISAMW
density range by ocean buoyancy loss, which, however,
removes more water out of the SEISAMW density
range (to become denser than o, = 26.85 kg m ) than
adds by the transformation of lighter water (with oy <
26.75 kg m°) into the SEISAMW density range,
yielding net destruction of water in the SEISAMW
density range in this region (Fig. 13c).

In the SEPSAMW formation region off the coast of
Chile, air-sea buoyancy (heat) loss transforms more
water into than out of the SEPSAMW density range
(Figs. 12¢,d), yielding SEPSAMW formation (Figs. 13d,f).
The SEPSAMW formation region coincides with the
location of deep winter mixed layers (Dong et al. 2008
contours shown on the maps).

The transformation and formation maps thus reveal
information that the integrated global Walin calculations
obscure. For both SEPSAMW and SEISAMW, differ-
ential buoyancy loss leads to formation of water in the
region of the lowest PV SAMWs; the transformation
maps show that at the SAMW formation sites in the
southeast Indian and southeast Pacific Ocean marked by
lowest PV, these water masses are formed only from
lighter water by strong ocean buoyancy (heat) loss in
austral winter. For SEPSAMW, conclusions from the
maps match the Pacific-wide Walin calculation, with
the most developed (lowest PV) SEPSAMW formed
through buoyancy loss, even though the global Walin
calculation yields formation of SEPSAMW density class
water through buoyancy gain. For SEISAMW, in con-
trast, both the Indian-only and global Walin calculations
show that SEISAMW density class water is formed by
differential buoyancy gain, dominated by freshwater
gain, whereas the lowest PV pool is associated with
buoyancy loss resulting from cooling.
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FIG. 11. Average transformation rates for SEISAMW [(left) o = 26.75 and (right) 26.85; Sv m 2] for 2005/06 for
(top) October—March, (middle) April-September, and (bottom) the annual average. Positive values indicate that the
water is becoming denser. The black lines are the 300-m contour of September mixed layer depths from Dong et al.
(2008), and the gray line is the climatological position of the PF (Orsi et al. 1995).

5. SAMW volume budget

The formation/destruction rate associated with dia-
pycnal mixing within the Southern Ocean south of 30°S
is the difference between the storage (volume change)
(section 5b), and volume transport across 30°S (section
Sa), and air-sea flux formation [Eq. (7)]. The short-
coming of this method is that it does not provide in-
formation about where mixing takes place geographically,
how deep it occurs in the water column, or which physical
processes are responsible for this mixing. We consider this
budget not only for the Southern Ocean as a whole, but
also in the Indian, Pacific, and Atlantic sectors individually.

a. Volume transport across 30°S and between ocean
sectors

Volume transport across the complete 30°S section
(Fig. 14a and Table 1) is divided into southward transport

of upper thermocline water at densities lower than oy =
25.5 kg m > and net northward transport of 31.0 Sv of
the subducted, denser underlying layer at higher densi-
ties, where the maximum density considered here is
27.1 kg m ™ for reasons described in section 2b. This
northward transport is distributed over all three ocean
sectors. The globally integrated northward transport
peaks at oy = 26.6-26.8 kg m >, due to the northward
transport of SEISAMW in the Indian Ocean, and re-
mains high at the higher densities of SEPSAMW in the
Pacific, and of AAIW in the Atlantic. In Talley (2003,
2008) (Table 1), the crossover between southward and
northward transport was at a higher density (oy from
26.4 to 26.5 kg m ) than in SOSE. SOSE’s northward
transport between oy = 25.5 and 25.8 kg m > mostly lies
in the Pacific, associated with the Subtropical Mode
Water of the East Australian Current (Roemmich and
Cornuelle 1992), and its northward transport between
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FIG. 12. As in Fig. 11, but for SEPSAMW: (left) o;p= 26.95 and (right) 27.05.

op = 25.8 and 26.6 kg m > mostly lies in the Atlantic
associated with the Subtropical Mode Water of the
Brazil Current (Provost et al. 1999).

Focusing on SAMW transports in the oy range 26.7—
27.0 kg m >, SOSE’s northward transport is similar to
Talley’s (2003) in all ocean sectors. SOSE’s transport in
the Pacific (4.6 Sv) and Atlantic (4.4 Sv) sectors agree
well with Talley (2003) values 2.2 and 4.1 Sv, respec-
tively (Table 1). In the Indian Ocean, both Talley (2003)
and SOSE yield northward transport of 1.5 Sv in
the lighter SEISAMW o, range 26.7-26.89 kg m >, and
southward transport in the denser o, range 26.89—
27.0 kg m 3, lying between SEISAMW and AAIW
(—1.5 and —1.1 Sy, respectively).

Also, estimates of Tudicone et al. (2008a,c) of north-
ward transport across 30°S in the o, range 26.0—
27.2 kg m > (7.2, 2.7, and 9.5 Sv in the Pacific, Indian,
and Atlantic) are similar to the corresponding SOSE
estimates of 7.9, 3.1, and 14.5 Sv, respectively (Table 1).

Between the ocean sectors, the eastward flow of
SAMW (0, = 26.7-27.1 kg m>) is the strongest from

the Indian to the Pacific (43 Sv) (Figs. 14 e-g; Table 2). It
decreases to 36 Sv from the Pacific to the Atlantic
Ocean and further to 26 Sv from the Atlantic to the
Indian. This pattern reflects the dominance of SAMW
formation in the southeast Indian Ocean.

b. Storage rate in isopycnal layers

A nonzero storage rate (volume change) [Eq. (7)] is
a consequence of the nonstationarity of this 2-yr esti-
mate. The rates of volume change each year were
comparable to the formation, advective export, and
destruction rates (Figs. 14h-k compared with the ad-
vective transports in Figs. 14a—g). Volume loss occurred
at the SAMW and AAIW densities (o, range 26.4—
27.0 kg m?), with compensating volume gain pre-
dominantly at higher densities (Fig. 14h). Volume
decrease was large in the Indian and Pacific, with a
small volume increase in the Atlantic (Table 2). Maps
of volume loss (not shown) show that the loss tends
to be localized in the regions of lowest PV SAMW.
Details of storage rates are provided in the next section
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FIG. 13. Average formation rates for (left) SEISAMW (o = 26.8) and (right) SEPSAMW (0y = 27.05) in Sv m ™2,
for (top) October—March, (middle) April-September, and (bottom) the annual average. These maps are obtained by
subtracting the transformation rate maps shown in Figs. 11 (op = 26.85 minus oy = 26.75) and 12 (y = 27.05 minus
oy = 26.95), respectively. The black and gray lines are as in Fig. 11.

as they are required for calculation of the diapycnal
mixing rate.

c. SAMW formation/destruction budgets south of

30°S

We show here that water mass formation/destruction
owing to diapycnal diffusive fluxes [D term in Eq. (2)]
are comparable in magnitude to the air-sea flux for-
mation rate, export transports, and storage rates; all
contribute to the SAMW budget. Elevated diapycnal
mixing is expected within and in the proximity of the
surface mixed layer, where effective diffusivities are
enhanced as shown from model results (Marshall et al.
1999; Tudicone et al. 2008b) and observations (e.g.,
Waterman et al. 2013). Similarly, Naveira Garabato
et al. (2003) shows that the diapycnal transformation
of SAMW in the Scotia Sea is primarily driven by
upper-ocean mixing processes (while the topographically

induced mixing transforms denser water masses found
15002000 m above the ocean floor). Observations also
show enhanced diffusivities in the regions close to the
strong ACC fronts (Sloyan et al. 2010; St. Laurent et al.
2012).

We first consider the broad o range 26.5-27.1 kg m >,
which includes all varieties of SAMW discussed in sec-
tion 4, both in terms of the global (circumpolar) out-
crops and in each ocean sector separately (Tables 2
and 3; Fig. 15). We then highlight narrow density ranges
of the SEISAMW, SEPSAMW, and the weaker South
Atlantic SAMW (Table 3).

1) SOUTHERN OCEAN AS A WHOLE

Considering the global SAMW budget south of 30°S,
net formation in the density range 26.5-27.1 kg m > was
(13.2,6.8) Sv for (2005, 2006) (Table 2a). The northward
transport across 30°S was (18.2,17.1) Sv and the volume
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FIG. 14. (a)-(d) Meridional volume transport (Sv) across 30°S, (e)—-(g) zonal transport between the individual ocean sectors, and
(h)-(k) storage rate for period 2005/06. Note different scales in (a)-(d) and (e)—(k). Positive transport is northward in (a)—(d) and
eastward in (e)—(g). The longitude bounds are: 150°E-70°W for the Pacific sector, 70°W-20°E for the Atlantic sector, and 20°-150°E for

the Indian sector.

decreased at a rate of (—19.3, —22.9) Sv. Therefore
approximately (14.5,12.6) Sv of SAMW was removed by
diapycnal mixing (Fig. 15a).

In the narrower density range (oy = 26.7-27.1 kg m )
the balance is similar. Air-sea buoyancy fluxes formed
(13.5, 1.9) Sv (Table 2b). Combined with the northward
transport of (13.4, 12.6) Sv across 30°S, and a storage rate
of (—7.8, —23.3) Sv, diapycnal mixing removed SAMW
at a rate of (7.9, 12.6) Sv predominantly in the Pacific
Ocean.

Thus, air-sea fluxes and diapycnal mixing play equally
important roles in the SAMW budget. We might con-
clude that the overall SAMW budget of formation and
destruction is nearly closed south of 30°S. However,
since the northward transport of SAMW out of the
Southern Ocean and the rate of volume loss are similarly

large, it is difficult to speculate about which terms would
balance in a long-term climatological mean for which
the storage rate should be negligible.

2) INDIAN OCEAN

In the Indian Ocean, SAMW in the broad o, range
26.5-27.1 kg m 2 is formed predominantly by buoyancy
gain from denser water (9.4, 10.9) Sv. Advection im-
ports (29.8, 27.9) Sv from the Atlantic, exports (45.3,
45.1) Sv eastward to the Pacific (Table 2a; Figs. 14e,g),
and exports a much smaller (3.6,2.9) Sv northward across
30°S. Thus overall, transports out of the Indian Ocean
exceed import by (19.1,20.1) Sv, which can be associated
with the large SEISAMW formation compared with
SEPSAMW and South Atlantic SAMW formation. Taken
together with formation of (9.4, 10.9) Sv by air-sea
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TABLE 1. Time averaged (2005/06) meridional volume transport
estimates (Sv) across 30°S from SOSE compared with Talley (2003)
and Tudicone et al. (2008a).

Talley Tudicone et al.

Ocean (2003) SOSE (2008a,c)
sector Density range  transports transports  transports
Pacific  26.7 < 0y <27.0 22 4.6
Atlantic 26.7 < 0y < 27.0 4.1 4.4
Indian  26.7 < 0y < 26.89 1.5 1.5
Indian 26.89 < 0y < 27.0 =15 -1.1
Pacific  26.0 <oy <272 7.9 7.2
Atlantic 26.0 < 0y <272 14.5 9.5
Indian  26.0 < 0y <272 31 2.7

fluxes, and a storage rate (volume loss) of (—16.3, —12.3)
Sv, we estimate that diapycnal mixing removes (—6.6,
—3.1) Sv (Table 2a, Fig. 15b). Thus a large amount of
Indian SAMW is formed through air-sea fluxes, and
almost half of this volume is destroyed in Indian Ocean
through diapycnal mixing.

In the narrower o, range (26.7-27.1 kg m ), there is
net formation by air-sea buoyancy fluxes (8.5, 6.3) Sv,
net export of (17.1, 18.8) Sv mostly eastward to the Pa-
cific, and volume loss of (=7.3, —11.5) Sv, from which
we diagnose weak formation by diapycnal mixing (1.3,
1.0) Sv (Table 2b).

In the narrowest density range 26.75-26.85 o, asso-
ciated with the lowest PV SEISAMW, there is a net
formation by air-sea buoyancy fluxes (7.1, 7.8) Sv, and
destruction by diapycnal mixing (—5.5, —1.0 Sv; Table 3).
Zonal export to the Pacific (13.0, 12.7) Sv in this SEISAW
range remains much stronger than import from the At-
lantic (3.7, 2.7) Sv.

Largely consistent with the results presented here,
Sloyan and Rintoul (2001b) used a static inverse box
model to infer that the largest SAMW formation is in the
Indian sector of the Southern Ocean, where formation
in the o range 26.0-27.0 kg m " is from both lighter and
denser water: 4.4 = 2.0 Sv of thermocline water trans-
forms into SAMW, joined by 11.7 = 1.0 Sv of Antarctic
Surface Water, which is advected northward in the
Ekman layer, warmed, freshened, and transformed to
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SAMW densities, for a net formation of 16.1 Sv by air—
sea fluxes. They estimate 4 = 2 Sv of SAMW destruction
by diapycnal mixing as it is converted to denser water.
(In SOSE, averaged over two years in the oy range 26.0—
27.0 kg m >, 6.8 Sv are formed by air-sea fluxes, 3.5 Sv
are exported northward, 37.5 Sv are transported into the
Pacific, and 21.9 Sv are transported from the Atlantic.
Since the storage rate was —8.9 Sv, diapycnal mixing is
inferred to have formed 3.4 Sv.)

Similar to our results are also results of Marsh et al.
(2000), who analyzed a coarse-resolution (mesh 1.25°)
global isopycnal general circulation model, with pa-
rameterized eddy effects, and found that SAMW forms
predominantly in the Indian Ocean, at a rate of 20 Sv.
Similar to our results they also show that (south of 42.5°)
the effects of surface fluxes and mixing are roughly
equally important in water mass transformation in the
SAMW density range.

3) PACIFIC OCEAN

In the Pacific in the o7y = 26.5-27.1 kg m > range, air—
sea fluxes destroyed (—1.1, —4.6) Sv. This was not large
enough to balance the small net advective inflow of (1.7,
1.0) Sv, and the volume decrease at (—5.0, —12.0) Sv.
Therefore diapycnal mixing rate is estimated to have
removed (—5.6, —8.4) Sv in this density range (Table 2a,
Fig. 15c¢).

In the somewhat narrower density range (op = 26.7—
27.1 kg m %), the budget is qualitatively similar: (42.8,
42.8) Sv was transported into the Pacific from the Indian,
(35.5, 35.9) Sv was transported out to the Atlantic, and
(6.0, 5.5) Sv was transported northward, yielding a near
balance of (1.3, 1.4) Sv inflow in the Pacific. SAMW in
this range can be either formed or destroyed by air-sea
buoyancy fluxes: (2.2, —1.0) Sv. The volume loss rate
was (—5.4, —13.2) Sv, implying that (—8.9, —13.6) Sv was
destroyed by diapycnal mixing (Table 2b).

Looking at the narrowest density range (26.95 < gy <
27.05 kg m?), which is characteristic of SEPSAMW
(Table 3), air-sea buoyancy fluxes formed (5.6, 4.1) Sv.
This is unlike the net destruction or weak formation
obtained for the wider density ranges that included the

TABLE 2a. SAMW volume budget (Sv) for o, range 26.5-27.1 kg m > in each ocean sector for years 2005 (first entry) and 2006 (second

entry).
Meridional Zonal transport  Zonal transport Formation by Formation by
transport across into ocean out of an ocean  air-sea buoyancy diapycnal mixing
Ocean sector 30°S (a) sector (b) sector (c) fluxes (d) Storage rate (¢) (a—b+c—d+e)

Indian 3.6,2.9 29.8,27.9 45.3,45.1 9.4,10.9 -16.3, —12.3 —6.6, —3.1
South Pacific 6.6,6.1 45.3,45.1 37.0, 38.0 —1.1, —4.6 -5.0, —12.0 —5.6, -84
South Atlantic 7.9,8.1 37.0, 38.0 29.8,27.9 5.0,0.5 20,14 -23,-1.1
Southern Ocean 18.2,17.1 13.2,6.8 —-19.3, —=22.9 —14.5, —12.6
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TABLE 2b. SAMW volume budget for o7y range 26.7-27.1 kg m ™ in each ocean sector for years 2005 (first entry) and 2006 (second entry).

Meridional Zonal transport  Zonal transport Formation by Formation by
transport across into ocean out of an ocean  air-sea buoyancy diapycnal mixing
Ocean sector 30°S (a) sector (b) sector (c) fluxes (d) Storage rate (¢) (a—b+c—d+e)
Indian 1.5,1.0 27.2,25.0 42.8,42.8 8.5,6.3 =73, -11.5 1.3,1.0
South Pacific 6.0,5.5 42.8,42.8 35.5,35.9 22,-1.0 —54,-132 —8.9, —13.6
South Atlantic 5.9,6.1 355,359 27.2,25.0 2.8, -34 48,14 -0.4,0.0
Southern Ocean 13.4,12.6 13.5,1.9 -7.8,—23.3 -7.9, —12.6

inflowing SEISAMW, which is partially destoyed in the
Pacific through air—sea fluxes (likely through conversion
to SEPSAMW). Net advective export was (—8.7, =7.7) Sv,
and the volume decrease was (—2.6, —4.8) Sv. The di-
agnosed diapycnal nearly zero formation or destruction
is therefore (0.5, —1.2) Sv.

As in SOSE, Sloyan and Rintoul (2001b) inferred
strong destruction in the broad o7 range 26.0-27.0 kg m >
by diapycnal mixing in the Pacific: 8 Sv of cold and fresh
SAMW was transformed to thermocline water by a com-
bined effect of air—sea buoyancy fluxes and diapycnal

fluxes, and 10.4 *= 2.0 Sv of SAMW was transformed
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FIG. 15. Average (2005/06) net transports south of 30°S in isopycnal layers 0.1 kg m ™ wide for (a) Southern Ocean
(sum of all sectors), (b) Indian Ocean, (c) South Pacific, and (d) South Atlantic, showing zonal transport (Sv) in and
out of each ocean sector, meridional transport (Sv) across 30°S, formation by air-sea buoyancy fluxes estimated from

Walin analysis, and the residual transport, which is ascribed

to the effects of diapycnal mixing on volume balance in

that isopycnal layer; colors are indicated in the legend. Positive transports are transports into the ocean basin and
negative transports are out of the ocean basin. The storage term is —dV/dt where V is total volume, plotted with

a negative sign to emphasize the full balance of terms. The

budget is estimated from Eq. (7).
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TABLE 3. As in Table 2, but for narrow density ranges characteristic of the more prounounced SAMWs, and within individual ocean
sectors. Volume budget (Sv) for SEISAMW (o, range 26.75-26.85 kg m >), SEPSAMW (o range 26.95-27.05 kg m~>) and South
Atlantic SAMW (Atlantic sector) (o7 range 26.55-26.65 kg m ) for years 2005, 2006.

Meridional Zonal transport Zonal transport ~ Formation by Formation by
transport across into ocean out of an ocean air-sea buoyancy diapycnal mixing
Water mass 30°S (a) sector (b) sector (c) fluxes (d) Storage rate (¢) (a—b+c—d+e)
SEISAMW 0.3,0.1 37,27 13.0, 12.7 71,78 —-8.0, —=3.3 =55,-1.0
SEPSAMW 1.6,1.2 8.2,84 15.3,14.9 5.6,4.1 -2.6, —4.8 0.5, -12
S. Atlantic SAMW 1.0, 0.9 1.0,1.4 1.7,1.7 1.8,2.9 -1.0,0.3 -1.1,-14

into denser water (AAIW and Upper Circumpolar
Deep Water) by diapycnal mixing. Some of the 3.3 *
1 Sv of SAMW formed from Antarctic Surface Water is
further converted to slightly denser AAIW. (For com-
parison, in SOSE, averaged over two years in the oy
range 26.0-27.0 kg m >, 1.6 Sv were destroyed by air—
sea fluxes, 6.7 Sv were exported northward, 37.5 Sv
were transported into the Pacific, and 26.7 Sv were
transported out of the Pacific into the Atlantic. The
storage rate was —10.3 Sv, and therefore diapycnal
mixing destroyed 12.8 Sv.)

Also similar to our results, analyzing model output,
Hasson et al. (2012) show that in the modeled Pacific just
as in Indian sector, there is strong water mass transfor-
mation after these waters leave the winter mixed layer.
Whereas in the Indian Ocean water mass transforma-
tion is predominantly due to isopycnal mixing (Koch-
Larrouy et al. 2010), in the Pacific Ocean transformation
occurs both because of isopycnal and diapycnal mixing.

4) ATLANTIC OCEAN

The South Atlantic SAMW is much weaker than the
Indian and Pacific SAMWs in terms of its PV signal
(Fig. 3), and it has only a weak formation peak in the
global surface formation rates (Fig. 8). In the broad
SAMW density range (o9 = 26.5-27.1 kg m>) there is
import from the Pacific (37.0, 38.0) Sv, and export both
northward across 30°S (7.9, 8.1) Sv and eastward into the
Indian Ocean (29.8, 27.9) Sv, hence a small net loss or
a net gain of (—0.7, 2.0) Sv by advective transports
within the Atlantic (Table 2a, Fig. 15d). Air-sea
fluxes form SAMW in the South Atlantic from denser
waters at a rate of (5.0, 0.5) Sv and since the volume of
SAMW in the South Atlantic has increased by (2.0, 1.4)
Sv, a net destruction of (—2.3, —1.1) Sv of SAMW is
ascribed to diapycnal mixing.

In the narrower density range (oy = 26.7-27.1 kg m°),
air—sea fluxes yielded either formation or destruction
(2.8, —3.4) Sv. There was net advection into the At-
lantic Ocean (2.4, 4.8) Sv because of the large Drake
Passage transport of SEPSAMW, despite the robust
northward transport out of the region. There was

a net addition to the volume in the SAMW layer (4.8,
1.4) Sv. The balance for diapycnal mixing is close to
zero (—0.4, 0.0) Sv.

For the narrowest density range characteristic of South
Atlantic SAMW (26.55< oy < 26.65 kg m ™) (Table 3),
(1.8,2.9) Sv was formed by air-sea buoyancy fluxes. For
this narrowest density range of Atlantic SAMW, there is
a net export of (—1.7, —1.2) Sv unlike the net inflow for
the wider density range which includes the large import
of SEPSAMW from the Pacific. Including the similar
magnitude volume change of (—1.0, 0.3) Sv, we diagnose
(—1.1, —1.4) Sv destroyed by diapycnal mixing.

Sloyan and Rintoul (2001b), for o = 26.0-27.0 kg m >,
showed a cancelation between surface and interior SAMW
transformation in the Atlantic Ocean, with air-sea
buoyancy fluxes transforming 6.0 + 1.0 Sv of thermo-
cline water into SAMW, which is more than compen-
sated by diapycnal mixing converting 8.0 = 3.0 Sv of
SAMW back into thermocline water.

6. Discussion and conclusions

The Southern Ocean (south of 30°S) is characterized
by globally important water mass transformations, in-
cluding those that govern the upper ocean’s SAMWs
(e.g., Speer et al. 2000; Sloyan and Rintoul 2001a,b;
Talley et al. 2003; Talley 2008). Formation and de-
struction rates by air-sea fluxes and by diapycnal mixing,
as well as transports and storage, of waters in the SAMW
density range were estimated here using the Southern
Ocean State Estimate (SOSE) (Mazloff et al. 2010),
which has eddy-permitting resolution and which is
constrained to a large set of oceanic observations. Im-
portantly for water mass formation analysis, SOSE
provides both three-dimensional oceanic fields and
adjusted air-sea fluxes that are dynamically consis-
tent so that they exactly satisfy the ocean circulation
model equations, which is central to water mass forma-
tion analysis. SAMW surface formation rates were cal-
culated using Walin (1982) analysis with SOSE air-sea
fluxes and surface densities for 2005 and 2006. Meridi-
onal transport of SAMW out of the Southern Ocean
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across 30°S, zonal transport between the ocean basins,
and the rate of volume change for each year were cal-
culated. The SAMW formation/destruction rate result-
ing from diapycnal mixing was estimated as the residual
of these other rates [Eq. (7)]. An important result is that
all rates (air-sea fluxes, net advection, storage, dia-
pycnal mixing) are of similar magnitude, so none can
be neglected or considered to balance a single other
rate.

Considering the entire Southern Ocean south of 30°S
in the density range 26.5 < oy < 27.1 kg m >, which
includes SAMW, there was formation by air—sea fluxes
(13.2, 6.8) Sv for (2005, 2006) and destruction by dia-
pycnal mixing (—14.5, —12.6) Sv. (Qualitatively similar
results were obtained for a slightly narrower density
range.) There was a net northward export out of the
Southern Ocean of (18.2, 17.1) Sv (distributed over all
three ocean basins) and a significant loss of volume at
a rate of (—19.3, —22.9) Sv over the two years of the
SOSE output. One interpretation could be that the
Southern Ocean south of 30°S is a sufficiently large re-
gion that the water in the SAMW density range is nearly
self-contained, with most of the water formed through
air—sea fluxes subsequently destroyed through diapycnal
mixing, as concluded by Marshall et al. (1999) for a large
region of the North Atlantic. This interpretation is
supported by results of Tudicone et al. (2008b) showing
that SAMW formation by air-sea buoyancy fluxes is
largely compensated by interior mixing. Both Marsh
et al. (2000) and Sloyan and Rintoul (2001b) show that
interior mixing plays a role comparable to air-sea buoy-
ancy fluxes in SAMW formation. Downes et al. (2011)
show that about half of SAMW that subducts in the
ocean interior is converted into adjacent water masses.
An alternative interpretation is that water in the SAMW
density range formed through air-sea fluxes is mostly
transported northward out of the Southern Ocean, while
regional diapycnal mixing creates the net volume loss
for these two years. In other words, the volume decrease
is so large over the two years that it is difficult to antic-
ipate the relative reduction in northward export versus
the diagnosed diapycnal flux if enough years were avail-
able to produce a more stationary average.

It is possible that the partial cancellation of formation/
destruction of water by air—sea flux and interior mixing
obtained in SOSE might be a consequence of the in-
direct calculation of the mixing component. Currently,
there are few studies that directly diagnose the trans-
formation rates resulting from diapycnal mixing. The
exceptions are studies by Garrett et al. (1995), Badin
et al. (2010), Marshall et al. (1999), and Iudicone et al.
(2008b). In a semianalytical study of Phillip’s Red Sea
Model, Garrett et al. (1995) suggested that there is no
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simple relationship between surface transformation A
and transformation resulting from interior mixing
dD/9o of Eq. (2). Badin et al. (2010) observed a lack of
relationship between the effect of air-sea fluxes and
diffusive mixing on the formation rates in a one-di-
mensional model of a tidal front and in observations
of transformation across a shelf break.

Zonal advective exchanges between the ocean basins
follow the pattern of dominant SAMWs: the highest
eastward transport is from the Indian to the Pacific,
associated with strong SEISAMW production in the
Indian, the second highest is from the Pacific to the
Atlantic, incorporating the strong SEPSAMW produc-
tion at a higher density than SEISAMW, and the weakest
is from the Atlantic to the Indian. Each ocean basin has
net meridional/zonal advective export in its own narrow
SAMW density range, even though over the entire den-
sity range considered (26.5 < oy < 27.1 kg m ), only
the Indian Ocean has a net export. Water formed in the
Indian Ocean in the broad SAMW density range that is
transported to Pacific is destroyed there both by air-sea
buoyancy fluxes (—1.1, —4.6) Sv and diapycnal mixing
(—5.6, —8.4) Sv.

Air-sea flux formation rates peak at the SEISAMW
and SEPSAMW densities: these are also the dominant
SAMWs in terms of low PV on isopycnals. Formation is
due equally to heat and freshwater processes. Integrated
globally over the Southern Ocean, SEISAMW (26.75 <
09 < 26.85 kg m %) is formed from both lighter water (by
air-sea heat loss) and denser water (by air-sea heat gain
and freshening). Water in the SEPSAMW density range
(26.95 < 0y < 27.05 kg m ) is formed globally from
denser water (by freshening) and considerably less from
lighter water (by air—sea heat loss). However, within the
regions of their strongest mode water signatures, that is,
the lowest PV on isopycnals and deepest winter mixed
layers, both SEISAMW and SEPSAMW are formed
from lighter water through buoyancy (heat) loss.

The enhanced volume loss over these two years in the
SEISAMW and SEPSAMW low PV pools suggests that
formation in these regions was not as vigorous in these
two years as over the longer term. The southern annular
mode index reached a relative decadal low in 2005 and
2006, compared with a high achieved in the late 1990s;
a high southern annular mode index has been shown
to coincide with increased Southern Hemisphere sub-
tropical gyre circulation, which carries SEISAMW and
SEPSAMW more rapidly into the subtropical gyres
(McDonagh et al. 2005; Roemmich et al. 2009) Until
a longer time series is available, we cannot draw quan-
titative conclusions about the importance of formation
of low PV SAMW by cooling of less dense, upstream
SAMWs relative to formation throughout the circumpolar
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FIG. Al. (left) Transformation and (right) formation rates (Sv) as in Fig. 8, but based on NCEP1, ERA-Interim,
LY09, and OCCA buoyancy heat equivalent flux and sea surface density, each estimated using five-day averages and
subsequently averaged over year (left) 2005 and (right) 2006. SOSE and OCCA provide all the variables, including
sea surface salinity, needed to estimate the air-sea buoyancy flux. For NCEP1 and ERA-Interim, sea surface salinity
from the NCEP Global Ocean Data Assimilation System was used. For LY09, sea surface salinity from the Polar

Science Center Hydrographic Climatology (PHC2) was used (see the appendix).

outcrop from upwelling of denser water that gains buoy-
ancy from air-sea fluxes.
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APPENDIX

Walin SAMW Surface Formation Rates Using Other
Air-Sea Buoyancy Flux Products

How sensitive are the SOSE Walin formation rate
estimates to the specific air-sea flux dataset that is used,
given that commonly used flux products differ so much
in the poorly sampled Southern Ocean? In Cerovecki
et al. (2011) we compared the SOSE air-sea buoyancy
fluxes with NCEP1, the ERA-Interim, and LY09.
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TABLE Al. Densities o (center of 0.1 o interval is listed) and global formation rate (FR) estimates (Sv), given by Eq. (5), of SEISAMW
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and SEPSAMW from Walin analysis for years 2005 and 2006 using various air—sea flux products, also shown in Figs. Alc.d.

Data source

SEISAMW: g4 and FR,

year 2005

SEPSAMW: g4 and FR,

year 2005

SEISAMW: g4 and FR,

year 2006

SEPSAMW: gy and FR,

year 2006

SOSE 26.8 and 5.6 Sv 27.0 and 6.3 Sv
NCEP1 26.8 and 6.2 Sv 26.9 and 4.2 Sv
ERA-Interim 26.7 and 6.9 Sv 27.0 and 6.2 Sv
LY09 26.7 and 8.8 Sv 27.0 and 1.4 Sv
OCCA 26.8 and 8.9 Sv 26.9 and 7.8 Sv

26.8 and 8.2 Sv
26.7 and 8.9 Sv
26.8 and 7.2 Sv
26.7 and 8.7 Sv
26.7 and 8.0 Sv

27.0 and 3.2 Sv
27.0 and 1.4 Sv
27.0 and 1.6 Sv
27.0 and 6.5 Sv
26.9 and 7.4 Sv

Here we calculate SAMW formation rates from each
of these products, and also from the OCCA state esti-
mate that is used to constrain the initial and northern
boundary conditions in SOSE (Fig. Al).

SOSE and OCCA provide all of the variables needed
to estimate the air—sea buoyancy flux, but sea surface
salinity must be obtained externally for the freshwater
fluxes for NCEP1, ERA-Interim, and LY09. For
NCEP1 and ERA-Interim we used sea surface salinity
from the NCEP Global Ocean Data Assimilation System
(GODAS) (Behringer and Xue 2004). For LY09, we
used sea surface salinity from the Polar Science Center
Hydrographic Climatology (PHC2), which is a blending
of the Levitus et al. (1998) and Steele et al. (2001)
datasets, following Danabasoglu et al. (2009) and
S. Griffies (2012, personal communication). Sea surface
temperature for LY(09 was also required and was taken
from the Hadley Centre sea surface temperature (Rayner
et al. 2003).

We focus on the formation peaks that occur in the
SEISAMW and SEPSAMW density ranges (Fig. Al,;
Table Al). The SEISAMW formation rate estimates ob-
tained from the various products differ less than those
of SEPSAMW. Overall, averaged over all five prod-
ucts and both years, the SEISAMW formation rate
was (7.3, 8.2) Sv and SEPSAMW formation was (5.2,
4.0) Sv. SOSE taken by itself, averaged over both
years, yields (5.8,8.0) Sv of SEISAMW and (6.3,3.2) Sv of
SEPSAMW, clearly within the range of the whole group
of products.

SOSE vyields two distinct peaks in water mass forma-
tion at the SEISAMW and SEPSAMW densities that
are inferred from the low PV distribution (section 3 and
historically). LY09 also yields two distinct formation peaks
for SEISAMW and SEPSAMW, but the SEISAMW
peak is at somewhat lower density (op = 26.7 kg m ™)
than the observed mode water. Formation rate esti-
mates obtained from the other air-sea buoyancy flux
products yield a wide peak in water mass formation
spanning the whole SAMW density range, with no
differentiation between SEISAMW and SEPSAMW
(Fig. Al), which is unphysically coarse given the

clearly separate SEISAMW and SEPSAMW signals
in PV.
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