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Abstract The upwelling of deep waters in the Southern Ocean is a critical component of the climate
system. The time and zonal mean dynamics of this circulation describe the upwelling of Circumpolar Deep
Water and the downwelling of Antarctic Intermediate Water. The thermodynamic drivers of the circulation
and their seasonal cycle play a potentially key regulatory role. Here an observationally constrained ocean
model and an observation-based seasonal climatology are analyzed from a thermodynamic perspective,
to assess the diabatic processes controlling overturning in the Southern Ocean. This reveals a seasonal
two-stage cold transit in the formation of intermediate water from upwelled deep water. First, relatively
warm and saline deep water is transformed into colder and fresher near-surface winter water via wintertime
mixing. Second, winter water warms to form intermediate water through summertime surface heat
fluxes. The mixing-driven pathway from deep water to winter water follows mixing lines in thermohaline
coordinates indicative of nonlinear processes.

Plain Language Summary Deep, cold and salty water is drawn to the surface ocean around
Antarctica. This is controlled by the combined action of winds blowing over the sea surface and the stirring
by large 100-km eddies. Studying the ocean around Antarctica is notoriously challenging. We therefore have
sparse ocean measurements in this region. This limits our understanding of some of the processes involved
in the circulation of deep water, notably, a stage involving the warming and freshening of deep water to
form intermediate water. Intermediate water plays a key role in drawing excess anthropogenic heat and
carbon dioxide from the sea surface into the interior ocean. Our results show that the conversion of deep to
intermediate water involves a two-stage “cold transit” that takes place over the course of the austral season.
First, during the winter, deep water sits below the very cold and fresh surface water. Ice formation around
Antarctica makes this surface water slightly saltier, decreasing the density difference between the deep and
surface water. This drives a mixing which cools and freshens the deep water while drawing it to the surface.
Second, during summer surface warming and melting sea ice warm and freshen this deep/surface water
mixture forming intermediate water.

1. Introduction

The upwelling, transformation, and downwelling of water masses in the Southern Ocean exerts a profound
influence on the heat, freshwater, and carbon budgets of the world ocean (Iudicone et al., 2011; Purkey &
Johnson, 2010; Rintoul & Naveira-Garabato, 2013; Sabine et al., 2004; Talley, 2013). This residual meridional
overturning circulation (MOC; Marshall & Speer, 2012) is thought to be governed by a balance between
wind-driven upwelling/downwelling, eddy-induced advection and stirring, diapycnal mixing, and air-ice-sea
buoyancy fluxes (Abernathey et al., 2011; Naveira Garabato et al., 2007; Speer et al., 2000; Zika et al., 2009).
The prevailing westerly winds over the Southern Ocean drive an equatorward mass transport near the sur-
face, causing upwelling poleward and downwelling equatorward of the zonal wind stress maximum. From a
dynamical point of view, this tilts isopycnals and sets up the geostrophic eastward flow of the Antarctic Cir-
cumpolar Current. Baroclinic instabilities within the Antarctic Circumpolar Current generate eddies that act
to shoal isopycnals, balancing the action of the winds (Marshall & Radko, 2003). From a water mass point of
view, transient and stationary eddies compensate for the wind-driven circulation by pushing dense waters
downward and northward and lifting light waters upward and poleward. Ultimately, the only water that flows
northward is that which is diabatically transformed from dense water by air-sea buoyancy fluxes and diapycnal
mixing (Pellichero et al., 2018; Speer et al., 2000).
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The diabatic processes that convert dense waters to lighter waters, and the seasonal cycle in that conversion,
are poorly understood. This not only hinders accurate estimates of the Southern Ocean MOC but also limits our
ability to predict its fate in a changing climate (Downes et al., 2009; Fyfe & Saenko, 2006; Morrison et al., 2015;
Thomas et al., 2015). Most conceptual views of the Southern Ocean MOC use time mean values for air-ice-sea
buoyancy fluxes to explain the net transformation of Upper and Lower Circumpolar Deep Water (hereinafter
“deep water”) into either Antarctic Bottom Water (hereinafter “bottom water”) or Antarctic Intermediate Water
(hereinafter “intermediate water”; Cerovečki et al., 2013; Czaja & Marshall, 2015, Karsten & Marshall, 2002).

Intermediate water formation and subduction form the downwelling limb of the Southern Ocean MOC’s
upper cell (Speer et al., 2000). A net warming and freshening of upwelled deep water into the less dense inter-
mediate water typically occurs in the vicinity of the Polar Front (Pellichero et al., 2018). This transformation is
predominantly driven by a net freshening associated with sea ice export and melt (Abernathey et al., 2016;
Pellichero et al., 2018). Further, a recent analysis of Lagrangian upwelling pathways in the Southern Ocean
indicates that this upwelling deep water may initially become colder and fresher upon reaching the surface
mixed layer before forming intermediate water (Tamsitt et al., 2018). This hints at the importance of con-
sidering seasonally varying air-ice-sea buoyancy fluxes in setting the strength of the Southern Ocean MOC
(Evans et al., 2014).

Using both models and observations, we investigate the seasonal variation in the transformations of water
masses in the Southern Ocean, to assess the role of air-ice-sea fluxes and diapycnal mixing in setting the sea-
sonal formation and destruction of deep water, intermediate water, and Antarctic winter water (hereinafter
“winter water”) which forms the winter mixed layer south of the Polar Front. We show that the seasonal
evolution of the air-ice-sea buoyancy fluxes plays a critical role in the wintertime upwelling of deep water
through mixing with overlying winter water. Summertime warming and freshening forms intermediate water
through heat exchange with the atmosphere and sea ice melt. Close inspection of the mixing-driven pathway
from deep water to winter water in thermohaline coordinates suggests a strong association with nonlinear
mixing processes.

In the ocean, nonlinear mixing processes are represented by nonlinear terms in the equation of state (EOS)
of seawater (McDougall, 1987). This nonlinear dependence of density on temperature and salinity leads to
curious effects such as cabbeling, where two water parcels can be mixed to form water that is denser than
either parcel. Thermobaricity is another nonlinear processes that relates to the effect of pressure on the ther-
mal expansion of water, whereby large pressure changes induce larger density changes in colder water. Such
nonlinear effects are generally thought to be obscure despite early studies that indicated their importance for
the overturning circulation in the ocean (Fofonoff, 1957; Foster & Carmack, 1976). Fofonoff (1957), for exam-
ple, analyzed profiles of temperature and salinity in the Weddell Sea and suggested that cabbeling was a
rate-limiting process in the formation of bottom water and the lower limb of the Southern Ocean MOC. Recent
studies have since highlighted the importance of EOS nonlinearities in setting the formation of intermedi-
ate water (Groeskamp et al., 2016; Nycander et al., 2015). Here we suggest that cabbeling may indeed be of
critical importance to the strength of the Southern Ocean overturning but in relation to the upwelling and
transformation of deep waters into intermediate waters.

2. Methodology

The aim of this analysis is to understand the role of temperature (Θ) and salinity (S) transformations in Southern
Ocean overturning. Walin (1982) introduced a framework to relate the intensity of surface heat fluxes and
mixing to transformation rates. He compared volumes of water in Θ classes to the diasurface transformations
of water between Θ classes affected by air-sea heat fluxes and mixing. Here we extend this analysis to two
tracer dimensions, Θ and S (Döös et al., 2012; Groeskamp et al., 2014; Zika et al., 2012), and to a time-varying
ocean (Evans et al., 2014).

Consider the total volume of water per unit temperature and salinity for a particular geographical region
(V ; Worthington, 1981). Since seawater is, to a good approximation, incompressible, V can only increase or
decrease in this region if water enters from the boundaries via horizontal advection or air-sea exchange (M,
the volume transport per unit temperature and salinity) or through transformation of water within the region
across isotherms (GΘ, the transformation across an isotherm per unit salinity) or across isohalines (GS, the
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transformation across an isohaline per unit temperature) such that

dV
dt

= M −
𝜕GΘ

𝜕Θ
−

𝜕GS

𝜕S
. (1)

Above, the G terms can be thought of as analogous to velocity in (Θ, S) coordinates, and so (1) can be seen as
a continuity equation in (Θ, S) space. If a sufficiently long time integration is considered such that the system
is steady (i.e., dV∕dt = 0, where the overbar is a time mean) and if M is small (i.e., for the global ocean or
when water masses below particular Θ and S values are never in contact with the boundaries) a thermohaline
streamfunction (Ψ; Döös et al., 2012; Groeskamp et al., 2014; Zika et al., 2012) can be defined at Θ = Θ∗ and
S = S∗ such that

Ψ(Θ∗, S∗) = −∫
S∗

min(S)
GΘ(Θ∗, S)dS ≈ ∫

Θ∗

min(Θ)
GS(Θ, S∗)dΘ. (2)

As discussed by Hieronymus et al. (2014), both transformation terms (GΘ and GS), and hence the streamfunc-
tion, can be related purely to diabatic convergences of heat and salt. Following this, Evans et al. (2014) and
Groeskamp et al. (2017) were able to use the seasonal cycle of V and observation-based estimates of air-sea
fluxes to estimate both G terms via an inverse calculation.

Here we focus on understanding the mean circulation of Southern Ocean water masses in (Θ, S) coordi-
nates (Ψ), and how this circulation emerges from the seasonal cycle of water mass formation and destruction
described by (1).

3. Data Sources

To determine V , we use an observation-based seasonal climatology and an ocean state estimate. The sea-
sonal climatology we use is the CSIRO (Commonwealth Scientific and Industrial Research Organisation) Atlas
of Regional Seas (CARS) 2009 (Ridgway et al., 2002), accessed at www.cmar.csiro.au/cars. CARS is a global
atlas of seasonal water mass properties with a horizontal resolution of 1/2∘ that extends to 75∘S, derived
from all available subsurface data. Using CARS, year-round seasonal-mean estimates of Conservative Temper-
ature and Absolute Salinity (IOC et al., 2010) are calculated from a mean field and the semiannual and annual
components of the seasonal cycle, extending from the surface to 1,000 m.

The state estimate used here is the Estimating the Circulation and Climate of the Ocean version 4 (ECCOv4;
Forget & Ponte, 2015). ECCOv4 uses an adjoint model to find the best fit between the state estimate and
any available observational data by adjusting the initial conditions of the model. Here we use monthly fields
(1992–2012) for potential temperature, practical salinity, air-sea and ice-sea fluxes, and 3-D velocity (includ-
ing parameterized subgrid eddy advection). We use ECCOv4 to compute V and the transformation rates
due to air-ice-sea fluxes and mixing that combine to give G in equation (2). These data are accessed via
https://ecco.jpl.nasa.gov/. Both Conservative Temperature (CARS) and potential temperature (ECCOv4) will be
referred to byΘ, while Absolute Salinity (CARS) will be referred to by SA and practical salinity (ECCOv4) by S. To
calculate density from Conservative Temperature and Absolute Salinity, we use TEOS-10, while we use EOS-80
for density calculations involving potential temperature and practical salinity. Although ECCOv4 and CARS
use some of the same observational data in producing the final output of each product, the implementation
of these observational data is very different. Any features that are consistent between ECCOv4 and CARS are
more likely to be independent of the methods specific to each product.

Transformation rates in ECCOv4 are computed using both the velocity down the tracer gradient and the rate
of movement of the tracer isosurface (Groeskamp et al., 2014). The 3-D velocity includes contributions from
both the Eulerian velocity and the eddy velocity, which results from parameterized subgrid scale physics. It
is the sum of these velocities that advects Θ and S. The contribution of air-sea and ice-sea fluxes to these
transformations is computed following Evans et al. (2014). We do not account for the effects of shortwave
radiation depth penetration, which has little effect on the derived transformations in the Southern Ocean
(Groeskamp & Iudicone, 2018). The mixing component is inferred as the residual of the total transformation
and air-ice-sea flux-driven transformation. Hence, this includes potential contributions from both explicit mix-
ing and implicit mixing linked to discretization and the advection scheme of the ocean model underpinning
ECCOv4 (MITgcm).
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Figure 1. (a) Global estimate of the thermohaline streamfunction (Ψ) from ECCOv4. Black contours show density
anomaly referenced to 0 dbar (𝜎0). The dashed box highlights the area shown in panel (b). In both (a) and (b), the
dashed black lines showing the isotherm at 0.5 ∘C and the isopycnal at 𝜎0 = 27.4 kg/m3 approximately separate the
water masses considered here: deep water (Θ> 0.5∘C, 𝜎0 > 27.4 kg/m3), winter water (Θ < 0.5∘C) and intermediate
water (Θ> 0.5∘C, 𝜎0 < 27.4 kg/m3). (c) Transformation rate across the 0.5 ∘C isotherm for the global ocean and for each
of the Northern and Southern Hemispheres.

4. A Southern Ocean “Cold Transit” of the Thermohaline Circulation

In this section, we describe the global thermohaline streamfunction and its variability in ECCOv4 and demon-
strate the dominance of Southern Ocean processes in the cold and fresh corner of the (Θ, S) diagram. The
global estimate ofΨ from ECCOv4 confirms the existence of two minor anticlockwise cells, one at the warmest
temperatures and another at the coldest temperatures (red contours; Figure 1a), and of one major clockwise
cell spanning the majority of the temperatures observed in the world ocean (blue contours; Figure 1a).

In the clockwise cell, approximately 20 Sv (1 Sv = 106m3/s) of water undergo the following sequence of trans-
formations: (a) relatively cool and fresh water is warmed; (b) warm, fresh water is salinified; (c) warm, saline
water is cooled to form dense water (the densest waters are in the cold-saline corner of the diagram, with the
dashed contour showing the 27.4 kg/m3 isopycnal); and (d) cold, saline water is freshened. Zika et al. (2012)
and Döös et al. (2012) found that this cell was consistent with descriptions of the “global conveyor” or global
thermohaline circulation, with densification and sinking occurring in the North Atlantic, upwelling and fresh-
ening occurring in the Southern Ocean, and warming and salinification along broad return routes via the
surface of all the world’s ocean basins.

These data enable us to corroborate the dominance of the Southern Ocean in the freshening route within
an observationally constrained model and to assess the processes underpinning these transformations. Of
interest here are the coldest and freshest water masses in the world ocean and the Southern Ocean’s role in
their modification. Figure 1b showsΨ in the area of thermohaline space occupied by these water masses, with
three distinct water types highlighted: deep water (Θ> 0.5∘C and 𝜎0 > 27.4 kg/m3); winter water (Θ ≤ 0.5∘C);
and intermediate water (Θ> 0.5∘C, Θ < 3∘C, and 𝜎0 < 27.4 kg/m3). This shows that deep water is converted
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to intermediate water through winter water. The freshening branch involves an approximate ratio of 0.4 g/kg
of freshening for every 2 ∘C of cooling. The warming branch involves very little freshening.

To provide a simple quantification of the Southern Ocean’s prevalence in shaping Ψ at low temperatures, we
compare contributions to the transformation rate across the 0.5 ∘C isotherm (Ψ|Θ=0.5∘C) from the Southern
and Northern Hemispheres separately (Figure 1c). We find that 12.7 Sv crosses the 0.5∘C isotherm from cold
to warm temperatures at waters fresher than 34.1 g/kg (arrow 2 in Figure 1b). Later we show that this trans-
formation is set by air-ice-sea buoyancy fluxes. Of this transformation, 11.4 Sv (∼ 90%) occurs in the Southern
Hemisphere. At higher salinities, approximately 21 Sv crosses the 0.5∘C isotherm from warm to cold tempera-
tures (arrow 1 in Figure 1b). As discussed in section 5 this transformation is set by subsurface mixing. This is the
sum of a 26 Sv transformation from warm to cold in the Southern Hemisphere, balanced by 10 Sv from cold
to warm elsewhere. Computing a Southern Hemisphere-only streamfunction for cold, fresh waters, confirms
the dominance of Southern Hemisphere processes in this part of the global thermohaline circulation (Figure
S1 and the supporting information). In summary, ECCOv4 shows a prominence of a cold transit (below 0.5 ∘C)
in the global thermohaline circulation. Via this cold transit, saline deep water is transformed into fresh inter-
mediate water, through the cold and fresh winter water. These transformations take place almost exclusively
in the Southern Ocean.

5. Seasonal Cycle of Water Mass Transformations

Having shown that the transformation of saline deep water into fresh intermediate water occurs via a Southern
Ocean cold transit of the thermohaline circulation, in this section we demonstrate that this cold transit is
linked to the seasonal cycle of air-ice-sea buoyancy fluxes and subsurface mixing. Pronounced seasonality
occurs in the bulk volumes of winter water, intermediate water, and deep water, in both CARS (Figure 2b) and
ECCOv4 (Figure 2a). Winter water experiences the largest variation, with maximum volume toward the end of
the austral winter in October, and minimum volume during the summer in March. Intermediate water volume
reaches a maximum during the summer in February and a minimum in August. Deep water volume is highest
during June and July and attains a minimum in October—suggesting a relatively rapid depletion of deep
water between July and October (4 months), with a gradual recharge between October and June (8 months).

These bulk volume changes can be related to seasonal variations in the distribution of water in (Θ, S) space
(Figures 2c–2f; here we show ECCOv4 only, but CARS exhibits very similar structures: see Figure S2). The volu-
metric distribution in (Θ, S) space forms a dominant ridge of high volume that begins with intermediate water
(I; Figure 2), at the warmest and freshest Θ and S shown in Figures 2c–2f. This ridge then bends toward the
higher salinities characteristic of deep water (II; Figure 2) and finally back toward the lower Θ and S associated
with bottom water (III; Figure 2). Also evident are two minor ridges of elevated volume that connect winter
water to deep water, and winter water to intermediate water (marked by red lines in Figure 2c). During the
transition from summer (December; Figures 2d and 2f) to winter (August; Figures 2c and 2e), there is a redis-
tribution of volume between intermediate water and winter water, indicative of cooling and the formation of
the winter mixed layer. The coldest of this water further shifts to a higher salinity, close to that of the ridge con-
necting winter water to deep water, through brine rejection linked to sea ice formation. During the transition
from winter to summer, warming and freshening redistributes volume from winter water into intermediate
water. The seasonal variations of water mass volume in (Θ, S) space are also shown in Movie S1 and Figure S3.

The respective roles of air-ice-sea buoyancy fluxes and subsurface mixing in the transformation of water
between different (Θ, S) classes can be understood by comparing the vector fields of the diasurface trans-
formation due to air-ice-sea buoyancy fluxes and the diasurface transformation due to subsurface mixing
(Evans et al., 2014, 2017). Wintertime surface cooling drives the negative diathermal transformation convert-
ing intermediate water into winter water (Figure 2c). Near Θ = −1.8 ∘C and at S>34, a positive diahaline
transformation driven by sea ice formation and brine rejection forms a salty type of winter water, with a max-
imum S of ∼34.4. In addition, subsurface mixing induces a negative transformation across isotherms and
isohalines that brings about a cooling and freshening of the water along the ridge of high volume connect-
ing winter water to deep water (Figure 2e). This corresponds to arrow 1 in Figure 1, the transformation of
deep water to winter water. This mixing between winter water and the underlying deep water coincides with
the seasonal reduction in the bulk volume anomaly of deep water (Figures 2a and 2b) and occurs when the
newly formed winter water reaches a sufficiently high salinity and density to spur mixing between winter
and deep water. The magnitude of the wintertime mixing-driven transformation from deep water to winter
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Figure 2. Time series of volume anomaly in (a) ECCOv4 and (b) CARS, for winter water (blue), intermediate water
(yellow), and deep water (orange). (c, d) Monthly mean (1992–2012) of log10 volume in (Θ, S) classes (in m3/∘C/(g/kg))
for August and December, respectively, from ECCOv4 in the Southern Hemisphere. Black contours show density anomaly
referenced to 0 dbar (𝜎0), and the thick dashed contour indicates 𝜎0 = 27.4 kg/m3. Black arrows represent vectors of the
diasurface transformation due to air-ice-sea buoyancy fluxes averaged over June/July and November, respectively (units:
Sv/∘C/psu). (e, f ) As in (c, d), but black arrows represent vectors of the diasurface transformation due to mixing inferred
from the residual volume change in ECCOv4. The red lines indicate the regions of elevated volume connecting deep
water to winter water and intermediate water to winter water. I = intermediate water, II = deep water, III = bottom water.

water is equivalent to the total transformation responsible for the formation of the winter mixed layer from
surface water masses. Winter water is transformed into intermediate water during spring and summer, as a
result of atmospheric warming (a positive diathermal transformation) and freshening linked to sea ice melting
(a negative diahaline transformation; Figure 2d). These process are also shown in Movie S1.

The geographical location of this water mass transformation is shown by displaying the location of mixed layer
(Θ, S) classes in ECCOv4 (Figure S4 and Movie S2). The wintertime mixing-driven transformations between
winter water and deep water typically occur in the Weddell Sea and in the Atlantic sector of the Southern
Ocean. This is evident in the warming and salinification of the mixed layer during the winter, which is typically
shallower than 200 m (Pellichero et al., 2017).

Our analysis of the seasonal cycle of water mass transformations is shown schematically in Figure 3 and can be
summarized as follows: (i) in the autumn and winter, intermediate water is cooled toward the freezing point
to form winter water, which is then salinified by brine rejection; (ii) during winter, deep water is transformed
into winter water by mixing with the coldest winter water; and (iii) in the spring and summer, winter water is
warmed to form intermediate water. In terms of the mean circulation in (Θ, S) coordinates described in the
previous section, we can now conclude that the circulation’s cooling and freshening branch (arrow 1, Figure 1)

EVANS ET AL. 6
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Figure 3. Schematic representation of the diabatic conversion of deep water into intermediate water through winter
water, over the course of a season in the Southern Ocean. Each water mass is represented by the colored blobs. The top
row presents the changes in geographical coordinates, and the bottom shows the same changes in temperature and
salinity coordinates. The large opaque arrows show the water mass transformations that occur during the respective
seasons.

is underpinned by wintertime mixing (ii) and that the warming/freshening branch (arrow 2 in Figure 1) is the
residual of wintertime atmospheric cooling (i) and summertime warming (iii).

These results are consistent with existing analyses of Southern Ocean water masses. For example, the cooling
and freshening of deep water during the wintertime portion of the cold transit is supported by an analysis
of the Lagrangian upwelling pathways of deep water by Tamsitt et al. (2018). Further, consistent with the
summertime portion of the cold transit, Abernathey et al. (2016), Groeskamp et al. (2016), and Pellichero et al.
(2018) describe the role of sea ice melt and the resultant freshwater fluxes in the formation of intermediate
water during the summer. However, through their use of a 1-D isopycnal framework rather than the 2-D (Θ, S)
framework adopted here, these analyses mask the more subtle seasonal water mass transformations between
(Θ, S) classes that we highlight. Our results therefore provide a clearer definition of the diabatic processes that
link the upwelling and downwelling limbs of the Southern Ocean overturning.

6. The Role of Nonlinear Mixing Processes in the Southern Ocean Cold Transit

Subsurface mixing drives a wintertime transformation of relatively warm and saline deep water into cold and
fresh winter water. Close inspection of the volumetric water mass distribution (Figures 2c–2f ) reveals that
the ridges of water mass volume (red lines Figure 2c) extend from the deep water to the dominant mode of
near-freezing winter water (between 34.3 and 34.4 g/kg, and −1.8 and −1.5 ∘C). Examining the mixing-driven
transformation vectors in ECCOv4, we find that the wintertime mixing-driven cooling of deep water to winter
water is aligned with these ridges.
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An important aspect of this pathway from deep water to winter water (arrow 1 in Figure 1b) is that the ridge in
the volumetric distribution and the transformation vectors are not as “steep” as density contours. This implies
that the dense water becomes lighter (rather than denser) upon mixing. It therefore discourages sugges-
tions that the deep water is transformed into winter water through gravitational instability or convection. This
would imply a densification of both winter water and deep water. Although we cannot definitively rule out
a mechanical driver (such as breaking internal waves, shear instabilities or entrainment into the mixed layer
via wind and wave driven turbulence), we suggest that this transformation may be consistent with a mixing
mechanism related to nonlinearities in the EOS of seawater.

Although they are typically considered obscure, recent work has shown that EOS nonlinearities have impor-
tant consequences for global ocean circulation and climate. Nycander et al. (2015) and Groeskamp et al.
(2016) show that the isopycnal mixing of cold/fresh surface water with deeper warmer/saltier water results
in a cabbeling-induced densification that forms intermediate water density classes. In addition to its role in
the lateral mixing of waters with the same locally referenced potential density, the role of cabbeling in ver-
tical stability has also been long recognized. Fofonoff (1957) and Foster (1972) speculated that, for example,
cabbeling may play a role in bottom water formation. They point out that a small amount of mechanically
driven wintertime mixing between cold/fresh winter water and warm/salty deep water can produce a mixture
that is denser than the deeper of the two water masses, initiating a cabbeling instability that drives enhanced
mixing between winter water and deep water. Foster and Carmack (1976) further suggest that thermobaricity
has a minimal impact on the mixing between deep water and winter water. Su et al. (2016) also highlight the
role of EOS nonlinearities in driving vertical mixing when cold/fresh water overlies warm/salty water, empha-
sizing in particular the importance of cabbeling. Here we conjecture that the nonlinear mixing that upwells
deep water via the cold transit may also be a consequence of cabbeling. The nonlinear mixing occurs when
cold/fresh winter water overlies warm/salty deep water, through a depth range spanning less that 200 m. It
is possible therefore that this mixing is the result of a similar cabbeling instability to that described by Foster
(1972) and Foster and Carmack (1976).

7. Summary and Conclusions

Conventional theory of Southern Ocean overturning is based on the balance between the competing actions
of winds, which tilt isopycnal surfaces, and mesoscale eddies, which flatten isopycnal surfaces. The resulting
residual overturning circulation entails upwelling of deep water south of the Polar Front and downwelling
of intermediate water and overlying Subantarctic Mode Water north of the Polar Front (Marshall & Radko,
2003). The diabatic conversion of deep water into intermediate water (or bottom water near the Antarctic
margins) is thought to depend on the location in which deep water upwells into the upper-ocean mixed layer,
relative to the local sign of the time mean air-ice-sea buoyancy flux (Marshall & Speer, 2012; Speer et al., 2000).
However, recent studies highlight the role of seasonally varying air-ice-sea buoyancy fluxes in intermediate
water formation (Abernathey et al., 2016; Groeskamp et al., 2016; Pellichero et al., 2018).

By projecting the Southern Ocean into (Θ, S) space, we have shown that the diabatic conversion of deep
water into intermediate water relies on seasonal variations of surface buoyancy forcing and subsurface mix-
ing. This presents an alternative pathway for the diabatic conversion of deep water via a cold transit in (Θ, S)
space, in which deep water is first cooled and freshened during the winter, as it mixes with overlying win-
ter water. Summertime warming and freshening of this winter water/deep water mixture subsequently forms
intermediate water. These diabatic transformations occur predominantly in the Weddell Sea and the Atlantic
sector of the Southern Ocean. An analysis of the Lagrangian upwelling pathways of deep water by Tamsitt
et al. (2018) supports the notion that deep water becomes cooler and fresher as it is entrained into the winter
mixed layer. In our analysis, the use of a (Θ, S) framework in combination with air-ice-sea buoyancy flux data
reveals important seasonal variations that would otherwise be lost using an isopycnal framework, where the
variability of water masses with similar densities but a differing (Θ, S) would be collapsed into one density
class. The cold transit may therefore be masked by the use of isopycnal frameworks in previous analyses of
these water masses.

The transformation of dense deep water into lighter upper-ocean mixed layer water by subsurface mixing
apparently occurs when the salinity of winter water is increased as brine is rejected by newly forming sea ice.
We propose that this critical salinity occurs when the overlying winter water and underlying deep water can
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be mixed to form a water mass that is denser than the deep water or more specifically when the water column
is unstable to cabbeling.

In conclusion, an increasing body of evidence suggests that seasonal variations in air-ice-sea buoyancy fluxes
and their impact on subsurface mixing play a key role in the diabatic closure of the MOC in the Southern
Ocean. Our analysis indicates that the transformation of deep waters into intermediate waters occurs via a
transit through cold winter water and that this cold transit is mediated by nonlinear mixing processes. These
findings advance our ability to estimate the drivers of Southern Ocean overturning and therefore its response
to forcing changes in past and future climates.
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Cerovečki, I., Talley, L. D., Mazloff, M. R., & Maze, G. (2013). Subantarctic mode water formation, destruction, and

export in the eddy-permitting Southern Ocean state estimate. Journal of Physical Oceanography, 43(7), 1485–1511.
https://doi.org/10.1175/JPO-D-12-0121.1

Czaja, A., & Marshall, J. (2015). Why is there net surface heating over the Antarctic Circumpolar Current? Ocean Dynamics, 65(5), 751–760.
https://doi.org/10.1007/s10236-015-0830-1

Döös, K., Nilsson, J., Nycander, J., Brodeau, L., & Ballarotta, M. (2012). The World Ocean thermohaline circulation. Journal of Physical
Oceanography, 42(9), 1445–1460. https://doi.org/10.1175/JPO-D-11-0163.1

Downes, S. M., Bindoff, N. L., & Rintoul, S. R. (2009). Impacts of climate change on the subduction of mode and intermediate water masses
in the Southern Ocean. Journal of Climate, 23, 6526–6541. https://doi.org/https://doi.org/10.1175/2010JCLI3620.1

Evans, D. G., Toole, J., Forget, G., Zika, J. D., Naveira Garabato, A. C., Nurser, A. J. G., & Yu, L. (2017). Recent wind-driven variability
in Atlantic water mass distribution and meridional overturning circulation. Journal of Physical Oceanography, 47(3), 633–647.
https://doi.org/10.1175/JPO-D-16-0089.1

Evans, D. G., Zika, J. D., Naveira Garabato, A. C., & Nurser, A. J. G. (2014). The imprint of Southern Ocean overturning on seasonal water mass
variability in Drake Passage. Journal of Geophysical Research: Oceans, 119, 7987–8010. https://doi.org/10.1002/2014JC010097

Fofonoff, N. P. (1957). Some properties of sea water influencing the formation of Antarctic Bottom Water. Deep Sea Research (1953), 4,
32–35. https://doi.org/https://doi.org/10.1016/0146-6313(56)90029-6

Forget, G., & Ponte, R. M. (2015). The partition of regional sea level variability. Progress in Oceanography, 137, 173–195.
https://doi.org/10.1016/j.pocean.2015.06.002

Foster, T. D. (1972). An analysis of the cabbeling instability in sea water. Journal of Physical Oceanography, 2(3), 294–301.
https://doi.org/10.1175/1520-0485(1972)002<0294:AAOTCI>2.0.CO;2

Foster, T. D., & Carmack, E. C. (1976). Temperature and salinity structure in the Weddell Sea. Journal of Physical Oceanography, 6(1), 36–44.
https://doi.org/10.1175/1520-0485(1976)006<0036:TASSIT>2.0.CO;2

Fyfe, J. C., & Saenko, O. A. (2006). Simulated changes in the extratropical Southern Hemisphere winds and currents. Geophysical Research
Letters, 33, L06701. https://doi.org/10.1029/2005GL025332

Groeskamp, S., Abernathey, R. P., & Klocker, A. (2016). Water mass transformation by cabbeling and thermobaricity. Geophysical Research
Letters, 43, 10,810–835,845. https://doi.org/10.1002/2016GL070860

Groeskamp, S., & Iudicone, D. (2018). The effect of air-sea flux products, shortwave radiation depth penetration, and albedo on the upper
ocean overturning circulation. Geophysical Research Letters, 45, 9087–9097. https://doi.org/10.1029/2018GL078442

Groeskamp, S., Sloyan, B. M., Zika, J. D., & McDougall, T. J. (2017). Mixing inferred from an ocean climatology and surface fluxes. Journal of
Physical Oceanography, 47(3), 667–687. https://doi.org/10.1175/JPO-D-16-0125.1

Groeskamp, S. J., Zika, J. D., McDougall, T. J., Sloyan, B. M., & Laliberté, F. (2014). The representation of ocean circulation and variability in
thermodynamic coordinates. Journal of Physical Oceanography, 44, 1735–1750. https://doi.org/10.1175/JPO-D-13-0213.1

Hieronymus, M., Nilsson, J., & Nycander, J. (2014). Water mass transformation in salinity–temperature space. Journal of Physical
Oceanography, 44(9), 2547–2568. https://doi.org/10.1175/JPO-D-13-0257.1

IOC, SCOR, & IAPSO (2010). The international thermodynamic equation of seawater—2010: Calculation and use of thermodynamic
properties. Intergovernmental Oceanographic Commission, manuals an ed.

Iudicone, D., Rodgers, K. B., Stendardo, I., Aumont, O., Madec, G., Bopp, L., et al. (2011). Water masses as a unifying framework for
understanding the Southern Ocean carbon cycle. Biogeosciences, 8(5), 1031–1052. https://doi.org/10.5194/bg-8-1031-2011

Karsten, R. H., & Marshall, J. (2002). Constructing the residual circulation of the ACC from observations. Journal of Physical Oceanography, 32,
3315–3327.

Marshall, J., & Radko, T. (2003). Residual-mean solutions for the Antarctic Circumpolar Current and its associated overturning circulation.
Journal of Physical Oceanography, 33(11), 2341–2354. https://doi.org/10.1175/1520-0485(2003)033<2341:RSFTAC>2.0.CO;2

Marshall, J., & Speer, K. (2012). Closure of the meridional overturning circulation through Southern Ocean upwelling. Nature Geoscience,
5(3), 171–180.

McDougall, T. J. (1987). Thermobaricity, cabbeling, and water–mass conservation. Journal of Geophysical Research, 92(C5), 5448–5464.
Morrison, A. K., England, M. H., & Hogg, A. M. (2015). Response of Southern Ocean convection and abyssal overturning to surface buoyancy

perturbations. Journal of Climate, 28(10), 4263–4278. https://doi.org/10.1175/JCLI-D-14-00110.1
Naveira Garabato, A. C., Stevens, D. P., Watson, A. J., & Roether, W. (2007). Short-circuiting of the overturning circulation in the Antarctic

Circumpolar Current. Nature, 447, 194–197. https://doi.org/10.1038/nature05832
Nycander, J., Hieronymus, M., & Roquet, F. (2015). The nonlinear equation of state of sea water and the global water mass distribution.

Geophysical Research Letters, 42, 7714–7721. https://doi.org/10.1002/2015GL065525
Pellichero, V., Sallée, J.-B., Chapman, C. C., & Downes, S. M. (2018). The Southern Ocean meridional overturning in the sea-ice sector is driven

by freshwater fluxes. Nature Communications, 9(1), 1789. https://doi.org/10.1038/s41467-018-04101-2
Pellichero, V., Sallée, J.-B., Schmidtko, S., Roquet, F., & Charrassin, J.-B. (2017). The ocean mixed layer under Southern Ocean sea-ice: Seasonal

cycle and forcing. Journal of Geophysical Research: Oceans, 122, 1608–1633. https://doi.org/10.1002/2016JC011970

Acknowledgments
D. G. E. was supported by a Natural
Environment Research Council
studentship award at the University of
Southampton. J. D. Z. was supported by
the Australian Research Council (grant
DP160103130). A. C. N. G. gratefully
acknowledges support from the
Leverhulme Trust, the Royal Society,
and the Wolfson Foundation. The
contribution of A. J. G. N. was
supported by the NERC grant Ocean
Regulation of Climate by Heat and
Carbon Sequestration and Transports
(ORCHESTRA) (NE/N018095/1). ECCO
data are available for download here:
https://ecco.jpl.nasa.gov/. CARS
data are available for download here:
http://www.marine.csiro.au/˜dunn/
cars2009/. We also thank Sjoerd
Groeskamp and an anonymous
reviewer for their helpful and
constructive comments on this
manuscript.

EVANS ET AL. 9

https://doi.org/10.1175/JPO-D-11-023.1
https://doi.org/10.1175/JPO-D-12-0121.1
https://doi.org/10.1007/s10236-015-0830-1
https://doi.org/10.1175/JPO-D-11-0163.1
https://doi.org/https://doi.org/10.1175/2010JCLI3620.1
https://doi.org/10.1175/JPO-D-16-0089.1
https://doi.org/10.1002/2014JC010097
https://doi.org/https://doi.org/10.1016/0146-6313(56)90029-6
https://doi.org/10.1016/j.pocean.2015.06.002
https://doi.org/10.1175/1520-0485(1972)002%3C0294:AAOTCI%3E2.0.CO;2
https://doi.org/10.1175/1520-0485(1976)006%3C0036:TASSIT%3E2.0.CO;2
https://doi.org/10.1029/2005GL025332
https://doi.org/10.1002/2016GL070860
https://doi.org/10.1029/2018GL078442
https://doi.org/10.1175/JPO-D-16-0125.1
https://doi.org/10.1175/JPO-D-13-0213.1
https://doi.org/10.1175/JPO-D-13-0257.1
https://doi.org/10.5194/bg-8-1031-2011
https://doi.org/10.1175/1520-0485(2003)033%3C2341:RSFTAC%3E2.0.CO;2
https://doi.org/10.1175/JCLI-D-14-00110.1
https://doi.org/10.1038/nature05832
https://doi.org/10.1002/2015GL065525
https://doi.org/10.1038/s41467-018-04101-2
https://doi.org/10.1002/2016JC011970
https://ecco.jpl.nasa.gov/
http://www.marine.csiro.au/~dunn/cars2009/
http://www.marine.csiro.au/~dunn/cars2009/


Geophysical Research Letters 10.1029/2018GL079986

Purkey, S. G., & Johnson, G. C. (2010). Warming of global abyssal and deep Southern Ocean waters between the 1990s and 2000s:
Contributions to global heat and sea level rise budgets*. Journal of Climate, 23(23), 6336–6351. https://doi.org/10.1175/2010JCLI3682.1

Ridgway, K. R., Dunn, J. R., & Wilkin, J. L. (2002). Ocean interpolation by four-dimensional weighted least squares—Application to the
waters around Australasia. Journal of Atmospheric and Oceanic Technology, 19(9), 1357–1375. https://doi.org/10.1175/1520-0426(2002)
019<1357:OIBFDW>2.0.CO;2

Rintoul, S. R., & Naveira-Garabato, A. C. (2013). Dynamics of the Southern Ocean circulation. In G. Siedler, et al. (Eds.), Ocean circulation and
climate, 2nd Edition: A 21st century perspective (pp. 471–492). Oxford GB: Academic Press.

Sabine, C. L., Feely, R. A., Gruber, N., Key, R. M., Lee, K., Bullister, J. L., et al. (2004). The oceanic sink for anthropogenic CO2. Science, 305,
367–371.

Speer, K. G., Rintoul, S. R., & Sloyan, B. M. (2000). The diabatic Deacon cell. Journal of Physical Oceanography, 30, 3212–3222.
Su, Z., Ingersoll, A. P., Stewart, A. L., & Thompson, A. F. (2016). Ocean convective available potential energy. Part II: Energetics of thermobaric

convection and thermobaric cabbeling. Journal of Physical Oceanography, 46(4), 1097–1115. https://doi.org/10.1175/JPO-D-14-0156.1
Talley, L. D. (2013). Closure of the global overturning circulation through the Indian, Pacific, and Southern Oceans: Schematics and

transports. Oceanography, 26(1), 80–97.
Tamsitt, V., Abernathey, R. P., Mazloff, M. R., Wang, J., & Talley, L. D. (2018). Transformation of deep water masses along Lagrangian upwelling

pathways in the Southern Ocean. Journal of Geophysical Research: Oceans, 123, 1994–2017. https://doi.org/10.1002/2017JC013409
Thomas, J. L., Waugh, D. W., & Gnanadesikan, A. (2015). Southern Hemisphere extratropical circulation: Recent trends and natural variability.

Geophysical Research Letters, 42, 5508–5515. https://doi.org/10.1002/2015GL064521
Walin, G. (1982). On the relation between sea-surface heat flow and thermal circulation in the ocean. Tellus, 34, 187–195.
Worthington, L. V. (1981). The water masses of the world ocean: Some results of a fine-scale census. In B. A. Warren & C. Wunsch (Eds.),

Scientific surveys in honor of Henry Stommel (pp. 42–69). Cambridge, MA: MIT Press.
Zika, J. D., England, M. H., & Sijp, W. P. (2012). The ocean circulation in thermohaline coordinates. Journal of Physical Oceanography, 2,

708–724. https://doi.org/10.1175/JPO-D-11-0139.1
Zika, J. D., Sloyan, B. M., & McDougall, T. J. (2009). Diagnosing the Southern Ocean overturning from tracer fields. Journal of Physical

Oceanography, 39, 2926–2940.

EVANS ET AL. 10

https://doi.org/10.1175/2010JCLI3682.1
https://doi.org/10.1175/1520-0426(2002)019%3C1357:OIBFDW%3E2.0.CO;2
https://doi.org/10.1175/1520-0426(2002)019%3C1357:OIBFDW%3E2.0.CO;2
https://doi.org/10.1175/JPO-D-14-0156.1
https://doi.org/10.1002/2017JC013409
https://doi.org/10.1002/2015GL064521
https://doi.org/10.1175/JPO-D-11-0139.1

	Abstract
	Plain Language Summary
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


