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Abstract Upwelling of northern deep waters in the Southern Ocean is fundamentally important for the
closure of the global meridional overturning circulation and delivers carbon and nutrient-rich deep waters
to the sea surface. We quantify water mass transformation along upwelling pathways originating in the
Atlantic, Indian, and Pacific and ending at the surface of the Southern Ocean using Lagrangian trajectories
in an eddy-permitting ocean state estimate. Recent related work shows that upwelling in the interior below
about 400 m depth is localized at hot spots associated with major topographic features in the path of the
Antarctic Circumpolar Current, while upwelling through the surface layer is more broadly distributed. In the
ocean interior upwelling is largely isopycnal; Atlantic and to a lesser extent Indian Deep Waters cool and
freshen while Pacific deep waters are more stable, leading to a homogenization of water mass properties. As
upwelling water approaches the mixed layer, there is net strong transformation toward lighter densities due
to mixing of freshwater, but there is a divergence in the density distribution as Upper Circumpolar Deep Water
tends become lighter and dense Lower Circumpolar Deep Water tends to become denser. The spatial distribu-
tion of transformation shows more rapid transformation at eddy hot spots associated with major topography
where density gradients are enhanced; however, the majority of cumulative density change along trajectories
is achieved by background mixing. We compare the Lagrangian analysis to diagnosed Eulerian water mass
transformation to attribute the mechanisms leading to the observed transformation.

1. Introduction

Eighty percent of the World Ocean deep water is thought to return to the surface in the Southern Ocean
(Lumpkin & Speer, 2007; Talley, 2013). This upwelling of deep water plays an integral role in the global
ocean uptake and redistribution of heat, carbon, and nutrients (Fr€olicher et al., 2015; Sarmiento et al., 2004).
Additionally, the upwelling of relatively warm deep water in the Southern Ocean has been driving the
recent accelerated mass loss of Antarctic ice sheets (Cook et al., 2016). Early theories of the global ocean
overturning proposed that diapycnal mixing in the ocean interior was necessary to convert dense water
formed at high latitudes to lighter surface waters (Munk, 1966; Munk & Wunsch, 1998), but direct measure-
ments of mixing suggest that ocean mixing in the open ocean interior is an order of magnitude too small
(Waterhouse et al., 2014). An alternative mechanism for returning deep water to the ocean surface with min-
imal mixing has emerged, via wind-driven upwelling along steeply tilted isopycnals in the Southern Ocean
in the upper 2,000 m (Sloyan & Rintoul, 2001; Toggweiler & Samuels, 1998), while below this dipaycnal mix-
ing is key for upwelling of abyssal waters. Recent observational studies indicate that the reality lies some-
where between the no-mixing limit and upwelling driven entirely by diapycnal mixing (Katsumata et al.,
2013; Watson et al., 2013), but the role of mixing in the upwelling of deep water in the Southern Ocean
remains poorly constrained.

Southern Ocean circulation is unique due to the lack of meridional boundaries at the latitudes of Drake
Passage, enabling the circumpolar flowing Antarctic Circumpolar Current (ACC), linking the major ocean
basins and allowing interbasin exchange of properties. Steeply tilted isopycnals facilitate isopycnal upwell-
ing of Circumpolar Deep Water (CDW) to the surface of the Southern Ocean, where it is directly modified by
surface buoyancy fluxes. Theoretical modeling shows that a strong adiabatic overturning cell in the South-
ern Ocean is possible with isopycnals outcropping in both hemispheres and negligible interior diapycnal
mixing; all diapycnal processes in this paradigm occur within the ocean’s surface layer (Wolfe & Cessi, 2011).
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However, observational studies suggest that the interior ocean mixing is an important component of the
Southern Ocean meridional overturning circulation (Garabato et al., 2004; Katsumata et al., 2013; Naveira
Garabato et al., 2016; Sloyan & Rintoul, 2001). Near-bottom mixing in hot spots over rough seafloor topogra-
phy (Ledwell et al., 2000; Polzin, 1997) can accomplish upwelling of the denser Lower Circumpolar Deep Water
(LCDW) to lighter Upper Circumpolar Deep Water (UCDW). Additionally, some LCDW density classes outcrop
along the Antarctic continental slope rather than at the surface, and thus intense mixing in the bottom
boundary layer facilitates transformation of these density classes to lighter water masses (Ruan et al., 2017).
However, most of this bottom boundary layer mixing occurs within 1,000 m of the bottom (Garabato et al.,
2004; St. Laurent et al., 2012; Waterhouse et al., 2014), so away from the continental slope and shallow topo-
graphic features, it is not clear how important mixing is in upwelling of deep water in the 1,000–2,000 m
depth range (Toggweiler & Samuels, 1998). Recent analysis of repeat observations across Drake Passage indi-
cates that diapycnal mixing sustains the overturning in the upper 1,000 m and in the 1,000–2,000 m above
the seafloor, while in between, isopycnal stirring dominates in the Antarctic Intermediate Water and Upper
Circumpolar Deep Water (UCDW) density classes (Mashayek et al., 2017; Naveira Garabato et al., 2016).

While there are many observations characterizing local episodes of intense turbulent mixing at rough
topography, these measurements are sparse and infrequent in time, making it difficult to scale this to the
integrated diapycnal mixing that affects the large-scale overturning. Tracer release experiments are suited
for addressing this question, but to date these efforts have been confined to regional studies, which are
then extrapolated to the circumpolar Southern Ocean (Mashayek et al., 2017; Watson et al., 2013). Addition-
ally, while there is evidence that diapycnal mixing in the interior of the Southern Ocean is elevated in hot
spots associated with topography (Naveira Garabato et al., 2016; Ruan et al., 2017; Watson et al., 2013),
these hot spots make up a relatively small fraction of the total volume of the deep Southern Ocean. There-
fore, for an upwelling deep water parcel, it is not well understood how mixing at these hot spots contrib-
utes to the integrated density change along the path from the deep ocean to the surface. There are several
different approaches applied to estimating regional mixing using finescale parameterizations (Kunze et al.,
2006) and inverse methods (Zika et al., 2010). To date there are multiple globally constrained estimates of
the contribution of mixing to the overturning circulation, including inverse methods (Ganachaud & Wunsch,
2000; Groeskamp et al., 2017; Sloyan & Rintoul, 2001) and finescale parameterizations from float profiles
(Whalen et al., 2012). In addition to these methods, Lagrangian experiments in ocean general circulation
models and state estimates can provide a complimentary perspective to the role of mixing in upwelling
because of the ability to isolate large-scale density modification along upwelling deep water pathways
(D€o€os et al., 2008; Iudicone et al., 2008a).

Recent Lagrangian model analyses show that this upwelling is spatially nonhomogeneous and is enhanced
at hot spots associated with major topographic features (Tamsitt et al., 2017). Using Lagrangian particle
tracking in three eddying ocean models, Tamsitt et al. (2017) traced pathways of deep water from between
1,000 and 3,500 m depth at 308S in the Atlantic, Indian, and Pacific to the surface of the Southern Ocean.
Upwelling water followed narrow pathways along each ocean boundary to the ACC, before spiraling
upward and southward in the ACC (Figures 1a–1c). Tamsitt et al. (2017) found that upwelling of deep waters
in the interior (shown at 1,000 m depth, which is representative of the interior up to 500 m depth) is con-
centrated in high EKE regions at or downstream of topography (Figure 1) and hypothesize that this concen-
trated upwelling is due to vigorous eddy activity facilitating enhanced cross-frontal exchange, carrying
water southward and upward along tilted isopycnals. However, the role of diapycnal mixing in these
upwelling pathways, particularly at the topographic upwelling hot spots, was not investigated.

In this work, building on Tamsitt et al. (2017), we employ an eddy-permitting ocean state estimate to
address how deep water transforms along Southern Ocean interior upwelling pathways, and where diapyc-
nal mixing processes are important along these pathways. We use a Lagrangian particle tracking approach
to quantify the density changes along these pathways and determine where significant water mass trans-
formation occurs due to diapycnal mixing in the ocean interior, removed from the strong influence of sur-
face buoyancy fluxes. This Lagrangian approach is powerful because it is possible to track the cumulative
effect of interior mixing on the density of a water mass from its deep water source to the surface, along
Lagrangian trajectories. Additionally, we quantify temperature and salinity modifications individually to dif-
ferentiate between isopycnal water mass modification and diapycnal mixing processes. We quantify the
contribution from diapycnal mixing in upwelling hot spots associated with topography to the total
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diapycnal change. However, since some interior upwelling happens close to ridges and plateaus, elevated
bottom mixing could be an important factor that is not included in the model analyzed here, and so we
cannot evaluate its potential to increase diapycnal change in these locations. Finally, we relate Lagrangian
density changes in the interior to diagnosed Eulerian diapycnal velocities in the interior to gain insight into
the processes driving water mass transformation.

In section 2, we describe the model and Lagrangian and Eulerian methods of quantifying water mass trans-
formation. The total transformation along Lagrangian trajectories are discussed in section 3.1, the contribu-
tions from temperature and salinity in section 3.2, and the spatial distribution of transformation in section
3.3. The results and conclusions are presented in section 4.

2. Model and Methods

2.1. The Southern Ocean State Estimate
The Southern Ocean State Estimate (SOSE) is an eddy-permitting, data-assimilating, ocean general circula-
tion model based on the MITgcm (Mazloff et al., 2010). The model is configured in a domain from 24.78S to

Figure 1. Maps of spatial patterns in Lagrangian upwelling in the Southern Ocean State Estimate, based on Tamsitt et al.
(2017). Percent of particle-transport passing through each 18 longitude 3 18 latitude grid cell at any time between 308S
and the mixed layer for particles originating in the (a) Atlantic, (b) Indian, and (c) Pacific. (d) Percent of particle-transport
crossing 1,000 m in each 18 latitude 3 18 longitude grid box between release at 308S and the mixed layer in SOSE. Blue
contours indicate regions where the mean surface EKE is greater than 100 cm2 s22. (e) Same as Figure 1d but for the ML
crossing. Numbers on Antarctica in Figures 1a–1c show the percentage of the total upwelling particle-transport originat-
ing in the Atlantic, Indian or Pacific. Black lines in Figures 1d and 1e indicate the Northern and Southern boundaries of
the ACC, from the outermost sea surface height contours closed through Drake Passage. Grey contours in Figures 1d and
1e show the 3,000 m bathymetry contour, highlighting major topographic features along the ACC.
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788S with an open northern boundary, with 1/68 horizontal resolution and 42 uneven vertical levels, ranging
from 10 m thickness at the sea surface to 250 m in the abyssal ocean. SOSE employs software developed by
the consortium for Estimating the Climate and Circulation of the Ocean (ECCO; http://www.ecco-group.org)
to assimilate the majority of available in situ observations using an adjoint method. Assimilated observa-
tions include, but are not limited to, Argo profiling float data, Global Ocean Ship-based Hydrographic Inves-
tigations Program (GO-SHIP) hydrographic data, Marine Mammals Observing the Ocean Pole to Pole
(MEOP) CTD data, satellite-based sea surface height and sea surface temperature. The solution is optimized
by minimizing a cost function, which is the uncertainty-weighted misfit of the model state and the observa-
tions. A 18 global state estimate (Forget, 2010) is used for the initial and northern open boundary conditions.
The atmospheric state is initialized using the ECMWF ERA-Interim global reanalysis (Dee et al., 2011), and
these initial conditions and atmospheric state are adjusted by the model adjoint to minimize the cost func-
tion. SOSE air-sea fluxes have been extensively validated and shown to reduce biases in reanalysis flux prod-
ucts (Cerovečki et al., 2011).

Subgridscale paramaterizations are employed to represent small-scale mixing processes, with coefficients
typical of those used in eddy-permitting models. The horizontal biharmonic diffusivity parameterization
(1010 m4 s21) is employed to represent the unresolved subgrid scale mixing (Mazloff et al., 2010). There is
no isopycnal mixing paramaterization in SOSE. Rather, the resolved eddies themselves, obeying dynamical
constraints, naturally stir along isopycnals. The small-scale tracer variance generated by this isopycnal stir-
ring is dissipated by a combination of vertical, horizontal, and numerical mixing. The K-profile parameteriza-
tion (KPP) scheme (Large et al., 1994) is employed to represent unresolved mixing processes, and below
this the diffusivity decays to a constant background vertical diffusivity (1025 m2 s21) in the interior below
the KPP boundary layer.

Although SOSE includes no additional parameterizations besides a constant background diffusivity below
the KPP boundary layer, mixing arises due to constant vertical mixing or cabbeling or thermobaricity that
result from a combination of eddy mixing and nonlinearities in the equation of state. Thus, density changes
in the ocean interior can be enhanced by strong gradients generated by mesoscale eddy activity. SOSE
does not adequately resolve bottom boundary layers due to low vertical resolution of the model grid in the
deep ocean nor does it include internal lee wave parameterizations. Thus, there are diapycnal mixing pro-
cesses in the abyssal ocean responsible for significant water mass transformation of Antarctic Bottom Water
(AABW) that are not represented here (Nikurashin & Ferrari, 2013; Waterhouse et al., 2014). Therefore, we
will focus only on the magnitude and spatial distribution of diapycnal changes in deep water density classes
in the interior.

For this study, we use the SOSE iteration-100 solution, which has been extensively validated against obser-
vations (Abernathey et al., 2016; Tamsitt et al., 2016, 2017), and spans 6 years (2005–2010).

2.2. Lagrangian Experiment and Analysis
The Lagrangian particle release experiment was run offline with the SOSE daily velocity output, using Octo-
pus (https://github.com/jinbow/Octopus; Tamsitt et al., 2017). The particle tracking model uses a fourth-
order Runge-Kutta scheme in time, and the trilinear interpolation scheme in space to retrieve particle veloc-
ity from the surrounding eight gridded SOSE velocity points. Particles are integrated with the deterministic
SOSE daily-averaged velocities with a parameterization of diffusion for unresolved processes that are absent
from the explicitly resolved velocity field. The diffusion is modeled by a random walk scheme, as described
in Tamsitt et al. (2017), with a horizontal diffusivity of 25 m2 s21 and a vertical diffusivity of 1 3 1025

m2 s21. The model implements a reflective boundary condition at the surface and bottom. When particles
are within the ML, a random reshuffle of the vertical position of the particle within the ML is included every
5 days to represent ML turbulence that is not explicitly resolved in the SOSE velocities (Tamsitt et al., 2017).
The majority of this analysis will focus on the particle trajectories prior to first entering the ML, so will not
be significantly affected by the ML parameterization.

A total of more than 2.5 million particles were released at 308S in the 1,000–3,500 m depth range in each
ocean basin at each grid point (14 vertical levels in SOSE), spanning the r2 density range 36.2–37.1 kg m23,
similar to that described in Tamsitt et al. (2017). Particles were rereleased at the same location every 30
days for the 6 years of SOSE daily-averaged output, and trajectories were integrated for 200 years, looping
the model velocity output similar to a previous Lagrangian particle release experiment using SOSE (Van
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Sebille et al., 2013). Small model drifts can cause unphysical jumps in density at the looping time step. To
prevent this causing artificial changes in density along trajectories, the vertical position of particles is
adjusted to conserve neutral density (cn) at the looping time step. Previous work looking at a deep pathway
in the South Atlantic found that spatial pathways were insensitive to changes in the length of velocity out-
put used (Van Sebille et al., 2012). However, in this case, with only 6 years of velocity output there may be
temporal variability on decadal and longer time scales that is not captured. Longer velocity output is cur-
rently unavailable, but in the future further investigation into the importance of longer time scale velocity
variability on the results would be valuable.

Similar to Tamsitt et al. (2017), we select the subset of particles with initial southward velocities at 308S that
remain south of 308S and reach the ML during the 200 year experiment as representing the upwelling
branch of the Southern Ocean overturning circulation. There are several reasons for rejecting particles that
go north of 308S: (1) because we rerelease particles at 308S every month for the first 6 years, the pathways
of particles that go north and return back south are represented, provided that they remain within the
range of depths as the release; (2) this isolates transformation happening to deep water particles only south
of 308S; and (3) SOSE has a northern boundary at 258S where particles can leave the northern boundary so
we cannot account for the particles that exit this boundary. The resulting analysis includes 87,000 particle
trajectories, less than 5% of the original >2.5 million particles released. This small fraction arises mostly
because of very broad initial conditions, and we are confident that the sample adequately represents the
vast majority of the Southern Ocean upwelling and have accounted for the destination of the remaining
particles. Breaking down the fate of all of the particles: at the release, 44% of the particles have initial south-
ward velocities in the depth layers we are interested in (the velocities are split almost equally northward
and southward and we had initially seeded over a slightly broader depth range). Considering only those
that do go south initially, 75% of these cross north of 308S at some stage and do not upwell within 200
years, 15% go north of 308S at some point before returning south and upwelling in the Southern Ocean,
and 2.5% remain south of the 308S and never upwell. The remaining 7.5% stay south of 308S and upwell
within 200 years, which are the particles analyzed here. The fate of the 2.5% that remain unaccounted for in
the Southern Ocean without upwelling is of interest, and we have quantified that 10% of these remaining
particles entered the AABW density class without upwelling.

In Tamsitt et al. (2017), the authors ‘‘tagged’’ particles with volume transport at the release location to track
the relative transport carried by particles between 308S and the mixed layer. With this tagging method, the
total transport of the upwelled particles using the same criteria as this analysis in SOSE is 21.3 Sv, compared
to 29 Sv in the southward limb of the overturning streamfunction in SOSE. We note that the two estimates
are not expected to agree exactly as we only select particle trajectories that reach the mixed layer, while in
the overturning streamfunction, there is a portion of the southward upwelling limb that is entrained into
either intermediate or abyssal waters in the interior without ever reaching the mixed layer. Additionally,
there is likely a small fraction of Lagrangian particle-transport that takes longer than 200 years to upwell
and thus is not captured in our total transport. The upwelling pathways in SOSE were shown to agree well
with two 1/108 resolution models, and all three showed similar topographic hot spots of upwelling (Tamsitt
et al., 2017).

The time scale for particles to upwell from 308S to the ML in SOSE is approximately 60–90 years, although
these time scales are faster in the 1/108 models. It is likely that a ‘‘tail’’ of upwelling particles that take longer
than 200 years to upwell is not captured, as shown in the shapes of the transit time distributions (Tamsitt
et al., 2017, Figure 4). As a result, slower upwelling pathways (e.g., from the Pacific Ocean) may be underrep-
resented in our results. The ML was defined in SOSE at each location and time using the second derivative
of density to find the inflection point at which @q=@z switches sign. This method was chosen because it
gives reasonable estimates over a broad range of regions, where threshold methods may not perform well
in poorly stratified regions such as the Weddell and Ross Seas (Holte & Talley, 2009). We note this mixed
layer depth definition differs slightly from the KPP boundary layer depth, which is defined using a bulk Rich-
ardson number criterion and means that the depth at which the KPP scheme has enhanced vertical diffusiv-
ities may differ somewhat from the mixed layer depth.

The potential temperature, salinity (PSU) are recorded following each individual trajectory, from which we
calculate the potential density referenced to 2,000 m (r2) using the TEOS-10 nonlinear equation of state
(McDougall & Barker, 2011). r2 is chosen as the 2,000 m reference density, reflecting the mean depth of the
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initial particle release locations. We choose to analyze r2 rather than cn because r2 is a quasi-material vari-
able, that is, it changes only as a result of irreversible mixing processes, while cn is not (McDougall & Barker,
2011; McDougall & Jackett, 2005). Additionally, there are technical difficulties that make it very challenging
to calculate the Eulerian water mass transformation rate in cn online in SOSE (see section 2.3). We recognize
that there are disadvantages to using r2, particularly the fact that thermobaric effects are not included in
the analysis in r2, that are captured by calculating water mass transformation in cn. Thermobaric effects are
strong in the Southern Ocean because of steep isopycnal slopes and large isopycnal temperature gradients
(Groeskamp et al., 2016; Klocker & McDougall, 2010; Stewart & Haine, 2016). Thus, to show that our results
are not qualitatively influenced by the choice of density coordinate, we show the overall Lagrangian water
mass transformation in both r2 and cn but present the rest of the analysis in r2 in order to compare with
Eulerian water mass transformation in SOSE (section 3.3).

The majority of particles cross into the ML at depths in the upper 100–200 m, but there is a long tail of
particles that upwell across deep winter MLs (Figure 2a). The SOSE solution has a deep convection event
in the Weddell Sea in 2005 (which did not occur in ocean observations), leading to MLs deeper than
1,000 m, but these influence only a small fraction of particles. It has been demonstrated that the instanta-
neous ML is not a good boundary to separate the region of the ocean with large diapycnal changes due
to surface processes from the interior, and that significant water mass transformation occurs just below
the ML (Iudicone et al., 2008b). Therefore, to separate particles in the interior from particles exposed to
surface heat and freshwater fluxes, we define the ‘‘surface diabatic layer’’ (SDL) as the maximum r2 at
each latitude and longitude that outcrops at least once during the 6 year SOSE iteration (Figure 2; Cero-
večki & Marshall, 2008). This essentially separates isopycnal layers that ‘‘feel’’ the surface at some time dur-
ing the 6 years from those that are never exposed to surface fluxes. This is similar to the ‘‘mixed layer
bowl’’ concept used by Marshall et al. (1999) and Iudicone et al. (2008a), which identifies the maximum
ML depth at each location.

Figure 2. (a) Distribution of depth of mixed layer at particle first crossings, (b) r2 of the surface diabatic layer (SDL) at each grid point, (c) mean depth of the SDL
r2 at each grid point, and (d) depth of the mixed layer ‘‘bowl,’’ which is the maximum mixed layer depth at each grid point for the 6 year period.
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We wish to clarify the language used to describe water mass transformation in this analysis. A process is
considered ‘‘adiabatic’’ if it occurs without exchange of heat and also without the internal dissipation of
kinetic energy (McDougall & Barker, 2011). In the literature, the word ‘‘adiabatic’’ is often used to refer to a
circulation that occurs without modifying the buoyancy of seawater. This usage is correct in idealized mod-
els that consider only temperature and not salinity (e.g., Nikurashin & Vallis, 2011; Wolfe & Cessi, 2011). How-
ever, when salinity is present, it is more accurate to describe a circulation pathway as ‘‘isopycnal’’ when the
buoyancy remains constant and ‘‘diapycnal’’ when it is not. We strive to use these terms correctly, making
exceptions in cases of established terminology, such as the ‘‘surface diabatic layer’’ (Cerovečki & Marshall,
2008), which refers to the upper ocean layer that is exposed to surface forcing.

The SDL in SOSE shows very dense waters, with r2 > 37:1 kg m23, outcropping south of the ACC at some
time during the 6 year iteration (Figure 2b). The mean SDL depth exceeds 1,000 m in the Weddell and the
western Ross Seas, due to inversions in the r2 profile in these regions (Figure 2c). Outside of these two regions,
the SDL depth is similar to the ‘‘mixed layer bowl,’’ and the results following are qualitatively similar using a
‘‘mixed layer bowl’’ rather than the SDL (not shown) (Figure 2d). Particles take a median of 79 years, with a
standard deviation of 42 years, to travel from 308S to first crossing of the SDL, compared to a median of 17
years (25 years standard deviation) to travel between first crossing of the SDL and crossing the ML. Thus, an
average particle spends approximately 1/5 of its total upwelling time traveling between the SDL and the ML.

It is worth noting that with background diffusion, we should not view any single particle trajectory as a
‘‘pathway’’ but view water mass pathways as a statistical quantity from an ensemble of particles. It is useful
to define the probability density function based on a large group of particles, which can be used to calcu-
late the first and higher order moments to gain more insight into the process of the water mass transforma-
tion. The probability density function (PDF) in this Lagrangian method is simply defined as the normalized
particle distribution within any variable space tagged along the particle trajectories, such as density, tem-
perature, salinity or eddy kinetic energy. It is numerically calculated by binning particles and counting the
particle numbers in each bin. We denote the property v of the ith particle as vi. The particle PDF in v space
is written as

PðvÞ5 1
N

XN

i51

ni ;

ni5

1; if v2d=2 < vi � v1d=2

0; else
;

8<
:

(1)

where N is the total number of particles, and d is the bin width. In the following, we will replace v with den-
sity, potential temperature, salinity, and eddy kinetic energy to examine the Southern Ocean upwelling
pathways from different perspectives.

2.3. Eulerian Water Mass Transformation Analysis
A useful complementary analysis to the Lagrangian experiments is to directly calculate Eulerian water mass
transformation in SOSE, which will be compared and contrasted with the Lagrangian results in section 3.3.
Water mass transformation quantifies the rate at which water masses change their properties due to irre-
versible thermodynamic processes (mixing and boundary fluxes). Here we consider water mass transforma-
tion in r2 potential density coordinates (Marshall et al., 1999). In a steady state, the net water mass
transformation within an ocean basin must match the volume inflow/outflow at the basin boundary (Walin,
1982). Because of this conservation property, water mass transformation rates are usually presented as inte-
grals over whole basins. However, it is also possible to calculate a transformation map, which describes the
rate of water mass change at each point in space (e.g., Brambilla et al., 2008). This ‘‘local’’ transformation
rate is equivalent to the diapycnal velocity in thickness-weighted isopycnal coordinates (Young, 2012).

The potential density equation is

Dr2

Dt
5 _r25

@r2

@h
_h1

@r2

@S
_S ; (2)

where _h and _S represent all nonadvective sources (i.e., external forcing and mixing) of potential tempera-
ture (hÞ in degrees Celsius and salinity (S) in PSU, respectively. The partial derivatives @r2=@h and @r2=@S
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are related to thermal expansion and haline contraction and are evaluated from the model’s thermody-
namic equation of state (Jackett & Mcdougall, 1995). The local transformation rate is defined as

xðx; y; r2; tÞ5 @

@r2

ð
r02<r2

_r2dz ; (3)

where the overbar indicates a time average (here over the 6 year SOSE integration interval) and the integra-
tion is performed in the vertical up to the target isopycnal depth. x has units of m s21.

This expression is evaluated numerically by discretizing r2 into 400 unevenly spaced bins. The bin spacing
Dr2 varies from 0.025 kg m23 at low density to 0.0025 kg m23 at high density. This spacing was chosen to
provide good resolution of the high-density polar water masses, which occupy a relatively small segment of
the density range but with a large depth range. Within each bin, (3) is evaluated numerically as

xðx; y; r2; tÞ5 1
Dr2

XNz

k51

_r2hcDzf dðr22r02Þ; (4)

where hc is the partial grid cell fraction (Adcroft et al., 1997), and Dzf is the height of the tracer grid cell, and
Nz is the number of vertical grid cells. The function dðr22r02Þ is a numerical delta function, defined as

dðr22r02Þ5
1 if ðr22Dr2=2Þ < 5r02 < ðr21Dr2=2Þ

0 else
:

(
(5)

The time averaging in (4) is performed ‘‘online,’’ i.e., at every time step as the model is running, using the
MITgcm LAYERS package. (The highest possible temporal resolution is required for accurate calculation of
of water mass budgets (Ballarotta et al., 2013; Bryan & Bachman, 2015; Cerovečki & Marshall, 2008).) The
nonadvective potential density tendency _r2 is the sum of six individual subcomponents corresponding to
surface forcing, vertical mixing (including the KPP parameterization), and horizontal mixing for both poten-
tial temperature and salinity, enabling a detailed decomposition of the thermodynamic processes that drive
changes in water mass density.

Over a very short interval, x should in principle be equal to the rate with which Lagrangian particles move
across isopycnal surfaces. This equivalence breaks down, however, for long averaging times and when only
a subset of particles is analyzed (as is the case for the upwelling particles examined here). Nevertheless,
comparing Lagrangian density changes to Eulerian water mass transformation maps helps understand the
thermodynamic drivers of the density changes (e.g., mixing versus surface forcing).

3. Results

3.1. Lagrangian Water Mass Transformation
It is instructive to take a probabilistic approach to cumulative density changes along particle trajectories,
thus showing the likelihood of a deep water particle falling within a range of densities using particle
PDFs as defined in equation (1). With this tool we can quantify the probability that a water parcel from
the deep ocean will upwell along isopycnals, and the likelihood that its density will increase or decrease.
We define the density anomaly, Dr2 (in units of kg m23), as the difference between density at a given
point in time and the initial density at the release location at 308S. Dr2 represents the cumulative, or net,
density change between release and a given location and time, and thus density increases and
decreases can occur in between that are compensated, leading to no net density change. We note that
as particles get closer to the sea surface, particularly as they travel between the SDL and ML, the Dr2 val-
ues misrepresent the actual diapycnal density change, as the r2 coordinate drifts further from the true
isopycnal surface toward the sea surface. (Particles that become lighter in r2 are actually becoming even
more buoyant, as seen by the rotation of rh contours relative to r2 contours.) We bin the density and
density anomaly in 0.1 kg m23 bins to obtain the sample PDF. In Figure 3, we show the PDFs of density
and density anomaly at the particle release location, first crossing of the SDL and first crossing of the ML,
with the contributions from particles originating in the Atlantic, Indian and Pacific to the total PDF
shown individually (Figure 3).
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The distribution of density at the particle release locations (Figure 3a) is broad but unevenly distributed in
r2 space. Because the particles are released in an even distribution in depth space at 308S, they are
unevenly distributed in density space and the chosen subset of particles that eventually reach the ML fur-
thers the uneven sampling in density space. In this case, we have chosen to distribute evenly in depth space
as this more accurately represents the total volume of upwelling deep water and thus density classes with
larger volume have a larger contribution to the bulk density statistics. As is clear in Figure 3a, our analysis
includes a broad range of densities, so to further understand the changes in density during upwelling, we
define separate water masses within this range. Using the same water mass definitions as used to analyze
the same iteration of SOSE in Abernathey et al. (2016) (following Speer et al. (2000) and Downes et al.
(2011)), we define four water masses: Intermediate Waters (IW), Upper Circumpolar Deep Water (UCDW)
and Lower Circumpolar Deep Water (LCDW), and Antarctic Bottom Water (AABW) (Table 1). The results are
not sensitive to the exact water mass definitions. We also note that we refer to deep water originating in
each ocean as North Atlantic Deep Water (NADW), Indian Deep Water (IDW), and Pacific deep water (PDW),
but for this analysis these definitions refer only to the basin of origin and not a particular density range.

At 308S, the mode in the PDF of r2 is 36.9 kg m23 and the distribution is skewed toward lighter densities,
with a sharp drop off in the probability of particles being denser than 36.9 kg m23 and a broad tail of lighter
particles. The particles are divided with 8.3% initially in the IW density range, and the remaining split almost
equally between the UCDW and LCDW density classes. The distributions of r2 in each basin show that
upwelling particles originating in the Pacific dominate the total number of upwelling particles, and more
Pacific particles originate at lighter densities than those originating in the Atlantic and Indian Oceans.

Figure 3. Probability density functions of all particles (black) and the contributions to the total PDF from the Atlantic, Indian and Pacific basins (colors) for (a) r2 at
release location at 308S, (b) r2 at first crossing of the SDL, (c) r2 at first ML crossing, (d) Dr2 at first crossing of the SDL, and (e) Dr2 at first ML crossing. Dashed lines
in Figures 3a–3c indicate the boundaries between different water masses listed in Table 1 and the solid vertical lines in Figures 3d and 1e indicate 0 Dr2, or no
density change. The mean and standard deviation of Dr2 are shown in Figures 3d and 3e.

Journal of Geophysical Research: Oceans 10.1002/2017JC013409

TAMSITT ET AL. SOUTHERN OCEAN UPWELLING TRANSFORMATION 2002



When particles first cross the SDL, the distribution of particle r2 has become more evenly distributed, with
fewer particles occupying the lightest density classes, and a broadened peak encompassing dense UCDW
and light LCDW (Figure 3b). The distribution of Dr2 at the time when particles cross the SDL for the first
time is symmetric and centered close to zero (i.e., no net density change), with a mean Dr2 of 20.01
kg m23 and a standard deviation of 0.16 kg m23 (Figure 3d). Thus, the net diapycnal transformation in the
ocean interior prior to reaching the SDL is small, mostly characterized by a spread of the PDF to both higher
and lower densities rather than a shift in the mean. We note that the the small total mean density decrease
below the SDL is mostly due to particles originating in the Atlantic and Indian, with mean Dr2 of 20.01 and
20.03 kg m23, respectively, while the mean Pacific Dr2 is negligible.

In contrast, when particles reach the ML for the first time, the distribution of r2 of particles from all origins
has changed significantly, with 68% of particles lighter than at their initial density at release. There is a
broad tail at higher densities, including 2.1% of particles denser than 37.2 kg m23, which have mixed with
denser waters to enter the AABW density class prior to reaching the ML (Figure 3 and Table 1). We note that
this 2.1% of particles only captures particles converted to AABW that upwell to the mixed layer and thus
does not represent the full conversion of deep waters to AABW, as there is likely a subset of particles con-
verted to AABW that never reach the mixed layer. At the ML crossing, the PDF of Dr2 remains symmetric,
but the distribution is shifted toward substantially lighter densities, with a mean density anomaly of 20.12
kg m23 and standard deviation of 0.24 kg m23. This distribution is similar for all three basins of origin. This
shows that between the SDL and ML, particles undergo much larger net density changes relative to
changes before crossing the SDL, with a strong bias toward lighter densities. This result justifies the use of
SDL as a definition for separating the interior ocean, where the upwelling is relatively isopycnal and trans-
formation results from mixing, from the upper ocean where surface forcing also contributes resulting in a
much larger net density change.

Figure 4 shows the same PDFs as Figure 3 but calculated using cn as the density coordinate rather than 3.
The distributions of density and density anomaly are very similar, indicating that our conclusions are not
particularly sensitive to the choice of density coordinate. In particular, the Dr2 and Dcn at the SDL crossing
(Figures 3d and 4d) are almost identical, with the same mean and very similar standard deviations (0.16 for
Dr2 and 0.14 for Dcn). Above the SDL, where there are larger differences between r2 and cn surfaces, the
density change is generally larger in cn than r2. The mean of Dcn at the ML crossing are 20.26 kg m23,
more than double that of Dr2 (–0.12 kg m23) and the standard deviation of Dcn (0.76 kg m23) is three times
that of Dr2 (0.24 kg m23). The result that density decreases more in cn is somewhat surprising, as previous
water mass transformation analyses indicate that thermobaricity (which is captured in cn but not r2)
increases density in deep waters in the Southern Ocean (Groeskamp et al., 2017). This may be due to the
fact that density change in r2 is an underestimate of the actual density change as particles venture further
from the 2,000 db reference pressure as they approach the sea surface (see section 3.3).

Given the wide range of initial densities captured in Figure 3a, it is useful to look at the evolution of particle
densities as a function of initial density as differing transformation of individual density classes may be
obscured in the bulk PDFs in Figure 3. Figure 5a shows a joint PDF of particle initial release density and den-
sity at the SDL crossing, with values above the 1:1 line indicating a net density increase and below the 1:1
line indicating a net density decrease. These changes result from mixing, which can cause density to
increase or decrease, or from cabbeling, which only increases density, or thermobaricity, which can increase

Table 1
Water Mass Definitions, Showing the Neutral Density (cn) Range Used in the Same Iteration of SOSE in Abernathey et al.
(2016), and the Equivalent r2 Ranges for Upwelling Water in This Study

Water mass cn (kg m23) r2 (kg m23) % at release % at SDL % at ML

IW 27.0–27.5 <36.6 8.3 7.2 25.8
UCDW 27.5–28.0 36.6–36.95 46.6 55.3 50.7
LCDW 28.0–28.2 36.95–37.2 45.1 37.5 21.4
AABW >28.2 >37.2 <0.1 <0.1 2.1

Note. The rightmost three columns show the percentage of total upwelling particles in each density class at the parti-
cle release location at 308S, at the first crossing of the SDL and at the first crossing of the ML.
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or decrease density. The lightest waters (IW density class) show a distinct shift toward the denser UCDW
density class, while particles originating in the UCDW density class with r2 > 36:8 kg m23 shift toward ligh-
ter densities during upwelling, leading to a convergence of these two water masses. This density conver-
gence may result from mixing of different source deep waters as they interact in the ACC. The small net
lightening of the UCDW implies that the mixing processes making them lighter are more vigorous than
cabbeling. In contrast, the particles originating in the densest LCDW tend to become denser during upwell-
ing, with a very small fraction reaching AABW densities by the time they cross the SDL. Cabbeling may con-
tribute significantly to this densification of LCDW, as observations suggest that there is significant formation
of dense LCDW and AABW by cabbeling in the Southern Ocean (Foster, 1972; Groeskamp et al., 2016).

The buoyancy gain of UCDW particles and buoyancy loss of the densest LCDW particles results in diver-
gence toward two separate water masses in the ocean interior, as is visible in the two peaked structure in
Figure 3b. This transformation of deep water toward lighter IW and denser AABW in the ocean interior prior
to reaching the mixed layer has been shown in previous model analysis (Iudicone et al., 2008a). We note
that because we consider only particles that upwell to the ML, there is likely a subset of deep water particles
entrained into AABW that never outcrop into the mixed layer and thus are not captured in this Lagrangian
analysis.

After crossing the SDL, but before reaching the ML, a strong shift toward lighter densities is clear for all par-
ticles apart from those crossing the SDL at densities greater than r2 5 37.0 kg m23. These densest waters
show similar likelihoods of increasing or decreasing density before reaching the ML, causing further

Figure 4. Probability density functions of all particles (black) and the contributions to the total PDF from the Atlantic, Indian and Pacific basins (colors) for (a) cn at
release location at 308S, (b) cn at first crossing of the SDL, (c) cn at first ML crossing, (d) Dcn at first crossing of the SDL, and (e) Dcn at first ML crossing. Dashed lines
in Figures 4a–4c indicate the boundaries between different water masses listed in Table 1 and the solid vertical lines in Figures 4d and 4e indicate 0 Dcn , or no
density change. The mean and standard deviation of Dcn are shown in Figures 4d and 4e.
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divergence of the densest waters from the bulk of particles reaching the ML as UCDW. Our analysis shows
that while upwelling in the interior below the SDL is relatively isopycnal, the upwelling deep water experi-
ences large diapycnal changes before crossing the ML, is significantly modified by mixing, and is influenced
by surface heat and freshwater fluxes. This is consistent with previous work that finds substantial water
mass transformation below the ML (Iudicone et al., 2008a). Again we compare the density anomaly in r2

(Figures 5a and 5b) to cn (Figures 5c and 5d) and find the results are qualitatively very similar, but there are
larger density decreases between the SDL and ML when calculated in cn relative to r2 similar to (Figure 4).
To aid in the comparison with Eulerian water mass transformation in SOSE, for the remainder of the analysis
we will show the lagrangian transformation using r2 as the density coordinate.

Our results suggest that some of the deep water originating in the Atlantic and Indian that is initially in the
LCDW density range is converted to the UCDW density range prior to reaching the mixed layer (Figures 3a
and 3b), resulting in distributions of densities at the SDL crossing that are more similar to the Pacific deep
water distribution (which is essentially unchanged). We find that the transformation of deep water between
308S and reaching the northern ACC boundary differs by basin (not shown), but once particles enter the
ACC and eventually cross the SDL, the density distributions are much more similar, but retain small mean

Figure 5. Joint probability density function of (a) r2 at release location at 308S compared to r2 at first crossing of the SDL,
(b) r2 at first crossing of the SDL compared to r2 at first crossing of the ML, (c) same as Figure 5a for cn, and (d) same as
Figure 5b but for cn. The solid 1:1 line in each figure indicates no density difference, values above the line indicate a den-
sity increase, and below the line indicate a density decrease. Dashed lines indicate the boundaries between different
water masses in r2 and cn listed in Table 1.
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density differences, as will be shown in more detail in the next section. Very few particles analyzed here
that upwell all the way to the mixed layer are transformed to AABW before crossing the SDL. However, it is
important to note that transformation of Deep Waters to AABW may take place largely below the mixed
layer and in polynyas; particles that transform from Deep Water to AABW without entering the mixed layer
are not represented in our analysis. Moreover, the AABW production rate appears to be significantly under-
estimated in SOSE compared with observed transports, as reported in many papers and summarized in
Talley (2013). Further analysis in upcoming years with models of increased spatial resolution and more real-
istic polynya representation will be of great interest in this regard.

3.2. Changes in Temperature and Salinity
We further decompose the density change along trajectories into separate contributions from temperature
and salinity, using the relationship Dr252aðh; SÞDh1bðh; SÞDS, where h is potential temperature, S is salin-
ity, a is the thermal expansion coefficient, and b is the haline contraction coefficient (both coefficients calcu-
lated at a pressure of 2,000 db). We note that this decomposition would not be possible with neutral
density without the addition of a constant factor that depends on space (Iudicone et al., 2008c). Similar to
Iudicone et al. (2008a), we approximate this using an integral approach as Dr2 � 2að�h;�SÞDh1bð�h;�SÞDS,
where the overbar is the average of the initial and final values. The sum of the temperature and salinity con-
tributions to Dr2 derived in this way agrees closely with the total density change (Figure 6).

At the SDL crossing, there is strong compensation between temperature and salinity changes, but with a
large overlap in the Dh and DS distributions. Dh is shifted toward positive values, indicating mixing with
colder water, while salinity is shifted toward negative values, indicating mixing with fresher water (Figure
6a). The colder and fresher water that mixes along isopycnals with the upwelling deep water likely origi-
nates as Antarctic Surface Water at the sea surface. At the ML crossing, there is less overlap in the Dh and D
S distributions and they are no longer density compensated, with the DS distribution centered further to
the left (Figure 6a). Therefore, the shift in Dr2 toward lighter densities between the SDL and the ML is
accomplished by decreasing salinity. In the same iteration of SOSE, Abernathey et al. (2016) found that verti-
cal mixing of salt is the dominant contribution to the total water mass transformation in these same density
classes due to mixing in the upper ocean, consistent with our Lagrangian result that DS causes the shift of
r2 toward lighter densities above the SDL.

The distribution of particle densities can also be visualized in thermohaline coordinates (i.e., h-S space),
which can shed insight on the circulation beyond geographical coordinates (D€o€os et al., 2012; Groeskamp
et al., 2014; Zika et al., 2012; Figure 7). This allows a clear distinction to be made between compensated
changes in temperature and salinity due to isopycnal mixing and diapycnal mixing which leads to density

Figure 6. Probability distribution function of particle Dr2 and contributions from Dh and DS at (a) first crossing of the SDL
and (b) first crossing of the ML. Note that the y-axis limits differ in Figures 6a and 6b.
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change. We note that changes in h-S coordinates can occur both as a result of advection of a particle across
temperature and salinity gradients, and due to local changes in temperature and salinity at a fixed location
(Groeskamp et al., 2014). Figure 7 shows three examples of particle trajectories in h-S space and their corre-
sponding geographic locations, illustrating different pathways. Combining all upwelling trajectories, joint
PDFs of particle h and salinity in thermohaline coordinates at the release, SDL crossing, and ML crossing
shows the progression of upwelling deep water from relatively warm and salty to colder and fresher at the
SDL crossing and to three distinctly separate water masses at the ML crossing (Figure 8).

Between 308S and the SDL, the core water mass properties of particles originating in the Atlantic show a
predominantly isopycnal shift from the warm, salty signature of NADW toward colder, fresher waters (Figure
8a). In contrast, there is weaker modification of particles originating in the Indian (Figure 8b), and very little
modification of deep water with Pacific origin (Figure 8c) below the SDL. The result is a convergence of
water masses with different initial properties toward a single similar T-S distribution by the time particles
reach the SDL (Figure 8d). Because the change in temperature and salinity is mostly density compensated
even though well known (e.g., Sloyan & Rintoul, 2000), this transformation of NADW along density surfaces
is often taken for granted, but was central to a global analysis of the ocean circulation in thermohaline coor-
dinates (Zika et al., 2012). In addition to compensated change in properties, there is a very slight density
decrease in Atlantic and Indian waters between 308S and the SDL, as in Figure 3b.

Figure 7. Lagrangian trajectories in h-S space. (a) Map showing positions for three particles (black, dark grey, and light
grey) with colored location at 308S (blue), first crossing of the SDL (magenta), and first crossing of the ML (orange) and
(b) same trajectories as Figure 7a but in h-S space. Dashed black contours show r2 levels in h-S space.
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Between the SDL and ML, the h-S properties diverge into three distinct water masses: a relatively warm,
salty water mass of particles that upwell into the ML in subtropical western boundary currents (annotated
as i. in Figure 8a); a broad, colder water mass spanning UCDW density classes (annotated as ii. in Figure 8a);
and a separate water mass with close to freezing temperatures with the saltiest waters crossing into AABW
densities (annotated as iii. in Figure 8a). As shown in Figure 5, this also indicates the divergence of water
mass properties into two distinct branches prior to entering the ML and being exposed to direct surface
buoyancy fluxes. It is also clear in Figure 8d that the center of mass of the density distribution of Atlantic
deep water is initially slightly denser than Indian and Pacific deep waters. This mean density difference,
albeit small, remains similar at 308S, the SDL and ML, although the h-S characteristics change substantially.
Thus, although there is convergence of water masses in h-S space in the interior and a large overlap in the
density distribution of different deep waters, the difference in center of mass of the particle distribution
between the Atlantic and Indo-Pacific deep waters is preserved during upwelling. This is consistent with the
results of Talley (2013) and others that find the signature of deep waters of Atlantic origin is found at a
higher density (and below) Indian and Pacific deep waters.

Figure 8. Joint probability distribution function of particle h (8C) and salinity (PSU) at the release location (blue), SDL
crossing (magenta), and ML crossing (orange) for (a) particles originating in the Atlantic, (b) Indian, and (c) Pacific. Dashed
black contours show r2 levels in h-S space. Blue, magenta, and orange filled shapes in each figure connected by grey
lines show the progression of the mean particle h-S properties at release, SDL crossing and ML crossing, respectively.
(d) Zoomed in view of mean particle h-S properties at release, SDL and ML for the Atlantic (A, circles), Indian (I, squares),
and Pacific (P, triangles). Dashed black contours in each figure show r2 levels in h-S space, and dash-dot grey contours in
Figure 8d indicate rh (potential density referenced to the sea surface) levels in h-S space.
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An important caveat that errors in our estimates of diapycnal change in r2 coordinates may be important in
the upper ocean is clearly illustrated by the difference in slope of r2 and r0 contours in h-S space shown in
Figure 8d. The density change between the SDL (magenta) and ML (orange), where particles are in the
upper ocean, is significantly larger in rh than in r2, suggesting that our Dr2 may be underestimating the
true density change in the upper ocean.

3.3. Spatial Distribution of Transformation
It is clear from sections 3.1 and 3.2 that there are significant transformation along Lagrangian upwelling
pathways in the interior of the Southern Ocean, but we take this a step further to look at where these pro-
cesses occur spatially. Using the local density time rate of change along particle trajectories, dr2=dt, we bin
the particle dr2=dt in 18 latitude 3 18 longitude spatial bins for all particles at all times, and average all val-
ues in each bin to obtain an ensemble estimate of the density change rate at each location. Additionally,
we separate the times at which particles are below the SDL and above the SDL, and bin average these sepa-
rately to estimate the mean dr2=dt in the ocean interior and the dr2=dt above the SDL (Figure 9).

The maps of ensemble mean dr2=dt in the interior and in the SDL show that, to first order, dr2=dt along tra-
jectories in the SDL is an order of magnitude larger than in the interior (Figure 9). In the interior, although d
r2=dt is relatively small, there is clearly enhanced ensemble mean dr2=dt of similar magnitude to above
the SDL in some locations, particularly in boundary currents, close to major topographic features and along
the Antarctic coastline. Regions with high EKE (region within green contours in Figure 9a) encompass much
of the enhanced interior dr2=dt in boundary currents and near topography, but exclude enhanced transfor-
mation elsewhere, particularly along the Antarctic continental slope. The background transformation below
the SDL is generally very weakly increasing density (positive transformation), but there are notable regions
where particle density is decreasing (negative transformation). This includes the Agulhas Return Current
and regions at major topographic features along the ACC, including the Kerguelen Plateau, Macquarie
Ridge, Pacific-Antarctic Ridge and Drake Passage, where there are hostpots of negative transformation

Figure 9. Ensemble averaged dr2=dt in 18 longitude 3 18 latitude bins along particle trajectories for (a) below the SDL,
(b) above the SDL (see Figure 2 for SDL density and depth). Only bins containing greater than 100 particle crossings are
shown. Positive values (red) indicate increasing density. Green contours indicate regions where the mean EKE at 1000 m
in SOSE is higher than 100 cm2 s22, as in Figure 1d.
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(Figure 9a). The weak negative transformation in the Agulhas Current and Agulhas Return Current region is
likely an important contribution to the weak mean negative Dr2 at the SDL of particles originating in the
Atlantic and Indian (Figure 3d) as particles from the Western Indian and Eastern Atlantic pass through this
region (Figures 2a and 2b).

In order to determine which processes cause diapycnal density change, it is useful to compare the Lagrang-
ian statistics with Eulerian estimates of transformation across density surfaces, which can be broken into
contributions from surface fluxes of temperature and salt, horizontal mixing, and vertical mixing. The cumu-
lative transformation recorded by particles could have occurred anywhere along their trajectories, which do
not remain on a single density surface, so are not expected to agree precisely with the water mass transfor-
mation across a given isopycnal surface. We focus here on the Eulerian transformation on an isopycnal due
to horizontal and vertical mixing, and particularly in the interior, to compare with the density changes along
Lagrangian trajectories below the SDL and ML.

Figure 10. Mean water mass transformation (m s21) across 36.6 kg m23 <r2 < 36:8 kg m23 (light UCDW) due to (a) total
diapycnal mixing, (b) diapycnal mixing of temperature, and (c) diapycnal mixing of salt. Grey contours in (d) and (e) show
the 3,000 m bathymetry contour.
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The transformation due to mixing across the 36.7 kg m23 <r2 < 36:9 kg m23 range (corresponding to the
center of the UCDW density class) shows a very small transformation north of and within the ACC and broad
negative transformation toward lighter densities south of the ACC (Figure 10). This region of negative trans-
formation of light UCDW along the southern ACC boundary and south of the ACC encompasses the loca-
tions where most particles first outcrop into the mixed layer (Figure 1e).

This distribution is consistent with the Lagrangian distributions of r2 and Dr2, which show generally small
transformation during interior upwelling but a distinct shift toward lighter densities as they approach the
ML, which occurs predominantly south of the ACC. There are a few notable exceptions to this pattern, with
significant positive transformation on the southern side of the ACC in Drake Passage, along the Pacific-
Antarctic Ridge, south of Kerguelen Plateau and in the western Ross Sea. In these locations, density increase
by mixing of temperature exceeds density decrease due to mixing of freshwater (Figures 10b and 10c).

The broad region of negative transformation south of the ACC is due to mixing of both temperature and
salinity, although along some regions along the southern ACC boundary there is strong compensation

Figure 11. Water mass transformation (m s21 averaged across the 37.0 kg m23 <r2 < 37.15 kg m23 (LCDW) layer due to
(a) total diapycnal mixing, (b) diapycnal mixing of temperature, and (c) diapycnal mixing of salt. Grey contours in (d) and
(e) show the 3,000 m bathymetry contour.
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between mixing of temperature and salt, with mixing of salt dominating in these locations (Figures 10b and
10c). This is generally in agreement with the Lagrangian temperature and salinity contributions to Dr2 in
Figure 6. However, the Dh and DS contributions from the Lagrangian analysis indicate that mixing of heat
leads to a net increase in density for most particles, which would correspond with positive transformation,
while the map of transformation due to mixing of temperature shows regions of both positive and negative
transformation.

The result that mixing of freshwater is the dominant term transforming UCDW to lighter densities is consis-
tent with previous water mass transformation analyses showing that vertical mixing of deep water with
fresher waters above dominates the total mixing contribution to transformation (Abernathey et al., 2016),
and leads to conversion of UCDW to IW below the ML (Iudicone et al., 2008a). Iudicone et al. (2008a) pro-
pose that this freshening occurs as UCDW is approaching the upper ocean in the region south of the ACC
where upward Ekman pumping brings UCDW up to where it encounters strong salinity gradients just below
the mixed layer, mixing with fresher water to gain buoyancy.

The transformation averaged over isopycnal layers for 37.0 kg m23 <r2 < 37.15 kg m23 (Figure 11)
corresponds to the secondary peak in densities at the SDL crossing (Figure 3b) within the LCDW density class.
Separating the transformation due to mixing of temperature and mixing of salt clearly shows strong compen-
sation, consistent with the Lagrangian analysis (Figure 6). Over this density range, the impact of mixing is to
very weakly increase density north of and within the ACC, with localized areas of stronger density increase
and decrease south of the ACC where the isopycnals are closer to the sea surface (Figure 11). The broadly pos-
itive transformation within and north of the ACC in this range is a result of horizontal mixing (not shown) and
is consistent with the Lagrangian statistics showing that particles initially in the denser LCDW density range
tend to increase density in the interior, diverging from the lighter water masses during upwelling to the SDL
(Figure 5). There is stronger transformation, both positive and negative, south of the ACC where the LCDW
density surfaces shoal toward the surface. In particular, there is strong positive transformation near the Antarc-
tic continent where these density surfaces outcrop, corresponding to regions of AABW formation. This densifi-

cation is caused by dominance of cooling by mixing of temperature
(Figure 11b) over freshening by mixing of salt (Figure 11c). Further
north in the Weddell and Ross gyres, transformation by mixing of tem-
perature is weak or even negative, indicating warming, and thus the
next effect of mixing is to make water lighter in these regions.

Both the Lagrangian dr2=dt in the ocean interior (Figure 9) and the
Eulerian transformation (Figures 10 and 11) show coherent hot spots
of enhanced density change at major topographic features (con-
toured in grey) where interaction of the mean flow with topography
generates vigorous eddy activity. These locations at and downstream
of topography are similar to the locations of maximum interior upwell-
ing in the ACC, including the Southwest Indian Ridge, Kerguelen Pla-
teau, Macquarie Ridge, Pacific Antarctic Ridge, and Drake Passage
region (Figures 1a and 1b; Tamsitt et al., 2017). In the ocean interior
far from the surface, the total diapycnal mixing is dominated by the
horizontal component (not shown), which may be a result of the SOSE
prescribed subgrid mixing parameterizations. Nevertheless, the inte-
rior mixing is greatly enhanced in regions with strong fronts and eddy
activity, which generate strong horizontal density gradients, which
with a constant diffusivity leads to larger transformation.

To quantify the contribution of eddy hot spots associated with topog-
raphy to cumulative diapycnal transformation along upwelling path-
ways, we bin particle dr2=dt by EKE levels. Using the time-mean
surface EKE distribution, with the assumption that the spatial pattern
of EKE is similar at all depths, we sum the absolute value of dr2=dt for
each particle in each 10 m22 s22 surface mean EKE bin, to obtain the
contribution to the particle total transformation as a function of EKE
(Figure 12). Comparing the cumulative RMS of particle dr2=dt as a

Figure 12. Cumulative fraction of total RMS of absolute density change (red),
and cumulative fraction of total ocean volume (blue), as a function of EKE. Note
that the limits of the two y axes differ, with the density change y axis (left)
extending from 0 to 1 but the volume y axis (right) extending above 1 in order
to show clearly the alignment of the two curves at low EKE values
(<100 cm2 s22) and the separation at high EKE values (>100 cm2 s22). The
heavy grey line at EKE 5 100 cm2 s22 emphasizes the point at which the two
lines begin to deviate.
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function of EKE to the total volume in each EKE bin illustrates that areas with high EKE have a disproportion-
ately large influence on particle density change given their volume. This is clearly visible in Figure 12 by the
divergence of the two lines at high EKE values (greater than 100 m22 s22, contoured in Figures 1d and 9).
However, this divergence is small and the majority of the volume is in regions with low EKE. Therefore, close
to 75% of the cumulative RMS dr2=dt occurs at EKE< 100 m22 s22, while the remaining 25% occurs in
regions with EKE> 100 m22 s22. Therefore, while most interior upwelling (i.e., crossing of depth surfaces)
occurs at topographic hot spots (Figure 1d and Tamsitt et al., 2017), diapycnal change (crossing of density
surfaces) is not as strongly concentrated at these hot spots. This supports the hypothesis presented by Tam-
sitt et al. (2017, Figure 7), that the upwelling is predominantly isopycnal in these hot spots. With this new
knowledge, the Tamsitt et al. (2017) isopycnal upwelling at topographic hot spots should be modified to
reflect the fact that density change along upwelling pathways the ocean interior is somewhat enhanced in
the topographic hot spots, but these density changes are small relative to the transformation that occurs
between the SDL and the ML.

4. Summary and Conclusions

We have quantified the cumulative water mass transformation along Southern Ocean Lagrangian upwelling
pathways in the ocean interior and have summarized the overall water mass transformation and processes
involved in an idealized schematic (Figure 13). In the interior, upwelling predominantly follows isopycnal
surfaces up until reaching a surface diabatic layer, defined by the densest isopycnal that outcrops at a given
location, above which there is strong transformation toward lighter density classes as a result of freshening
due to mixing with fresher surrounding water. Despite interior density changes being relatively small, the
density distribution of deep water shows a clear migration toward two separate density classes during
upwelling, which indicates the early stages of the separation of upwelling waters into the upper and lower

Figure 13. Schematic of the fate of upwelling deep water that travels from 308S to the mixed layer. Grey indicates the
seafloor. Black curves indicate the boundary between IW, UCDW, LCDW, and AABW density layers. The blue line is the
lower boundary of the SDL and shaded region above indicates the mixed layer, with the blue to red gradient indicating
the buoyancy gradient in the mixed layer. The orange bar indicates the depth range over which particles were released
at 308S between 1,000 and 3,500 m depth, with a total combined upwelling of particles represents 21.3 Sv of transport.
Orange arrows indicate pathways of particles from 308S to the ML in each density class, with wider arrows indicating a
larger percentage of the total upwelling, with the corresponding percentage of total upwelling particles shown alongside
the arrows at 308S, the SDL crossing, and ML crossing (as listed in Table 1). Black zig-zag arrows indicate isopycnal mixing
and black spirals indicate diapycnal mixing (weak in the interior below the SDL and stronger in the SDL). Red and blue
shading on the LCDW layer indicate the along isopycnal gradient from relatively warm and salty to relatively cool and
fresh.
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branches of the overturning circulation, which is completed by buoyancy fluxes at the sea surface. Although
the pathways are close to isopycnal, compensated changes in temperature and salinity leads to homogeni-
zation of different source deep waters by mixing with relatively cold, fresh subpolar water.

There is large seasonality of surface buoyancy fluxes and winds, particularly associated with sea ice, which
may lead to seasonality in the density changes along upwelling particle trajectories. This has been shown to
be important for water mass transformation due to sea ice in the Southern Ocean (Abernathey et al., 2016).
Further analysis of the differences in upwelling and water mass transformation in different seasons is
needed to determine how seasonal processes influence upwelling and water mass evolution along these
pathways. Additionally, nonlinearities in the equation of state lead to significant water mass transformation
in the Southern Ocean due to cabbeling and thermobaricity (Groeskamp et al., 2016). In particular, analysis
of observations show significant LCDW formation from UCDW due to nonlinear water mass transformation
(Groeskamp et al., 2016). Because most of our analysis is done using potential density, the contribution to
the water mass transformation from thermobaric effects are not captured using this density coordinate.
However, the qualitative agreement between results using potential density and neutral density indicates
that the inclusion of thermobaricity does not change our conclusions, but more work is needed to further
quantify the role of nonlinear processes in water mass transformation in upwelling pathways.

There are additional challenges to understand how Lagrangian methods can introduce errors in the density
change recorded along particle trajectories, and more attention is needed to address these concerns. There
are several potential sources of errors. (1) The aliasing effect: errors are introduced in the trajectory integra-
tion using 1 day mean velocity. The effect of superinertial velocity fluctuation was not taken into account.
This type of error is possibly uncorrelated, meaning that it will not introduce a drift in the mean property of
a cloud of particles. But it can introduce additional spreading of a cloud of particles, i.e., changing its rate of
change of the second moment. However, this type of error should be small because the decorrelation time
scale for balanced eddy motion in the Southern Ocean is much larger than 1 day. The deviations from the
linear interpolation between daily mean velocities should be negligible comparing to the daily mean veloc-
ity. (2) The random shuffling parameterization in the mixed layer is ad hoc, without rigorous derivation. This
is not an important error source in our study as we focus on particles before entering the ML. (3) The hori-
zontal and vertical background mixing parameterizations and values used in SOSE may not represent the
true ocean physics. This question is beyond the scope of Lagrangian methods alone but rather is related to
numerical simulations in general, for which these parameterizations are continually evolving based on new
experimental insights. (4) The Eulerian and Lagrangian models use very different numerical schemes to
describe advection processes, each with distinct numerical discretization errors. Since SOSE’s conservation
laws are derived in an Eulerian finite-volume framework, it is unlikely that the Lagrangian particles maintain
rigorous conservation of temperature and salinity the way that grid cells do. In spite of these limitations, the
qualitative agreement between the Lagrangian particle and the Eulerian tracer analyses in this study vali-
dates the use of the Lagrangian method, which can provide a detailed view of the water mass pathways
that is lacking in Eulerian analysis.

Our result that deep source water properties homogenize during upwelling differs somewhat from the pre-
vailing view of NADW and IDW/PDW upwelling in the Southern Ocean interior as separate in density and
property space (Talley, 2013), with denser NADW preferentially feeding into the lower cell and IDW/PDW
preferentially entering the upper cell. However, despite the homogenization in properties and broad over-
lap in the density distribution of Atlantic, Indian and Pacific deep waters, our results do show that the mean
of the NADW density distribution remains slightly denser than Indo-Pacific deep waters, and this difference
is preserved throughout the transformation that occurs during upwelling. An important caveat to our result
is that we consider only particles that upwell all the way to the mixed layer, and thus do not capture deep
water that is transformed into AABW in the interior, entering the lower cell without upwelling to the sea sur-
face. It is possible that analysis of all deep water trajectories entering the Southern Ocean may show a pref-
erential conversion of denser NADW into AABW in the interior, and further work is needed to investigate
transformation of deep waters into AABW. In addition, as with many other ocean models with similar resolu-
tion, SOSE underestimates the rate of AABW formation processes, thus more detailed analysis of this trans-
formation should be investigated in models that better capture AABW formation.

Here we show that although upwelling predominantly follows isopycnals in the ocean interior, the distinct
salty, warm signature of NADW is eroded by density-compensated mixing with colder, fresher water during
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upwelling through the Southern Ocean interior prior to the influence of surface buoyancy fluxes, leading to
homogenization of deep water properties. This result parallels findings from Lagrangian analysis of outflow
pathways of AABW, which also show homogenization of distinct source water properties (Van Sebille et al.,
2013). At the same time, the overall divergence of densities during interior upwelling into a dominant
UCDW water mass and a distinct smaller, dense, LCDW water mass shows the role of interior diapycnal mix-
ing in initializing the water mass transformation necessary for the Southern Ocean upper and lower over-
turning cells, the rest of which is accomplished by buoyancy fluxes at the surface.

While the instantaneous rate of density change experienced by a particle at topographic hot spots in the
ocean interior is elevated compared to elsewhere, the small volume extent of these hot spots, and relatively
small amount of time particles spend in these regions means that the majority of cumulative density
change along upwelling pathways in the ocean interior occurs as a result of background mixing, consistent
with the results of Holzer and Primeau (2006). Additionally, the cumulative transformation in the ocean inte-
rior (below the SDL) is dwarfed by density changes influenced by surface fluxes in the upper ocean prior to
reaching the mixed layer. In the context of Tamsitt et al. (2017), these results indicate that while upwelling
across depth surfaces is strongly concentrated at hot spots associated with topography, diapycnal upwelling
across density surfaces is less clearly enhanced at these hot spots. However, SOSE lacks sufficient vertical
resolution to resolve the bottom boundary layer, and does not parameterize lee wave driven mixing, and
thus is missing important boundary processes that may contribute significantly to the modification of
LCDW. While it is well understood that eddy stirring brings water in contact with intense mixing close to
topographic features, recent work from tracer release experiments also suggests that slow mean flows and
recirculating eddies trap tracers near topography for long times, increasing the amount of mixing in these
hot spots (Mashayek et al., 2017). We have shown in the model that in the ocean interior, there are hot
spots of density change at or downstream of topographic features and relative density change is somewhat
elevated in regions with high EKE. In reality, water parcels upwelling along major ridges and plateaus are
likely to interact with the bottom boundary layer, experiencing more mixing that is not resolved in this
model. Thus, we hypothesize that topographic hot spots contribute a greater fraction of the total density
change in the ocean interior than reported here. Further research using observations and Lagrangian
experiments in higher resolution models are necessary to fully determine the role of mixing hot spots in
transformation of upwelling deep water.

The transformation of upwelling deep water masses in the Southern Ocean has important implications for
the fate of nutrients and carbon, as most of the deep carbon and nutrient reservoir enters the Southern
Ocean via the Indian and Pacific. Further work is needed to determine how these upwelling pathways sup-
ply natural carbon from the deep ocean to the sea surface and the influence of interior mixing on the path-
ways and rates.
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