
Geophysical Research Letters

Water mass transformation by cabbeling and thermobaricity

Sjoerd Groeskamp1, Ryan P. Abernathey1, and Andreas Klocker2

1Lamont-Doherty Earth Observatory, Columbia University, New York City, New York, USA, 2Institute for Marine and
Antarctic Studies, University of Tasmania, Hobart, Tasmania, Australia

Abstract Water mass transformation is an important process for the global ocean circulation.
Nonlinearities in the equation of state of seawater lead to water mass transformation due to cabbeling
and thermobaricity. Here the contribution of cabbeling and thermobaricity to water mass transformation is
calculated in a Neutral Density framework, using temperature gradients derived from observationally based
gridded climatologies and observationally based estimates of the spatially varying eddy diffusivities. It is
shown that cabbeling and thermobaricity play a significant role in the water mass transformation budget,
with cabbeling having a particularly important role in the formation of Antarctic Intermediate Water and
Antarctic Bottom Water. A physical hypothesis is presented which explains why cabbeling is important for
Antarctic Intermediate Water formation. It is shown that spatially varying estimates of eddy diffusivities are
essential to correctly quantify the role of cabbeling to the formation of Antarctic Intermediate Water.

1. Introduction

The global ocean circulation plays a key role for the ocean’s uptake, redistribution and storage of heat,
freshwater, and biogeochemical tracers, thereby influencing the global climate system. An important compo-
nent of the ocean circulation is water mass transformation (WMT), which here is defined as the change in a
fluid parcel’s density as result of changes in Absolute Salinity SA (g kg−1 [McDougall et al., 2012]), and changes
in the heat content, which is proportional to Conservative TemperatureΘ (K [McDougall, 2003]). Such changes
can be driven by boundary fluxes, such as surface heat and freshwater fluxes, or by mixing, as, for example,
that resulting from stirring by mesoscale eddies.

The nonlinear equation of state (EOS) of seawater leads to some exotic forms of WMT. In particular, cabbeling
and thermobaricity are both a consequence of a combination of eddy mixing and nonlinearities in the EOS
[McDougall, 1984, 1987a]. Cabbeling is the process in which the mixing of two water parcels with different Θ
and SA, but equal density, results in a water parcel denser than the two original water parcels. Thermobaricity
is the process in which the mixing of two water parcels with different Θ and pressure (P), but equal density,
results in a water parcel which is either lighter or denser than the two original water parcels. Hence, both these
processes can occur when mesoscale eddies mix Θ and SA along isopycnal surfaces.

Ocean modeling studies have shown that the contribution from the nonlinear equation of state (NEOS) to
WMT is in fact significant [Marsh, 2000; Iudicone et al., 2008a; Urakawa and Hasumi, 2012; Hieronymus, 2014].
More specifically, Nycander et al. [2015] showed in a coarse-resolution numerical model, in which eddy mixing
is parameterized, that cabbeling is essential for the formation of Antarctic Intermediate Water (AAIW), and
Thomas and Shakespeare [2015] used an analytic model to show that interaction between frontogenesis and
cabbeling is a possible mechanism for mode water formation.

Observationally based estimates of “nonlinear water mass transformation” (NWMT; water mass transforma-
tion due to the nonlinearities of the EOS) are harder to obtain, since large uncertainties exist regarding the
spatial and temporal variability of the mixing process. Until now, observational estimates have been limited
to using a constant eddy diffusion coefficient applied to a “mean year” gridded global climatology [Klocker
and McDougall, 2010], or alternatively to estimating the globally integrated cabbelling necessary to balance
the net decrease in density by thermal and haline surface forcing, and as such avoiding the need to specify
an eddy diffusion coefficient [Schanze and Schmitt, 2013].

Recently, much progress has been made on our understanding and quantification of the spatial vari-
ability of eddy diffusion coefficients used to parameterize the effect of mixing by mesoscale eddies
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[Zhurbas and Oh, 2004; Rypina et al., 2012; Abernathey and Marshall, 2013; Klocker and Abernathey, 2013; Tulloch
et al., 2014; Cole et al., 2015]. In addition, the availability of ARGO data has significantly improved the represen-
tation of the mean ocean state in gridded climatologies. In this study we make use of this recent progress and
use the latest available climatologies and estimates of eddy diffusivities to revisit the role of cabbeling and
thermobaricity for global WMT budgets. We show that these spatially varying estimates of eddy diffusivities
have a large impact on the production of Antarctic Intermediate Water (AAIW).

2. The Water Mass Transformation Framework

Here an expression for water mass transformation (WMT) is derived which allows for the separation of the
contributions by surface fluxes, horizontal mixing, vertical mixing, cabbeling, and thermobaricity.

The amount of mixing in the ocean is dictated by stirring processes, such as that by mesoscale eddies or
breaking internal waves [Garrett, 2001]. In the ocean interior, mesoscale eddies stir tracers along isopycnals,
and their mixing is subsequently parameterized as isopycnal down-gradient diffusion using an eddy diffusion
coefficient K operating on isopycnal tracer gradients, with the tracer flux given by K∇NC [Redi, 1982; Griffies,
1998; McDougall et al., 2014], where C is a tracer that is independent of pressure for an adiabatic and isoha-
line movement (e.g., Θ and SA [IOC et al., 2010, Appendixes A9 and B]). Near the surface, mesoscale fluxes are
geometrically constrained to be horizontal and consequently acquire a diapycnal component [Treguier et al.,
1997; Ferrari et al., 2008]. This is often described as “surface diabatic mixing” [Tandon and Garrett, 1997] and is
parameterized as horizontal down-gradient diffusion using an eddy diffusion coefficient K operating on hor-
izontal tracer gradients, with the tracer flux given by K∇HC, where ∇H is the horizontal gradient. Small-scale
isotropic down-gradient turbulent diffusion with diffusion coefficient D, representing small-scale turbulent
stirring events such as breaking internal waves, produces a vertical tracer flux D𝜕C∕𝜕z. The isotropic nature
of the direction of small-scale diffusion is discussed in McDougall et al. [2014]; this mixing can, to a good
approximation, be considered vertical. The focus of this study is on the role of mesoscale mixing; however, we
provide basic estimates of all components, including vertical mixing, for comparison.

The tendency of C due to mixing processes is then estimated by
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where diso
C operates in the ocean interior (i.e., below the mixed layer) on isopycnal tracer gradients and dhor

C
operates in the mixed layer on horizontal tracer gradients. The term diso

C contains the thickness flux of Neutral
Density (𝛾n, detailed below). By replacing tracer C with SA and Θ, the diffusion of salt and heat is obtained,
respectively.

In the ocean, fluid parcels move in directions along which they do not encounter buoyant forces. These
directions define the local neutral tangent plane [McDougall, 1987b]. Because of the nonlinearities in the
equation of state, these neutral tangent planes cannot be connected globally to form a well-defined surface
in three-dimensional space [e.g., McDougall, 1987b; Klocker and McDougall, 2010]. Nevertheless, it is possible
to minimize the difference between neutral tangent planes and an isopycnal surface, minimizing fictitious
diapycnal mixing known as the “Veronis effect” [Veronis, 1975; Klocker et al., 2009], by using Neutral Density
(𝛾n) as defined by Jackett and McDougall [1997]:

∇𝛾n ≈ b (∇𝜌 − 𝜌𝜅∇P) = b𝜌
(
−𝛼∇T + 𝛽∇SP

)
. (2)

Here T is in situ temperature, SP is practical salinity, 𝛼 and 𝛽 are the thermal and haline expansion coefficients,
respectively, 𝜌 is the in situ density, and b= |∇𝛾n|∕|∇𝜌r| [Iudicone et al., 2008a] is an integrating factor that
allows for the construction of a Neutral Density surface from nonconnecting tangents of locally referenced
potential density 𝜌r , referenced to local mean pressure at this general location [McDougall and Jackett, 1988].
Iudicone et al. [2008a] showed in their Appendix A (using McDougall and Jackett [2005]) that the material
derivative of 𝛾n is well approximated by the expression,

D𝛾n

Dt
≈ b𝛾n

(
−𝛼DΘ

Dt
+ 𝛽

DSA

Dt

)
, (3)

where 𝛼 and 𝛽 are evaluated at the local pressure.
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The material derivative of Θ (DΘ∕Dt) represents the rate of change in Θ due to the convergence of boundary
heat fluxes (fΘ=Q∕

(
𝜌rC0

p

)
, in K m s−1) and diffusiveΘ fluxes dΘ. Here Q is a surface heat flux (W m−2) and C0

p is

the heat capacity (J kg−1 K−1). Similarly, the diffusive SA fluxes dSA
and the boundary salt fluxes (fSA

=SA(E−P−R),
in SA m s−1) are defined, such that f𝛾n =b𝛾n

(
−𝛼∇fΘ + 𝛽∇fSA

)
.

The effects of geothermal heating, solar penetration of heat, and sea ice interactions can be included in the
boundary forcing terms. By inserting equation (1) in equation (3), an expression for the material derivative of
𝛾n is given by
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Using the fact that along a Neutral Density surface, the density gradients due to SA andΘgradients are exactly
compensated, leading to 𝛼∇NΘ = 𝛽∇NSA, isopycnal diffusion is rewritten into a contribution from cabbeling
(Cb) and thermobaricity (Tb):(
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Here Cb and Tb are the cabbeling and thermobaricity coefficients as defined by McDougall [1984, 1987b] and
Klocker and McDougall [2010], leaving
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Equations (5) and (6) are used to separately calculate the contribution from both cabbeling and thermo-
baricity to WMT. Equation (6) provides the local tendency in 𝛾n (in kg m−3 s−1). The total WMT (in Sv, where
1 Sv = 106 m3 s−1) is given by the integral:
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(7)

Here ∫V(�̂�n≤𝛾n) dV is the integral over the volume for which �̂�n ≤ 𝛾n. Mver, Mhor, F, MCb , and MTb are the WMT
rates as a result of vertical mixing, horizontal mixing, surface buoyancy forcing, cabbeling, and thermobaricity,
respectively, as a function of 𝛾n. The nonlinear water mass transformation (NWMT) is defined as the sum of
cabbeling and thermobaricity, i.e., NL = MCb +MTb . The numerical implementation of equation (7) is discussed
in Appendix A, together with a method to provide spatial maps of transformation [e.g., Maze et al., 2009]. The
calculation of isopycnal tracer gradients (∇NC) is nontrivial and is explained in Appendix B. Finally, the total
formation rate of water of a particular density range is given by

F𝛾n (𝛾n) = ∫
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3. Hydrographic and Diffusivity Data

Here we describe the different data products used as inputs for our study. For the observationally based
climatology, we employ the World Ocean Atlas 2013 (version 2), which is a set of objectively analyzed
(1∘ grid) climatological fields of temperature, salinity, and other tracers at standard depth levels for annual,
seasonal, and monthly compositing periods for the world ocean [Boyer et al., 2013]. Monthly means for the
upper 1500 m are used, while it is assumed that the deep ocean has little seasonal variation, such that seasonal
means (repeated per quarter) are used for the interior (below 1500 m).

TEOS-10 software [Intergovernmental Oceanographic Commission (IOC), 2010; McDougall and Barker, 2011]
is applied to convert the data to SA and Θ and calculate the mixed layer depth for each month (based on
de Boyer Montégut et al. [2004]). As static stability is required for the calculation of isopycnal surfaces, the data
are stabilized (N2 > 0 everywhere) using a minimal adjustment of SA and Θ, within the measurement error
[Jackett and McDougall, 1995].
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Surface boundary fluxes are taken from the product of Yeager and Large [2008]. In this product, the global
air-sea heat and water flux components are computed by applying bulk formulae to an atmosphere and ocean
state. The atmospheric state is from version 2 of CORE (Common Ocean Reference Experiment) atmospheric
state fields from 1949 to 2006, which derive from multiple input sources [Large and Yeager, 2009]. The ocean
state is from the Hadley optimum interpolation-sea surface temperature product at monthly resolution. The
Yeager and Large [2008] product has a spatial resolution of 1∘ × 1∘ grid spacing and is converted to a “standard
year” by averaging surface fluxes for each calendar month. We recognize that many other air-sea flux data sets
exist which may produce slightly different results—the goal here is simply to provide a point of comparison
for the NWMT.

The Neutral Density software of Jackett and McDougall [1997] is used to calculate 𝛾n. The b factor in this study
has an average of b ≈ 1.1 (including spikes of b> 10, 000), showing that the use of Neutral Density is well
justified in this data set. Data points for which b> 5 (about 1.5% of data) are discarded, while 2<b<5 are
replaced by b = 2 (about 6.5% of data). Due to the specific fitting region applied in the Neutral Density
software, the northward extent is limited to 70∘N. Vertical profiles of 𝛾n are stabilized in the following way: if
𝛾n(zk+1)<𝛾n(zk), then 𝛾n

stable(zk+1)= 𝛾n(zk) + 𝜖𝛾n , where 𝜖𝛾n =1 × 10−5 and zk+1 is deeper than zk . This process
is iteratively repeated until all vertical profiles are stable and leads to very small differences.

Cabbeling, thermobaricity, and horizontal mixing strongly depend on the spatial structure of the eddy diffu-
sivity K . To understand this sensitivity, we employ two different choices of K . Results are first obtained using a
constant value of K = 1000 m2 s−1. For a more realistic calculation, we then use the recent estimate of K from
Cole et al. [2015], who used salinity variance from ARGO profiles to resolve the three-dimensional structure of
isopycnal mixing (Figure 1). For depths greater than Hmax, the depth of the deepest K estimate of each verti-
cal profile, we extrapolate vertically using K(x, y, z<−Hmax(x, y)) = K0(x, y)exp

(
−
(

z + Hmax

)
ln(0.25)∕hdecay

)
,

using a 75% decay over hdecay= 1500 m as obtained from the vertical structure of the horizontal average
of the raw global data, and K0(x, y) is K given at Hmax(x, y). The height z is positive upward. Missing values
in the mixed layer and for high latitudes (beyond the reach of the data set) are calculated using a nearest
neighbor extrapolation. A Kmax =2.5 × 104 m2 s−1 is applied. Near the surface, the estimate from Cole et al.
[2015] is comparable to estimates obtained from satellite data [Abernathey and Marshall, 2013; Klocker and
Abernathey, 2013].

Due to the limitations of the K estimates and Neutral Density software, the Arctic and marginal seas such as
the Mediterranean, are excluded from our calculations (see dark blue shading in Figure 1).

To calculate the effects of small-scale turbulent mixing requires an estimate or parameterization for the spatial
variations of turbulent diffusivity D, as, for example, given by Bryan and Lewis [1979], St. Laurent et al. [2002],
Nycander [2005], Polzin [2009], Nikurashin and Ferrari [2011], and Waterhouse et al. [2014]. The focus of this
study is on cabbeling and thermobaricity, which do not depend on D. However, we provide a crude estimate
for the sake of comparison by employing a simple constant value of D = 3 × 10−5 m2 s−1. The consequence
of spatially variable D for WMT is a topic of ongoing research [e.g., Mashayek et al., 2015; Ferrari et al., 2016].

4. Results

Here an interpretation of the results is provided, using constant (scenario 1) and spatially varying (scenario 2)
eddy diffusivities. Note that for a steady state ocean, the total water mass transformation (WMT) at every
𝛾n would be zero. However, the climatology is an averaged representation of data unequally distributed in
space and time, leading to inaccuracies in the representation of the ocean’s state. In addition, the air-sea
heat and freshwater fluxes are imperfect as they do not include the effects of sea ice interaction, geother-
mal heating, and solar penetration depth. We also do not know the exact spatial and temporal distribution
of the small-scale and mesoscale diffusivities. Therefore, this study does not attempt to close the WMT
budget but instead focuses on quantifying the WMT due to cabbeling and thermobaricity and understanding
the influence of introducing a spatially varying mesoscale diffusivity.

The WMT by surface fluxes (yellow line, Figure 2) is practically identical to Figure 6a of Iudicone et al.
[2008a], providing a good reference to contrast the other terms against. Considering the use of a constant
D=3 × 10−5 m2 s−1, the WMT by small-scale mixing (red line, Figure 2) is a rough estimate, against which we
can compare the nonlinear WMT (NWMT, NL =MCb + MTb ).

GROESKAMP ET AL. WMT NEOS 10,838
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Figure 1. Mesoscale diffusivities K at the (top) surface and at a north-south transect at 25∘W in the (bottom) Atlantic,
based on the estimate of Cole et al. [2015]. The black line represents the mixed layer depth. The Arctic and inland seas
are not available (dark blue in Figure 1, top).

Surface forcing causes water mass divergence by transforming light water into lighter water and dense water
into denser water, while mixing (red and green lines, Figure 2) has an opposite structure, driving convergence
(i.e., homogenization). Comparing horizontal mixing for both scenarios (dashed and solid red lines, Figure 2)
shows that the WMT by horizontal mixing has similar shape for both scenarios but has a larger magnitude for
varying K (scenario 2). This shows that K is enhanced where horizontal Θ and SA gradients are already large.
The total NWMT for both scenarios (dashed and solid blue lines, Figure 2) play a significant role in the total
WMT budget for 𝛾n > 26 kg m−3 and leads to additional densification.

4.1. Water Mass Transformation by Cabbeling and Thermobaricity
Here the NWMT for 𝛾n > 24.5 kg m−3 is split up into its cabbeling (MCb ) and thermobaricity (MTb ) components,
from which it is evident that there are large differences between both scenarios (Figure 3a). NWMT by MCb

and MTb , using a constant eddy diffusivity (scenario 1), are comparable in distribution to that shown in Figure
3b of Klocker and McDougall [2010], which is based on the WOCE climatology with the same constant eddy
diffusivity of K =1000 m2 s−1. The magnitude of the NWMT is larger for this study. Although WOA13 has lower
spatial resolution than WOCE (1∘ versus 0.5∘ grid), it includes more data and has a higher temporal resolution
(monthly versus yearly), allowing for sharper fronts and therefore larger gradients.

When comparing the differences between both scenarios, the choice of K =1000 m2 s−1 is rather arbitrary,
such that the difference in distribution, and not the magnitude, is of most interest. For scenario 2 (varying K),
WMT by MCb shows peaks of 21 Sv at 𝛾n ≈27.25 kg m−3 and 25 Sv at 𝛾n ≈28.1 kg m−3 (Figure 3a), while scenario
1 (constant K) only shows the second peak and is about 21 Sv. This shows that the first peak is due to enhanced

GROESKAMP ET AL. WMT NEOS 10,839
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Figure 2. The water mass transformation rates (Sv), as a result of air-sea buoyancy fluxes (yellow), vertical diffusion
(black), horizontal diffusion for constant diffusivities (dashed red), horizontal diffusion for spatially varying diffusivities
(solid red), NWMT (NL) for constant diffusivities (dashed blue), and NWMT using spatially varying diffusivities
(solid blue). The shading and associated abbreviations indicate different water masses, which are tropical waters
(TW, 𝛾n <26.6 kg m−3), Subantarctic Mode Water (SAMW, 26.6≤𝛾n <27.2 kg m−3), Antarctic Intermediate Water
(AAIW, 27.2≤𝛾n <27.5 kg m−3), Upper Circumpolar Deep Water (UCDW, 27.5≤𝛾n <28.0 kg m−3), Lower Circumpolar
Deep Water (LCDW, 28.0≤𝛾n <28.2 kg m−3), and Antarctic Bottom Water (AABW, 28.2≤𝛾n kg m−3).

eddy diffusivities, while the second peak is mostly the result of relatively strong tracer gradients within that
𝛾n range.

We now further examine scenario 2, splitting MCb and MTb into contributions from the different ocean basins
(Figure 3b). This reveals that the second peak at 𝛾n ≈ 28.1 kg m−3 leads to 15 Sv of dense lower circumpolar
deep water (LCDW) formation, out of upper circumpolar deep water (UCDW) and light LCDW. It is also seen
that MCb and MTb contribute to 10 Sv of Antarctic Bottom Water (AABW) formation through transformation

Figure 3. (a) Water mass transformation by cabbeling (solid) and thermobaricity (dashed) for constant diffusivities
(black, scenario 1) and spatially varying diffusivities (blue, scenario 2). (b) Water mass transformation using scenario
2 by cabbeling (solid) and thermobaricity (dashed), split up into contributions from the Southern Ocean (blue), Atlantic
Ocean (black), and Indo-Pacific Ocean (red). The Southern Ocean is defined as south of 30∘S. Shadings are as in Figure 2.
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Figure 4. Geographical distribution of water mass transformation in January (Sv m−2 = m s−1) by (top) cabbeling (top)
and (bottom row) thermobaricity, for (left column) AAIW and (right) LCDW.

of dense LCDW. These processes take place near the Antarctic continental shelves (Figures 3 and 4b and 4d).
However, these values need to be interpreted with caution; hydrographic data are sparse in this region, and
the K estimate Cole et al. [2015] does not reach these latitudes or depth and here is produced by extrapolation.

The WMT peak for cabbeling at 𝛾n ≈27.25 kg m−3 is due to WMT in the Indo-Pacific (3 Sv), Atlantic (5 Sv), and
Southern Ocean (12 Sv, Figure 3b). Using equation (8), we find that for the AAIW range, there is formation
of 4.1 Sv by cabbeling, 29 Sv by horizontal mixing, −29 by vertical mixing, and −26 Sv by surface forcing
(Figures 3a and 4a). For dense AAIW (27.25 ≤ 𝛾n ≤ 27.5 kg m−3) there is formation of 8.7 Sv by cabbeling,
11.9 Sv by horizontal mixing, −2.9 by vertical mixing, and −41.2 Sv by surface forcing. Note that especially
the formation by surface forcing and vertical mixing are bulk estimates. However, most of the formation by
surface forcing is compensated by that of horizontal mixing processes in the mixed layer, as also found by
Iudicone et al. [2008b], such that the effect of cabbeling remains important.

In the Atlantic, we can conclude that cabbeling is significant in the Gulf Stream area (Figure 4a). The cabbeling
peaks for the AAIW range and LCDW range of 15 Sv and 25 Sv, respectively, are larger than the peaks of 6 Sv and
8 Sv found by Urakawa and Hasumi [2012] for an eddy-permitting numerical model using 𝜎2 (their Figure 5c).
The second peak is due to transformation of LCDW and AABW in the Southern Ocean (Figure 3).

MTb is mostly important in the Southern Ocean for 𝛾n ≈27.25–28.25 kg m−3 and generally smaller than that by
MCb (Figure 3). MTb is spatially variable in sign and magnitude and integrated over a neutral surface, generally
positive, with the exception of the AABW range (Figure 3). MTb contributes to about 7 Sv of LCDW formation
and shows some signs that it may lead to lightening (upwelling) of AABW.

5. Discussion and Conclusions

WMT by cabbeling and thermobaricity is calculated in a Neutral Density 𝛾n framework. The results
are obtained by combining an observationally based gridded climatology with two scenarios of eddy
diffusivities: a constant value of K =1000 m2 s−1 and the spatially variable, observationally based estimates of
K from Cole et al. [2015].

GROESKAMP ET AL. WMT NEOS 10,841



Geophysical Research Letters 10.1002/2016GL070860

When using spatially varying K , a new WMT peak is observed due to cabbeling, for 𝛾n ≈27.25 kg m−3, allowing
for about 8.7 Sv of AAIW formation in the Southern Ocean. This supports the conclusion of Nycander et al.
[2015], who showed that cabbeling is essential for the formation of AAIW in a numerical ocean model. While
Nycander et al. [2015] used an ocean model with constant K , our results suggest that in the real ocean,
intense mixing on the flanks of the Antarctic Circumpolar Current [Abernathey et al., 2010] is part of the AAIW
formation process.

One hypothesized mechanism of AAIW formation is through transformation of upwelled CDW and SAMW at
the surface, in combination with wind-driven subduction [Sloyan and Rintoul, 2001; Hanawa and Talley, 2001].
At the same time, part of the transformation by surface buoyancy fluxes is directly compensated by horizontal
mixing, and there is evidence to suggest that in much of the region where AAIW is formed, there is in fact
wind-driven upwelling rather than downwelling [Sallée et al., 2010]. Hence, AAIW formation is not yet a fully
understood process. Here an additional AAIW formation mechanism is proposed.

Parallel to the results of Nycander et al. [2015], Saenko and Weaver [2001] found that wind-driven sea ice motion
is essential for the formation of AAIW in a numerical ocean model. In relation to this, Abernathey et al. [2016]
showed that northward transport of sea ice from Antarctica leads to a significant freshwater flux as a result of
melting. Stewart and Haine [2016] showed that the AAIW region is mostly a “beta” ocean, indicating that strat-
ification of SA is important for the local dynamics. Based on these previous studies and the results presented
here, the following mechanism is proposed to be a significant contribution to dense AAIW formation. In the
Southern Ocean, the melting of northward advected sea ice leads to a fresh and cold surface layer, contrasting
the relatively salty and warm ambient water. This produces strong isopycnal Θ and SA gradients (cold and
fresh to warm and salty) that are ideal for cabbeling in an area where the dynamics of the Antarctic Circum-
polar Current allows for enhanced mesoscale mixing processes. The combined effect of these processes then
leads to formation of AAIW.

This study also indicates that formation of LCDW, NADW, and AABW is influenced by both cabbeling and
thermobaricity. Although this provides a good hint of what is happening, these results are influenced by data
sparseness and a less accurate representation of K and therefore require further study.

To obtain the correct WMT rates by cabbeling and thermobaricity, especially for the formation of AAIW, a
correct implementation of spatially varying eddy diffusivity coefficients appears to be essential. AAIW plays
a key role in the Earth system’s heat, nutrient, and carbon budgets [Hanawa and Talley, 2001; Sarmiento et al.,
2004; Iudicone et al., 2011], and hence, it is crucial to understand its formation mechanism and its likely change
in a future climate. This study represents an advance in our knowledge of WMT thanks to improved estimates
of eddy diffusivities. Further, refining such estimates will therefore lead to an improved understanding of our
climate system.

Appendix A: Nummerical Implementation and Transformation Maps

Here the numerical implementation of equation (7) is discussed and subsequently the calculation of a map-
pable diapycnal velocity. A tracer is defined at the a T grid at grid point (xi, yj, zk, t𝜏 ). Here i=1, 2,… , I, where I
is the total number of longitude location in the ocean. In a similar way j and J represent latitude, k and K rep-
resent depth, and 𝜏 and T represent time. The tracer is given on Θijk𝜏 =Θ(xi, yj, zk, t𝜏 ). This location represents

a volume ΔVijk=dxidyjdzk . Cabbeling at a T grid is given by MCb
ijk𝜏=−Kijk𝜏bijk𝜏𝛾

n
ijk𝜏cb,ijk𝜏

|||∇NΘijk𝜏
|||2

, giving

T ntr
(
𝛾n
)
= − 1

T

T∑
𝜏=1

I∑
i=1

J∑
j=1

[
1

Δ𝛾n

K∑
i=k

ΔVijk𝜏MCb
ijk𝜏H

(
𝛾n

ijk𝜏 , 𝛾
n,Δ𝛾n

)]
. (A1)

Here H is the numerical 𝛿 function:

H
(
𝛾n

ijk𝜏 , 𝛾
n,Δ𝛾n

)
=

{
1 if

(
𝛾n − 1

2
Δ𝛾n

)
< 𝛾n

ijk𝜏 ≤
(
𝛾n + 1

2
Δ𝛾n

)
0 if otherwise

, (A2)

Applying H
(
𝛾n

ijk𝜏 , 𝛾
n,Δ𝛾n

)
is the same as taking the derivative with respect to 𝛾n. Note cabbeling can be

replaced with other transformation processes. The component within brackets in equation (A1) can be repre-
sented as a spatial map of transformation per area (Sv m−2), which is equivalent to a diapycnal velocity (m s−1).
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For this, the transformation at each location is divided by the horizontal area ΔAij =dxidyj (which is a very
accurate approximation of the isopycnal surface area) leaving

eij𝜏

(
𝛾n
)
= −

[
1∕𝛾n

K∑
i=k

ΔVijk𝜏MCb
ijk𝜏H

(
𝛾n

ijk𝜏 , 𝛾
n,Δ𝛾n

)]
∕ΔAij. (A3)

For a particular 𝛾n and time, a map of the diapycnal velocity eij𝜏 (𝛾n) can be obtained.

Appendix B: Calculating Isopycnal Tracer Gradients

To calculate isopycnal Θ gradients ∇NΘ, the Redi diffusion tensor [Redi, 1982] can be used in combination
with the small slope approximation [Gent and McWilliams, 1990], as given in equation (13) of McDougall et al.
[2014]. For example, the isopycnal Θ gradient in the x direction, along a Neutral Density surface, is given by
𝜕Θ∕𝜕x+sx𝜕Θ∕𝜕z, where sx =−(𝜕𝛾n∕𝜕x)∕(𝜕𝛾n∕𝜕z). As this requires dividing (𝜕𝛾n∕𝜕z), which can be nearly zero,
leading to spikes or a general overestimation of the slope and therefore ∇NΘ.

To avoid singularity, we calculate the slope as sx =Δz∕Δx, such that

∇NΘ ⋅ e1 ≈
ΔΘ|𝛾n

Δx
= 𝜕Θ

𝜕x
+ sx

𝜕Θ
𝜕z

. (B1)

Here ΔΘ|𝛾n means the “difference in Θ at constant 𝛾 .” The same applies for the y direction, such that the
isopycnal Θ gradient is given by

∇NΘ ≈
(ΔΘ|𝛾n

Δx
,
ΔΘ|𝛾n

Δy
, sx

ΔΘ|𝛾n

Δx
+ sy

ΔΘ|𝛾n

Δy

)
. (B2)

The values for Δx, Δy, Δz are obtained through an interpolation method. Consider only longitude and depth,
such that 𝛾n is given at the T grid as 𝛾n

i,k=𝛾n(xi, zk). Use averaging to obtain the values at 𝛾n
i+0.5,k=𝛾n(xi+0.5, zk),

which is at the edges of the T grid. Start with 𝛾n
i+0.5,𝜅 , where 𝜅 is a fixed depth. Using linear interpolation,

𝛾n
i+1.5,k is obtained for the depth zint, on profile xi+1.5, for which 𝛾n

i+0.5,𝜅= 𝛾n
i+1.5,zint

. A 𝛾n surface has now been
constructed, from profile xi+0.5 to profile xi+1.5, such thatΔx=(xi+1.5−xi+0.5) andΔz=(z𝜅−zint). In a similar way
we can calculate ΔΘ|𝛾∕Δy and use both results to calculate the gradient in the z direction as in equation (B2).
The slopes are given at the middepth zm=0.5(zi+0.5,𝜅 + zint), at the midpoint between the two profiles xi+1.
After repeating this for each i, j and k, linear interpolation is used to provide the values of the slopes back on
the original T grid depths xi,k . The same procedure is applied to obtain ∇NSA and ∇NP. If zint is interpolated
through the ocean surface or bottom, the slopes are not calculated.
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